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Hydrodynamic Force and
Heat/Mass Transfer From
Particles, Bubbles, and
Drops—The Freeman Scholar
Lecture

Efstathios E. Michaelides Recent advances on the analytical form of the hydrodynamic force and heat/mass transfer
School of Engineering and Center for from a particle, bubble, or drop are examined critically. Also some of the recent compu-
Bioenvironmental Research, tational studies, which help strengthen or clarify our knowledge of the complex velocity
Tulane University, and temperature fields associated with the momentum and heat/mass transfer processes
New Orleans, LA 70118 are also mentioned in a succinct way. Whenever possible, the processes of energy/mass

exchange and of momentum exchange from spheres and spheroids are examined simulta-
neously and any common results and possible analogies between these processes are
pointed out. This approach results in a better comprehension of the transport processes,
which are very similar in nature, as well as in the better understanding of the theoretical
expressions that are currently used to model these processes. Of the various terms that
appear in the transient equations, emphasis is given to the history terms, which are lesser
known and more difficult to calculate. The origin, form, and method of computation of the
history terms are pointed out as well as the effects of various parameters on them. Among
the other topics examined here are the differences in the governing and derived equations
resulting by finite Reynolds and Peclet numbers; the origin, theoretical validity and ac-
curacy of the semi-empirical expressions; the effects of finite internal viscosity and con-
ductivity of the sphere; the effects of small departures from the spherical shape; the effects
of the finite concentration; and the transverse, or lift, components of the force on the
sphere.[DOI: 10.1115/1.1537258

1 Introduction lent diameter” and apply, as a first approximation, the theory and
gults that have been derived for spheres. Hence, the transport

heat transfer and fluid dynamics problems pertaining to a sph %éffici.ents. of the irregularly shaped pg(ticles are given asa first
have been the subject of the first application of most theoretic:a?ﬁé?g'w\;avt;]oenn m/o:g?nfté?r?ngi%rrt] igoae\tf;ﬁf&t: a%fointhggﬁlga:;nf)f
methods on the solution of the governing equations, as well as ari'cles involved in a particular process. a common en p'neer-
intellectual curiosity among the scientists. These problems belo. particies involved in a particular p ' gin

to the class of the most fundamental subjects in fluid dynami practice Is to apply a theore.tlc.al correction, or an empirical
and heat/mass transfer that have attracted the attention of m elation to the transport coefficients of th? equivalent sphere,
mathematicians, physicists, and engineers. They are also subj h "?lctCOliTS ftﬁf the ergrtl:rebfrom sphgncal shapte.t. d
that have numerous practical applications including combustion € Nt€nt for this review IS 1o be a concise presentation and a
and propulsion processes, chemical reactions and catalysis IC;rrt_lcal evaluation of the. known analytical expressions, the met'h-
cesses, mixing and separation processes, boiling and condensat used for the analysis and the results derived for the transient
processes, environmental sedimentation and resuspension gﬁp steadﬁ/-statg momr?ntun?),. heat, ar]ld mo?ss Itranzferl procezsos(;es
cesses, and biological flow processes. The transport of mom&@M & sphere. Since the subject was first developed almost

tum, heat, and mass is of primary interest in all of these process&rs 9o, a short historical background on the analytical results
For this reason, calculations are frequently made using the traR§/t@ining to the transport processes is given at first. Secondly, the

port coefficients drag coefficient, heat transfer coefficient, or mag8verning equations for the momentum and heat/mass transfer are
transfer coefficient, which emanate from the theory or from epresented and compared. Subsequently, the main analytical solu-
periments pertaining to a sphere. tions are presented for the transient hydrodynamic force on a

It is worth mentioning that the subject of transient flow angPhere and the transient rate of heat/mass transfer from a sphere at

heat/mass transfer from spheres also finds applications in sev&f§€pPing flow conditions. Similar expressions are presented at
cases where the shape of the particles, bubbles or drops is $f®@!! but finite values of the Reynolds and Peclet numbers, while
spherical. For example, one often encounters in boiling proces§8Phasis is placed on the form of the resulting equations and the
elongated bubbles or in high Reynolds number flows spheroid@gnitude of the history terms in these equations. For the tran-
drops. Irregular particles of any shape are common in proces§¥&nt hydrodynamic force, the semi-empirical expressions that ex-
such as coal combustion, chemical catalysis, flocculation afRl'd to high Reynolds numbers are presented and critically exam-
natural sedimentation, and resuspension. In these cases, it is cBifid- A short exposition of the analytical work that has been done

mon practice to treat the irregular particles in terms of an “equiva?, the case of spheroids is also given at creeping flow conditions,
with particular reference to an additional history term that appears

Contributed by the Fluids Engineering Division for publication in tie&JBNAL as aresult of the elongated .Shape of the spher0|ds._ In all cases, the
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering DivisionSte_adY'State transport cqefflue_nts are prese_nted with useful corre-
Aug. 9, 2002; revised manuscript received Sept. 7, 2002. Editor: J. Katz. lations that can be used in engineering practice or as closure equa-

Because the sphere is the simplest three-dimensional sha
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tions in computational studies. The theories and results on the Bitd is the same as the one originally derived by Poi§&drirhe
induced from the rotation or shear are also examined briefly. Andeird term in the equation is due to the diffusion of the vorticity
lytical results and certain differences on the transport coefficierdgound the sphere and decaysta&? which is typical of diffu-
resulting from the finite viscosity or the finite conductivity of thesion processes. It is called the history term/force or sometimes the
sphere are pointed out. Finally, several examples of recent num@#sset term or the Basset force. This name is rather ironic when
cal studies are presented that elucidate the theoretical methods @mel bears in mind that Boussinesq’s work has precedence.

help understand better some of the more complex phenomena asfhe analyses by Boussinesq and Basset are based on an as-

sociated with the finite concentration of spheres in a flow. sumption that neglects the inertia terms in the Navier-Stokes equa-
tions. For this reason, Ed1) strictly applies to the case of a
2 Historical Background and Recent Results sphere moving very slowly in the viscous fluid, or creeping flow,

a condition which is satisfied only when the Reynolds number of

2.1 Equation of Motion. The attention to the hydrody- the sphere, Re approaches zero. It must be pointed out that, in
namic force acting on a sphere inside an inviscid fluid first startée case of a sphere present in a fluid, which is itself in motion,
with the work of Poissofi1] almost 20 years before the publica-there are two pertinent Reynolds numbers, based on the velocity
tion of what we now call “the Navier-Stokes equations.” Poissowf the flow and on the relative velocity of the sphere. These two
solved the potential flow equations around a sphere and detReynolds numbers are defined as follows:
mined that the transient force exerted by an inviscid fluid on a
spherical object is equal to T2d/dt(V;—u;), wherem; is the 2apiU 2api|U—V]
mass of the fluid that has the same volume as the sphere and the Re= T R%ZT-
term in parenthesis is equal to the uniform velocity of the sphere
with respect to the fluid. Therefore, Poisson correctly deduced tHais evident that Re-Re,. For the Boussinesg/Basset equation to
the coefficient of what we now call the “added mass force” i®e valid, the condition Re&<1 must be satisfied.
equal to 1/2. Shortly thereafter, Gref] extended this result to ~ The first attempt to solve the full Navier-Stokes equations for a
the flow around an ellipsoid, again in an inviscid fluid and discovsphere and to derive an expression for the transient force on a
ered the analogous result that the added mass coefficient ofs@fid sphere at finite values of the Reynolds number was made by
ellipsoid is also equal to 1/2. Whitehead[9] but it was unsuccessful, because of an incorrect

Stokes[3,4] was the first to analyze the motion of a sphere in Bnatching of the near and far-field conditions around the sphere.
viscous fluid. As the first application of the “Navier-Stokes equalwo decades later, Osedii0,11] used a different asymptotic
tions,” he obtained a solution for the steady-state flow aroundraethod, managed to deal successfully with the inertia terms of the
sphere moving in an otherwise stagnant viscous fluid and det®avier-Stokes equations and used the correct matching condi-
mined that it is equal toF =6mau;V. The dimensionless drag tions. He obtained a zeroth-order expression for the velocity per-
coefficient which results from this expression is now called “théurbation around the sphere, which enabled him to obtain a solu-
Stokes drag coefficient” and is equal ¢g = 24/Re, where Rgis  tion for the hydrodynamic force, valid at finite but small Reynolds
what we now call the “Reynolds number” of the sphere, based diimbers (Rg<1). The studies by Osedn0,11] resulted in the
the diameter, @, and the relative velocity of the spheié, extension of the steady-statBtokes) drag coefficient to an ex-

In a little-known paper to the Academy of Paris, Boussirf&q pression, which is often called “Oseen’s drag coefficienty
was the first to publish an analytical expression for the transiemt24/Re(1+3/8 Rg). Oseen's student, Faxefi2] studied the
hydrodynamic force exerted by a viscous fluid on a solid sphefféow of spheres close to solid boundaries and extended the theory
Based on a mathematical method outlined in his book on tieé the transient flow around a sphere to nonuniform flows. His
methods of calculation of the rate of heat transfer, Boussif@lsq Work resulted in the introduction of the now called “Faxen terms”
presented a succinct method for the solution of the transient eqirathe expression of the hydrodynamic force. These terms account
tion of the viscous fluid motion around a solid sphere at creepirigr the nonuniformity in the flow field surrounding the sphere and
flow conditions where Re-0 and derived an analytical expres-are expressed in terms of the Laplacian derivatives of the flow
sion for the transient hydrodynamic force, which is composed §¢ld. A more detailed explanation of these terms will be given in
three terms: the steady-state term, the added mass or virtual m2getions 4 and 9. Tche3] re-derived the creeping flow equation
term and the history term. Three years later, Bagg@|, appar- for a fluid with a time-varying velocity fieldi;(t) and included in
ently unaware of the work of Boussinesq, presented a similis derivation the acceleration term that results from any pressure
method and derived an identical expression for the transient rgradient far from the particle. A variant of this expression having
drodynamic force on a solid sphere. While both Boussinesq aAdmall correction for the effect of the pressure gradient, was used
Basset derived their expressions for a sphere moving in a stagnantCorrsin and Lumley14] for the study of small particles in a
fluid, it is rather trivial to extend their theory to a sphere movingme-dependent turbulent flow field. A few years later, Sy et al.
in a fluid of uniform velocityu; . In this case, the transient hydro-[15] also derived the transient equation of motion at very low

@

dynamic forceF;(t), may be written as follows: Reynolds numbers and coined the phrase “creeping flow.”
Proudman and Pearsdri6] used an asymptotic method of
Fi(t) = — 6mamu(V,—u) — Em E(V-fu-) higher order to extend Oseen’s result for the steady-state motion
' R A T and to derive the steady-state drag coefficient of a sphere at finite
but still small values of the Reynolds number. Sddd@] also
E(V-—u-) followed an asymptotic method and derived an analytical expres-
5 tdrt 7! sion for the transient hydrodynamic force on a stationary sphere,
—6a VWMfPffOTdT- (1) when the fluid undergoes a step velocity change. He was first to

show that, at finite but small Reynolds numbers &RE), the

The first term of the above expression is the steady-state teassociated history terms decay faster thiat?, which is predicted
exerted by the viscous fluid and is identical to the Stokes drdgy the creeping flow theory.
The second term is due to the transient motion of a part of theThe more recent paper by Maxey and Ri[é] is considered
surrounding fluid. Although the total volume of the fluid that isow as the definitive study on the equation of motion of a solid
influenced by the acceleration of the sphere may be considerabphere under creeping flow conditions. The resulting transient
higher, the net effect of the fluid acceleration to the transient foreguation encompasses unsteady and nonuniform fluid motion as
exerted on the sphere is equivalent to the simultaneous acceleval as body forces acting on the sphere. Their final expression is
tion of a volume of fluid equal to half the volume of the spherenot in terms of the hydrodynamic force, but actually the Lagrang-
This term is often called the added mass or the virtual mass forie@ equation of the motion of the sphere, from which the hydro-
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dynamic force may be easily deduced. In a lesser-known pap&aylor [30] used the asymptotic method [ih6] to derive an ex-
published on the same year, Gatigri@B] also derived a very pression for the Nusselt number at finite Peclet numbers. Several
similar expression for the Lagrangian equation of motion of ather empirical studies in the 1960s and 1970s resulted in corre-
solid sphere. Michaelides and Fef®f] derived an extension to lations for the convective heat transfer coefficients at transient or
this equation that includes the velocity slip on the surface of treteady-state processes that are similar to the corresponding ex-
sphere and the effects of finite viscosity of the sphere, alwapsessions for the steady-state drag coefficients.
under the creeping flow conditions ({R&l). Regarding the transient equation for the heat transfer from a
The first part of the 1990s saw a great deal of activity and maisphere, Michaelides and Fefigl] used a method similar to the
excellent studies on the analytical expressions as well as compie used ih18] and obtained the first complete analytical solution
tational results on the transient hydrodynamic force. Mei et dbr the unsteady energy equation valid at creeping flow condi-
[21] in a semi-analytical study investigated the dependence of ttiigns. They showed for the first time that the general form of the
force on the frequency of the flow, for finite values ofR#lei transient energy equation from a sphere at creeping flow condi-
and Adrian[22] discovered that, at high values of Réhe history tions also contains a history term. This term is similar in form to
component of the hydrodynamic force essentially decays &s the term in the Boussinesq/Basset expression and decays'as
and not ast~ Y2 Lovalenti and Brady[23] used an asymptotic A subsequent study by Feng and Michaeli§gg] followed the
expansion method to obtain a general expression for the unstea@lytical method used if23,33 and showed that the energy
hydrodynamic force on a rigid particle subjected to arbitrary m¢quation becomes significantly dlﬁer_ent at small but finite values
tion. In an appendix of the same article, Hirl@] gave a physi- of the Peclet number and that the history term decays faster than
cal explanation of the various terms in the analytical expressionfof”? when Pg is small but finite.
the hydrodynamic force, and of their rates of decay. The last two The main results on the momentum transfer from a sphere to a
studies show that the processes of acceleration and deceleratiofiusdl as well as the energy and mass transfer at wide ranges;of Re
spheres in viscous fluids at finite Reynolds numbers are not @&?d Pg may be found in several treatises of these subjects, such as
versible with respect to time because of the inertia of the wak#8e ones by Ledl34], Kim and Karila[35], and Sirignan¢36], or
that are formed behind the sphere, while the creeping flow solii-recent specific review articles, such as the ones by [3lon
tions are invariant with respect to time. the motion of fine particles at low Reynolds numbers, Brady and
As a result of these studies it has become apparent that ex8essis[38] on the Stokesian formulation of suspension problems,
analytical expressions for the transient hydrodynamic force onFguillebois[39] on the asymptotic methods applied to the equa-
sphere may only be obtained at low values of the Reynolds nufi#n of motion of spheres in viscous liquids, Sirignaf#d] on
bers (Rg<1) and that such solutions at moderate to high &e drops and sprays, Stoc41l] on particulate dispersion,
impossible to obtain analytically. However, several practical aplichaelides and Feng42] on the analogies between the heat
plications, and probably the vast majority of them, pertain to flowgansfer and motion of particles, Michaelides] on the transient
of moderate to high Re For this reason, in the last few years, thequation of motion of particles, Lof#4] on the numerical meth-
attention of the researchers has been focused on numerical studigs, for the treatment of the motion of bubbles, drops, and par-
which are very specific in their processes and values of parafitles and Koch and Hil[45] on the inertia effects of suspended
eters, but give accurate and useful results under conditions th¥ticles. Some older monographs by Levidh], Clift et al.[47],
analytical studies cannot tackle. An example of these studies is fappel and Brennef48], Govier and Aziz[49], and Soo[50]
one by Chang and Maxe}25,26. The results of some of the contain very useful theoretical and empirical results on the motion
numerical studies, which complement and help elucidate the &1d heat/mass transfer processes from spheres as well as irregu-
sults of the analytical expressions, will be presented in Sectiondarly shaped particles. In addition, a series of several recent ASME
and 8. symposia on gas-particle flowg51-54, comprise a variety of
analytical, numerical, and experimental papers on the equation of

2.2 Heat Transfer Equation. An attempt to determine the motion of particles as well as a multitude of industrial applications
age of the earth prompted Jacques Fourier to undertake the f§sine subject.

study on the transient rate of heat transfer by conduction from a
sphere. He published his theory and results on the heat transfer

from spheres in a series of articles to the Academy of Paris, which ] ] )

culminated in his famous book on heat transféf]. This book 3 Governing Equations and Time Scales
by Fourier is considered as one of the most important scientific

works of the 19th century, as well as the intellectual stimulus fgfow of a viscous fluid around a solid sphere of radiughe fluid

methods adopted in other scientific fields, including the flow P ; )
electric currents[28], and the development of irreversible ther-\/elocIty field is unsteady and given by the functio(x; ,t) out-

modynamics. Nusselt and others, who worked on the convectigwe the volume occupied by the sphere. If the sphere is solid its

mode of heat transfer, basically followed Fourier's method anvoelocny is only a function of the time and given ¥gt). Other-

expressed their results for the rate of heat transferred in terms of'5& the velocity of a viscous sphere. Is giverMds; ,t). In both
heat transfer coefficient, in analogy with Fourier’s expressipn: c2s¢S: the goveming equations af@): the continuity, or mass
=KkAAT. In a 20th century treatise of the subject of conductiorfonservat'on’ equation

Carslaw and Jaeg¢?9] basically extended Fourier’s ideas on the aps

transient conduction from a solid sphere and other simple geo- - TpiVu=0, (3)
metrical shapes and presented several other analytical solutions on

more modern applications of transient heat conduction. It must bed (b) the momentum conservation equation

pointed out that, because Carlslaw and Ja¢@@} dealt strictly au

with the subject_ (_)f conduct_lon_, their solutions apply to fluids only — Vp+MfV2u:pf(_ + u-Vu) ) (3b)
under the condition of vanishing Peclet numb@?s=Re* Pr). at

Although the original work on the steady-state heat transfie may use the diameter of the sphere as the characteristic length
from a sphere preceded the studies on the hydrodynamic force,glihe problem and a conveniently defined characteristic velocity,
recent studies on the heat or mass transfer from spheres followgdi, make the last equation dimensionless. There are two time
the analogous studies for the determination of the hydrodynany'éabs we may choose from in this problem:
force and are often based on similar analytical methods. For ex-
ample, for the calculation of the steady-state rate of heat transfem. the momentum diffusion timescale,=4a2p;/u;, and

from a sphere at finite but small Peclet numbers, Acrivos andb. the momentum advection timescalg=2a/U.

3.1 Momentum Equation. Consider the problem of the
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In order to render Eq(3b) dimensionless, it is convenient tolatter is obtained front5b) under the condition Rel or, equiva-
choose the momentum diffusion timescale as the characteridéatly, by neglecting the term that emanates from the advection of
scale of the process. Hence, E8b) may be written in dimen- energy:

sionless form as follows:

aT
au* ci—— =k;V2T. 5¢
SVEPEEVAAR = o HREUS VAU, (3) Prree — (%)
The Reynolds number of the flow, Re, which was defined in EE]r.he last expression becomes in dimensionless form
(2) and is based on the characteristic velocity and the diameter of IT*

the sphere, appears as the only parameter of the equation.
Equation(3b), or its equivalen{3c), is sometimes called “the
Oseen equation.” It is the full momentum equation and contai
the advection term of the fluid flow, Re&*-V*u*), which was
first successfully used by Oseen in the development of an expr

sion for the hydrodynamic force on a sphere. In the case of Creq@Bet of the properties of the fluid come into the solution of the

ing flow in a quiescent fluidRe<1), the advection term is negli- ; . . .
gible and may be dropped out of the equation. Hence, the creepiﬁr@?ﬁ; thcroLlJJ/gkh)the dimensionless expression for the tirhe,
flow assumption yields the so-called "Stokes equation,” which is Itis evli)cfiefnt th;t.the only difference in the form and the number

—U*2T*

= VT (5d)
"Ws with the dimensionless Stokes equation, the dimensionless

heat transfer equation at creeping flow does not contain any di-

Snsionless parameters. The dimension of the sphere and the ef-

as follows: of terms between the momentum and the energy equations, with
u , or without the advection terms, is the pressure gradient t€if,

pir =~ VP+uVouo, (42)  In the absence of this term, the two equations would have exactly

the same form and there would have been a strict mathematical

and in dimensionless form similarity between the transient hydrodynamic force, or transient

drag, and the transient rate of heat transfer from the sphere. In the
—. (4b) Past, certain analytical solutions to the steady-state momentum
ot equation have been obtained without the pressure term and others

A characteristic of the Stokes equation is that neither the Reynolf§hout the friction term. The former equations yield what was
number nor any other dimensionless parameter appears in it. F@wn as the “friction drag,” and the latter the *form drag” of

steady-state solution of E¢4b) yields the Stokes expression forth€ sphere. Since the “friction drag”is obtained from a governing
the hydrodynamic force, while the full unsteady solution yield§auation, which is exactly similar in form to the full energy equa-

the Boussinesg-Basset expression, which was given in Sectior{!@N. the resulting steady-state “friction drag coefficient” would
be strictly similar to an appropriately defined Nusselt number for

3.2 Energy and Mass Transfer Equations. The full, or the heat transfer process. From these solutions of the modified
conduction advection, energy equation for a sphere moving withomentum governing equations emanate all the results for what is
rectilinear relative velocity/(t) in a fluid where the temperature known as the “similarity” between the momentum exchange and

au*

—V*P*+V*2U*=

field is given by the functionT (x; ,t), is as follows: heat transfer processes. However, it must be emphasized that this
JT “similarity” is not applicable in cases when the fluid field is under
piCt| = +V-VT|=kVT, (5a) @ finite pressure gradient.
at Regarding the mass transfer equations, they are exactly the

wherek; is the thermal conductivity of the fluid and; is the Same in form with the energiheat transferequations. For ex-
specific thermal capacity of the fluid. The second term in tH@TP!e, the full equation for the concentration of a species,
square brackets is the so-called advection term, while the term!}ffich is transported by diffusion and advection from the sphere to
the right-hand side is the conduction term. One may choose &Y surrounding fluid is as follows:

arbitrary characteristic temperature for this probleth,and a
characteristic velocity equal to the advection veloclty, In a
similar manner to the development of the dimensionless momen-
tum equation, the characteristic time for the heat diffusion/ din di ionl f
conduction process, which is equalte=4a?pc¢ /k; , is chosen and in dimensioniess form
as the characteristic time and the diameter of the sphet@<the *
characteristic length. Hence, the dimensionless energy equation '
for the sphere becomes at*

aC; ,
7+V'Vci =DV Civ (Ga)

+PgV*-V*CF=V*2CF . (6b)

aT* . oxrr oxoes From a comparison of the heat and mass transport equations it is
o TPV VAT =VEATE, (5b)  apparent that in the mass transfer equation the temperatuie,
replaced by the concentration of the specigs, and that the heat
where T*=T/0, V*=V/U andt* =t/[4a?p;c;U/k;]. The Pe- transfer diffusivity &;/p;C) is replaced by the mass diffusivity,
clet number, Pe, is analogous to the Reynolds number and is edDaHence, the appropriate Peclet numbey, Pis defined in terms
to 2apsciU/k; . Itis related to the Reynolds number through thef the mass diffusivity and is equal to e2aU/D. Under the
expression PeRePr (Prc;us/k;, the Prandtl number is a di- same initial and boundary conditions, the solutions to the heat
mensionless parameter of the fluid propeitiesnother Peclet transfer equation are also solutions to the mass transfer equation.
number, based on the relative velocity of the sphere with respéetthe case of the mass transfer, the Sherwood number, which is a
to the fluid, Pg, may be defined in analogy with Ras follows: dimensionless representation of the coefficient of mass transfer,
Pe=2apci|U—V|/k;. It is evident that the dimensionless Peh,,, (Sh=h./2aD) would replace the Nusselt number (Nu
clet number in the full energy equation plays the role of Reynolds h/2ak;) in all the resulting analytical or numerical expressions.
number in the momentum equation. For brevity, from this point onwards only the heat transfer
Equation(5b) is the energy equation that is analogous to the fuinergy equations and results will be presented. It must be kept in
momentum equatiof3c). The governing heat transfer equationmind, however that all the results on the rate of heat transfer are
which corresponds to the Stokes equation and is valid in the cadso applicable to the case of mass transfer and may be very easily
of creeping flows, is simply the heat conduction equation. Thebtained by simply changing the pertinent variables.
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3.3 Time Scales for Particle-Fluid Interactions. Apart For example, if the Stokes number based on the Kolmogorov time
from the time scales defined above, certain other time scales erseale is much smaller than unity,(St1, one may conclude that
nate from the interactions of the fluid and the spheres. These tithe very small spheres are instantaneously advected by the small-
scales are often used in Lagrangian and Eulerian representatiesss eddies in a turbulent flow. On the other hand if the Stokes
of the particle motion, provide a qualitative knowledge of th@umber based on the macroscopic timescale is much larger than
importance of the fluid-sphere interactions and often result in veaypity, St >1, one may conclude that the fluid motion has very
convenient simplifications of the momentum and energy exchanlidle influence on the motion of the spheres. St¢4k] and Loth
processes from a fluid to a sphere. These time scales are relateldi4) in their review articles provide many more details and further
75 andr, above, but are formed by using some of the properties efaboration on the particle and fluid time scales, the Stokes num-
the sphere instead of those of the fluid. bers that are defined from these timescales and the influence of

Momentum and thermal timescales for a solid particle are turbulence on the rectilinear motion and lateral dispersion of par-
5 ) ticles. The inverse of the Stokes number is the Strouhal number,
— ZPSC! pscpsa (7) SIZ ’Tf /Ts .

Ot 3ki

The first of thesers,, emanates from the steady-state Lagrangian

equation of motion for a sphere in a fluid subject to Stokesi ; ; ; ;
drag, m.dV/dt—6ma(U—V). and the second from the hea?ﬂ Solution of the Governing Equations for Creeping

transfer expression for conductiomc, dTsdt=4mka(Ts Flow
—Ts)._ When t_hese Lagrangian equations are ma_de dlmensmnlesgi Assumptions, Method of Derivation, and Analytical
by using the timescales,, and 7, then the equations appear ingypressions. By the term “creeping flow” it is generally under-

Tsm and 7=

their simplest forms{55,56): stood that the sphere moves very slowly in the fluid and that the
d\V* dT* viscous effects dominate over the inertia effects in the flow and
—=1-V* and _: =1-T%, (8) any process that may occur in the flowing mixture. In general, the
dt dt particle Reynolds number must be very small for this type of flow,

which may be solved analyticallthey have exponential solu- that is Rg<1. The creeping flow analytical solutions for the mo-
tions and render all the calculations for particle and fluid interadion of the sphere emanate from the complete and exact solution
tions considerably simpler. of Egs.(3c) and(5h) |n_the case of rigid spheres. Itis important to

It must be pointed out that, because in the case of the bubbfd€ that these solutions have been derived under the following
the added mass part of the hydrodynamic force is consideral licit or ex_pI|C|t assumptions for the particle and the velocity
greater than the other components, a better expression of the fifgd around it: _
mentum timescale is one that incorporates the effect of the added©r the Equation of Motion

mass on the characteristic time scale, which is as follows: A spherical shape
2 B infinite fluid domain
. _2ps (1+ EA ﬂ) ) C no rotation
ST, 27 )" D rigid sphere fu;/ms<1)

. . . . zero initial relative velocity
Experimental and theoretical evidence support the conjecture thaE negligible inertia (Rg<1)
the value for the added mass coefficieAf,, is approximately g'g <
equal to 1. Ifps/ps<1, as in the case of most bubbly flows, the For the Energy Equatian
characteristic time for bubble-fluid interactions becomes equal to:p  gpherical shape
Tom= a°pi/9ss OF Tom=74/36. B infinite fluid domain
For any particle-fluid interactions it is also important to have a ¢ no rotation
knowledge of the pertinent fluid flow time scales,. These are D highly conducting(Bi<1 or k¢ /ks<1)
the macroscopic timescales of the fluid that apply to the type of g zero initial relative temperature
flow and the specific flow domain of the flow. In a laminar flow FE negligible advection (Re1)
the pertinent time scale would be equallttJ, wherelL is the
characteristic lengthscale of the flow domain. For example, t

pipe diameter in the case of pipe flows or the height of the flow . . ;
the case of channel flows is the lengthscale of the flow domain.??ue Lagrangian equation of motion and for the enfgat trans-

a turbulent flow there are several time scales that are important}) €duation of a sphere. The common procedure that leads to the
the momentum transfer processes. Among these, the most impottion of the creeping flow momentum and energy equations
tant ones are: the Kolmogorov time scafg , which is based on '"volves the following steps:
the characteristic length of the small eddies, the integral time A The decomposition of the velocity or temperature field into
scale,r¢, , which is defined with respect to the integral time scalan undisturbed outer field and a perturbation component, which is
of turbulence, and the macroscopic timescale, which is based due to the presence of the sphere. The undisturbed components are
on the macroscopic characteristic length of the flowT he choice essentially the flow and temperature fields far from the sphere,
of one or another of these time scales depends greatly on thkile the perturbation components pertain to the disturbance cre-
process under consideration and the calculations to be performeigd by the presence of the sphere on the velocity and temperature
[41,44. fields. In the case of creeping flows, where inertia and advection
From the considerations of the sphere-fluid interactions, omaee negligible, the effects of the perturbation fields extend only a
may define the ratio of the appropriate dimensionless particle-tew diameters from the center of the sphere.
fluid time scales, which is usually called the Stokes number, StB The expression of the governing equations, initial condi-
=75l 7¢. Here, 75 stands as a generic symbol for the characteristioons, and boundary conditions of the momentum or energy trans-
time scale of the sphere that is appropriate to the process untégrproblem in terms of the two components of the decomposed
consideration, ane is also a generic symbol of the characteristiwelocity field.
time of the fluid that is pertinent to the fluid-sphere interactions. C The adoption of an “auxiliary” velocity or temperature
The magnitude of the Stokes number yields a qualitative meastield, whose analytical solution is simple and readily available.
of the particle-to-fluid interactions and often serves as a guidifithis velocity field may be the field created from an impulse on the
factor for making simplifying assumptions on these interactionselocity or the temperature of the sphere. It is important to note

heUnder these assumptions one is able to solve exactly the creep-
ing flow governing equations and to derive exact expressions for
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that this auxiliary field is only used in the calculations and doemnt has already been accounted for and it is not necessary to attach
not have to be pertinent to any of the actual processes underthe equation of motion any additional teignin order to ac-
consideration. count for the pressure gradient in the fluid.
D The use of Burger’s theorem, often referred to as recipro- It must also be pointed out that Gatigrd9] independently
cal, or Green's second theorem, to express the Laplace transfatenived a very similar expression for the transient equation of
function of the hydrodynamic force or of the heat transfer from motion of a sphere. Gatignol’s study is in French and has received
sphere that undergoes any type of process, in terms of the hydmatively little attention. Equatiof10), or simplified versions of
dynamic force or of the heat transfer resulting from this “auxilit, has found numerous applications and has been used extensively
iary” field. to model the unsteady motion of particles, bubbles, and drops
E The obtaining of an explicit algebraic solution for the hyeven when the Reynolds number of the flow is finite. Although the
drodynamic force or for the rate of heat transfer in the Lapla@xpression is ideally suited for Lagrangian applications, attempts
domain. have been made to modify and use the full equation or parts of it
F The transformation of the expressignobtained in step E so that it may be applied to Eulerian studies of rigid particles or
from the Laplace to the time domain and subsequent rearrangebbles[57,58.
ment of the resulting terms and expressions in a form that isFollowing a similar method and under the assumptions for the
suitable for an equation of motion or an energy equation. energy equation presented above, Michaelides and Fahp
More details of these processes and the specific steps that hagyed the governing equation for the heat/mass transfer and de-
been used in the derivation of the creeping flow equations BY€d an analytical expression for the transient energy equation for
motion and energy transfer from a sphere, respectively, may BePlere, aiso valid under creeping flow conditions. For a rigid,
found in Maxey and Riley18] and Michaelides and Feri@1]. |sqthermal sphere,_ which is present in a variable and nonurnform
Following this general procedure, Maxey and Ril&8] ob- fluid tempera@ure_fleld'f(xi ,t),.the final form of the Lagrangian
tained the following dimensional expression for the equation &hergy equation Is as follows:
motion of a rigid sphere in an arbitrary fluid field, whose velocity

i (v, ) - dT. Ts 1
is given by the functionu;(x; ,t): m Csd_ts = —mier 5, —Amaky Te—Ti— gasz,”}
dv; 1 d (v a? ) 5 (v g L
Ms— === 5 M| Vi—Ui— 25 Ui | —0maus Vi— U
dt 2 dt 10 i [E_[TS_Tf_gasz,jj}
2 —4dma‘k f dr. (11
2 2 — Vi_ui_a_ui" "o [malt—n]" (1
a 6maus (dr 6 " q
6 Ui v Jo Ji—r T wherea; in the denominator of the last term is the thermal diffu-
sivity of the fluid, which is equal td;/p;Cs .
Dy The left-hand side of the above equation represents the change
+(ms—mg)g; + M5t - (10)  of the temperature of the sphere due to the heat transfer. The first

term in the right-hand side is analogous to the inertia term of the

In the last equationmg is the mass of the sphere ang is the momentum equation and represents thagrangian change of
mass of the fluid that occupies the same volume as that of tiegnperature of the equivalent mass of the fluid. The second term
sphere. The repeated indejj ) denotes the Laplacian operator,s the usual conduction term from the sphere to the fluid. This
the derivativeD/Dt is the total Lagrangian derivative following term represents the rate of heat transfer due to the bulk tempera-
the particle and all the spatial derivatives are evaluated at thge difference between the fluid and the sphere, corrected by the
center of the sphere. Of the terms in the above equation, the lefpatial curvature of the temperature field, which is accounted for
hand side represents the acceleration of the sphere. Of the tebyisthe Laplacian term. The second term is analogous to the
on the right-hand side, one easily recognizes in the first, secostkady-state drag term of the equation of motion. The last term in
and third terms as the added mass, the steady-state drag, andtbesnergy equation is a history integral, which results from the
history terms of Eq(1). The other terms in the right-hand side areliffusion of the temperature gradients in the fluid temperature
the gravitational, or body, force and the Lagrangian acceleratifield and is also corrected for the nonuniformity or curvature of
term, caused by the acceleration of the fluid. The Laplacian ternt temperature fiel(Laplacian term It is apparent that this term
in all the parentheses account for the nonuniformity of the fluidepends on the temporal as well as the spatial variation of the
velocity field. They are called sometimes “the Faxen terms,” be&emperature field and is exactly analogous to the history term of
cause Faxefl2] was the first to derive them. The Faxen terms anhe equation of motion. Previous to 1994&1], this term was
second-order corrections for the non-uniformity of the far-fromanknown and had been absent from all derivations and uses of the
the-sphere undisturbed fluid velocity field and must be evaluatedergy equation of spheres including particles, bubbles, or drops.
at the center of the sphere. These terms become zero when AReit will be shown in Section 7.4 this term may account for a
fluid velocity field is uniform and, in this special case, the corresignificant part of the transient heat transfer to a sphere. The La-
sponding terms of E((10) become the same as those of Ef).  placian terms, which are analogous to the Faxen terms of the
The Faxen terms scale ag/L?, wherel is the macroscopic equation of motion, also scale ag/L2 and are negligible in
characteristic length of the fluid velocity field and in most practimany practical applications where the particle radius is signifi-
cal applications are very small becausél<1. Therefore, in cantly smaller than the characteristic dimension of the fluid.
many practical applications these terms may be neglected. It must be emphasized that the added mass term of the equation

It is of interest to note that, even though there is a pressusé motion emanates from the pressure gradient term in the gov-
gradient in the fluidV P, this exact equation of the motion of theerning Eq.(3c). Since the governing equation for energy does not
sphere does not contain a “pressure gradient” term, which woulthve a term equivalent t§ P, in the transient energy equation
be proportional tax*VP. Such a term has occasionally and errothere is no term corresponding to the added mass term. This con-
neously been added in the transient equation of the motion oftitutes the main difference in the functional forms of the equa-
sphere in the past. It must be emphasized that the pressure grédirs of motion and temperature variation under creeping flow
ent term in the governing equations for the fluid has been amenditions as well as at finite Reynolds numbers.
counted for in the derivation of E¢10) and that the effect of the  Coimbra and Rangel59] and Coimbra et al[60] used the
pressure gradient of the fluid manifests itself in the added mas®thod of fractional calculus to derive a similar expression for the
term. Therefore, when one uses this equation, the pressure gradiergy equation and showed the existence of the same history
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term. Their study also includes the radiation effects and, as in the*,2c2 g2(T—T;) a?pcs d(T—T)
study by Vojir and Michaelidef51], in their derivation they have 2 e K (6—98") —a
identified clearly the origin of all the terms. Also, Sazhin et al. "f f

[62] essentially derived a similar history integral term for a spe- 4 2.2

O ; . X " c 2 2
cific process, while solving the transient of spheres by conduction. = — ¢ EZS *(1-8") %_3 @ l’(’scs(l_ﬁ,) %
f f

+9(Ts—Ty)

4.2 A Note on the Computation of the History Terms. In-

tegrodifferential equations, such @) and(11) generally do not d?T;

have an explicit analytical solution for the dependent variallle ( a?pCq 1 o?pic; [t do?

or Tg). Since they are implicit in their dependent variabMspr +3 K (1-87 T K (t——(f)o'5d(r
f f 0

Ts, they must be solved numerically by an iteration method,

which consumes a great deal of computational resources in both 1 a2 dT

memory and CPU time when applied to repetitive calculations 13+ PiCt 1_3/)_' (13)

such as Lagrangian computations of trajectories. For this reason, mt o Ky dt tzo’

several Lagrangian simulations on the motion of particles and , = . .

bubbles performed in the past twenty years have neglected Wgh initial conditions:

Qi)sr:?nrg term, often without a sound justification or scientific rea- T((0)=T4(0), (13a)
Michaelides[63] and Vojir and Michaelide$61] have devised and

an analytical method to convert these first-order implicit integrod-

ifferential equations to second-order integrodifferential equations, ﬂ _ ,ﬂ (13)

which are explicit in the dependent variabl¥s or Tg. The dt],_, dt],_,

method used for these transformations is a straightforward trans- ) .
form of Eq.(10) into the Laplace domain and a back transformd the heat transfer case, the paramegeris the ratio of the
tion into the time domain after some algebraic manipulations. Th@lumetric heat capacitie$3( = p;C /psCs). Since the ratio of the

transformed equations, written in dimensionless form, are as fépecific heat capacities /cs is not very much different from the
lows: unit, the ratiog’ is of the same order of magnitude AsAs with

A. Equation of motion: the equation of motion, the use of the transformed energy equation
results in substantial computational savings in all Lagrangian
simulations that pertain to energy exchanges between particles

4a*p? d®w;,  2a?py 9Bk\ dw, and fluids. It must also be pointed out that, even though(Eg).
_ 2 X . . o .
81s2 di2 + 9u. Y 2 2 | at + YW is a second-order equation, it is unconditionally stable for all posi-
it m tive values ofg’.
4a’p? d?u; 2a?pq du, Analytical solutions for the momentum and energy equations

2(1-B) are still possible to derive when the assumption E is relaxed, that

== "B g on Y 1B g
81us dt s dt is, when a finite initial relative velocity or initial relative tempera-
242 B o? ture is allowed,[63,64. In this case, the history terms of the
+ 58P o g2 L P hydrodynamic force and the energy equations in expressidhs
Ot Ty and (1) will become

dzui d a?

» f TP LI B[ 6ma?uy (7| N6 Wil ema?uVi(0)-uy(0)]
o(t=0)%® o dtlo  Vau Jo = i Jrunt !
10a)

2gi"lzps > 2gia’zps (

“HI=p =g =Y 1B =g, (12 and
T 5T

— [T~ T7— = &?T; »
with initial conditions: Py fth s toe M q o Ts(0)—T7(0)
TaKs 77 T+H4ra Ky———

o [mat—1)] Jragt
11a
V,(0)=1,(0) (122) (112)

respectively. It must be pointed out that, because the history term

decays as$~ Y2 the full equation of motion and the energy equa-
and tion are integrable, even at very low values of time. The integral
for the velocity and temperature in these cases scale¢¥’as

This additional term in the equations of motion and heat trans-

fer offers an answer to the paradoxical result Reeks and McKee
[65] observed, while using the creeping flow equation of particles.
They noted that when the transient force term is integrated in
order to yield the particle velocity, the resulting history terms
where the parametgg is the ratio of the densitieg=p;/ps, and Yield a separate term for the velocity expression, which is propor-
the parametey is equal to (1+0.58) L. The solution of Eq(12)  tional to the initial velocity difference that grows with time &§.
instead of Eq(10) results in significant computational economy,This would mean that the sphere retains a “memory” of its initial
because there is no need for extensive memory usage and it&elocity regardless of the subsequent impulses to which it is sub-
tions. However, it must be pointed out that Efj2) as a second- jected. One would arrive at the same paradox in the case of the
order equation is not unconditionally stable as EtQ) is. A temperature if one solves the energy Ebl) and determines the
simple analysis yields that the equation becomes unstable in treat transfer rate, the total rate of heat transfer and the tempera-

divi—ui] d
g :—y[l—ﬂ]d— +y[1-8lg;, (12)

Ui
t=0 ti o

rangeps/ps<7/4. ture of the sphere. Actually, any term in similar expressions which
B. Energy equation: decays ag ™", and wheren<1, would result in this type of
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“memory.” The existence of this type of memory is contrary taStewart[70] for an inviscid bubble and is also identical to the
intuition and to all experimental evidence of the flow and hea&xpression derived if20] for a viscous sphere with perfect slip
transfer processes of particles in a viscous fluid. When a particleois its surface.

introduced in a viscous fluid with finite velocitgemperature dif- A similar study on the hydrodynamic force during bubble
ference, the effect of the viscosityconductivity will result in the  growth by Thorncroft et al[71] showed that the added mass part
eventual decay of any initial velocititemperaturg difference, of the hydrodynamic force for a bubble growing close to the wall
after long times approaching zero. Thus, the initial condition a$ also composed of two terms:

the velocity or temperature of the particle does not play any role 5 du da
in the determination of its velocity or temperature after a sufficient _Z =7 2 V] —
amount of time. This paradoxical result does not appear if the Fam 3 TP ® dt dt T 2mprat(HIU—V] dt’
second terms in the history terrfigs. (11a) and(11b)) are used (15)

in the calculations. However, this paradox and the related resuli$ these, the first term is the same as the usual added mass term
notwithstanding, in practice the paradox may not be significant fq the second is due to the change of the size of the bubble.
the calculations of the actual motion or heat transfer from sphefggen the radius of the sphere is constant, B yields the

for the following two reasons: standard Boussinesg-Basset term for the added mass.

a. When the sphere moves with finite Re Pe, the form of
the history term is different, as will be shown in the next sectios Analytical Expressions at Finite Rg and Pe,
The history terms decay faster and, after integration, there is no
memory of the initial relative velocity or relative temperature of 5-1 Steady-State Force and Hefltlass Transfer. From
the sphere. the beginning it must be realized that the motion of spheres and
b. The concept of an “initial” relative velocity or temperature,the heat transfer from them are inherently unsteady processes
while mathematically sound as an initial condition to a partiavhen the Reynolds number Rexceeds a critical Reynolds num-
differential equation, is physically questionable: How does orR€l. R, that lies in the range from 150 to 190,2]. Above this
introduce a sphere in an “initially undisturbed” fluid with a dif- range, bifurcations occur in the flow field developed by the pres-
ferent velocity or temperature? Surely the mechanism of the iince of the sphere and an unsteady wake is formed behind the
troduction of the sphere would result in some kind of disturbané&®here[73]. The wake influences greatly the flow field around the
to the fluid velocity field, which is not accounted for in the initialSPhere and the trajectory of the sphere itself. Mebarek ¢74).
and boundary conditions used for the derivation of the pertinepftowed that each one of these bifurcations is accompanied by a
equations. Therefore, one has to reconsider the finite relative #ange in the slope of the steady state component of the hydro-
locity as an initial condition of a problem where the sphere idynamic force. At values of Re-200 the instability of the wake
present in an unbounded fluid, which is initially undisturbed by itficreases. In this case, the flow is steady but nonaxisymmetric. At
presence. An interesting approach to this question is through @¢en higher values of Reabove 275, the wake becomes unsteady

use of irreversible thermodynamics, where the relative veloci§d nonaxisymmetric. These more modern results agree well with
may be described as an internal varialj&s)]. experiments performed in the past: Clift et [@7] present several

schematic diagrams and actual photographs of the wake behind a
Mass transfer due to chemical reactions or phase change re%ﬂiﬁd Sphere and C|ear|y show that, at values Osf;mo unsteady
in the changing of the size of a sphere in many practical applicgortices are shed from the back of the sphere. Thus, steady state
tions. For example, bubble evaporation or condensation and dreprd axisymmetric conditions for the wake of the sphere imply a
let evaporation or combustion processes will cause the growth@fatively low value of Rg, that is less than 175, as well as steady
diminution of the size of the sphere. Experimental and analyticRbw around the sphere.
studies that take into account the effects of heat transfer, localThe first correct solution of the problem of determination of the
thermodynamic nonequilibrium and microlayers formed duringydrodynamic force on a sphere at finite Reynolds numbers is
the evaporation process were performed by Theofanous [@7al. attributed to Oseef10,11]. He did not solve completely for the
and Theofanous and Paf@8]. Although they did not explicitly velocity field around the sphere, but used a simple perturbation
use the energy equation, Magnaudet and Legeli@performed method to calculate a first-order correction for the steady-state
a recent study on the hydrodynamic force exerted on an InVISQjéag coefficient. His asymptotic expressiom;'D:24/R%(1
sphere with variable radius, which may be caused by slow evape3s/g Re), is valid for finite but small values of ReMaxworthy
ration or condensation. Their study is pertinent to the case of grg] verified experimentally that Oseen’s correction is accurate up
isothermally condensing bubble and their results essentially appy Re=0.45. This range covers several practical applications in
to small bubbles withus/u<1 and Re<1. The final expression the chemical industry, where particles are very small and the fluids
for the unsteady hydrodynamic force with variable radif$) is  have high viscosity.
as follows: At finite values of Reor Pe, the nonlinear advection term in
the governing momentum and energy E@3b) and(5a)) must be
d[ a(t)3V;(t)] retained in the solution of the equations. In these cases, the vor-
EEre— ticity and the temperature gradients around the sphere are trans-
dt ported by the advection of the fluid as well as by the diffusion

2
Fit)=4muia(t)Vi(t)+ 3 Wpf(

dvi(t) t t dr processes. An analysis of the governing equations reveals that the
+2a(t)® a0 +87rp,uff exp( 9,uff WdT) diffusion part of the process is dominant in an inner region sur-
0 07T rounding the sphere with radiustes‘1 for the momentum prob-

t dr d[a(T)V;(t)] lem andaPP;1 for the heat transfer problem. The advection pro-
I . A . . .

xerfc( QMJ 5 ) d (14) cess is dominant at distances far from this region. Close to the

oa(7) dt sphere defined by the radimsReg1 or aPes_l the two processes
advection and diffusion are of the same order of magnitude and

Small parentheses in E¢l4) denote arguments of functions,their effects must be calculated simultaneously.

e.g., time, and not the operation of multiplication. It is obvious The characteristic time of the advection procesa/ig, while
that the equation of motion of a growing bubble contains the sarttet of the diffusion process 82/ v; and the two time scales are
terms as Eq(1) but the form and coefficients of these terms ara general different. Since these characteristic times are in general
significantly modified. When the radius of the bubble is constartf different orders of magnitude, the problems of the transport of
the last equation yields the expression derived by Morrison antbmentum and energy at finite Reynolds or Peclet numbers may
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only be solved asymptotically, usually by a singular perturbatiohhe time variable in Eq(19) has been made dimensionless by
method. Proudman and Peardd®] employed such a method todividing with the characteristic time of the fluid,7g
calculate the velocity field around a solid sphere and around=a4a?p;/u. The expression in the square brackets results from
cylinder at steady state, which is correct@¢Re). Their method the contribution of the outer velocity field and is a consequence of
used the expansion of the stream function in suitable polynomiajse advective terms in the Oseen equations. For this reason, it has
locally valid in the inner and outer regions of the flow. This exbeen referred to as the “Oseen contributiofi23]. It must be
pansion and the approximation of the velocity field enabled thepointed out that the last term of the Oseen contribution cancels the
to extend Oseen’s result and to calculate the steady-state dfigigd term in the right-hand sidest) ~“2 The remaining tran-
coefficient toO(Reﬁ). Their contribution to the calculation of the sient terms in Eq(19) decay exponentially. This rate of decay is
steady-state hydrodynamic force is a term of the order ddster than the decay of the transient terms of the creeping flow
Ré In Re,. Their expression for the drag coefficient is as followsgquation. Physically, this happens because the finite velocity dif-
ference allows for the faster advection and evolution of the vor-
ticity field around the sphere. While in the creeping flow case the
vorticity field around the sphere was transported by viscous dif-
fusion alone, in the case of advection the finite velocity “carries”
Acrivos and Taylor[30] conducted a similar study for the the vorticity field far from the sphere. With the faster decay of the
steady-state energy equation of a spherical particle. They extengieghsient terms, a spherical particle does not retain any “memory”
the solution to a higher order and derived the followings its initial velocity, which is characteristic of the Y2 rate of
asymptotic expression for the steady-state Nusselt number, valigtay, as mentioned in Section 4. Feuillebois and L&8@kalso
for finite but small Pg: considered the problem of the sphere accelerating at small but
1 1 1 finite Reynolds nurr_lbers and deri_ved some useful asymptot_ic re-
1+-Pe+ = p% In Pe,+ 0.41465pé+ Z p@ In Pe, sults on the properties of the outside boundary layer formed in the
2 2 4 viscous fluid.
With the fast development of the numerical methods during the
. (17) 1980s, computational studies came to complement the analytical
results on the transient equation of a sphere. Mei €t24l]. con-

Because of the heat/mass transfer analogy, the last expres$lyfitéd such a numerical study on the motion of a rigid spherical

: icl Re< hen the freestream velocity fl
may also be appe 0 he sieady-stae mass vansier provBAfIC % RS0 e e feesear veoc bt

fi h hen the Sh i i for thE . al :
fom a sphere when the Sherwood number is substituted for t gnt out that, in the low frequency limit, the history term of the

Nusselt number and the Peclet number is based on the mass Bf! . -
fusivity of the fluid. hydrodynamic force decays faster than the convention rate.

Expressions such @$6) and(17) may be used with accuracy in Subsequent_ly, Mei and A_drie[|22] obtained an analytical sol_ution
applications of finite but small Reynolds and Peclet numbers fAr_the motion of a solid sphere at very low frequencies (SI
the range from 0 to 0.7. At higher values of these dimensionle§sR&<1). Their results revealed a different history term, which is
parameters, it is advisable to use one of the empirical or serfig follows:
empirical expressions for the steady-state drag coefficient and

4 3 9
=R 1+ gRe+ 4—OR§In Re+O(RE)|.  (16)

Nu=2

+0(Pé€)

Nusselt number that abound in the literature, such as the Schiller _dvi_ ﬂ
and Nauman'$76] correlation for the drag coefficiemt, : t dt dt dr
Co=24(1+0.15 R&%)/R 18 of (Vs NI T L
D™ : &, (189) —(t—7)| + > f (t—7)
a avy H

or the several other similar in form expressions that were subse- _ ) ) .
quently derived[47]. In the case of the heat transfer coefficient§/n€refy is a function of the Reynolds number. It is evident that

one may use the analytically derived expression: at short times this term matches the classical history term, while at
long times it decays asymptotically 8s%. With this type of long-
Nu=2+0.6 R€°P°4, (18) term decay the sphere does not retain any memory of its initial
velocity.

or one of the expressions that are similar in form and have been . Jienti and Brady[23,33 essentially followed Sano’s

derived by correlations of experimental or numerical resit--  \o1hq4 and derived the hydrodynamic force on a sphere undergo-
79]. Several results and expressions for the steady-state trans ton arbitrary motion. They used a different scheme for render-

coefficients, including those applicable for viscous spheres gifg the governing equations dimensionless and introduced the
presented in Sections 7 and 8 below. product of the Reynolds, Reand Strouhal number, Sl, in their
5.2 Unsteady Hydrodynamic Force. Sano [17] used an solution. Their solution is also valid for flnlte but small Reynolds
asymptotic analysis and derived an expression for the transiémbers (8<Re<1). In the case of a solid sphere settling in a
hydrodynamic force acting on a rigid sphere at small but finitetagnant fluid, their equation reduces to the following expression
values of the Reynolds number, when the sphere undergoes a step

change in its velocity of magnitude: Fi(t)= —6muaV(t)— gmwf Re, SI%

1 1 3
Fi(t)=6mauVyi H{t*)+ 5 6(t*)+ ——+ 5 R BuraVi(t) 9
i(t) I3 |[ (t*) 3 (t*) Zm ) & _ ftl/zl (7TR€'S8|)1/2—Z/.Lfa(WRE‘SSDl/Z
12
x| | 1+ 4—2) erf(Re, t* ¥2) R A e
Rel t* X ) =3 az|2a oA
b — Re t*
(7)PRe | 1~ 2r& | TP ) —exq—AZ)} V,(n)dr, (208)
4 9 ; i
- + _R&INRe'+0(RA). (19) Where the vectoA is a measure of the distance traveled by the
3(wt*)Y?Re,| 40 %2 & ( %2) (19) sphere and is given as follows:
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Re, o, I'V(qg)dqg are restricted by the explicit and implicit assumptions pertaining

__ > — (20b) to the choice of the velocity field around the sphere.

2 Re Sl t—7 As with the case of the hydrodynamic force, analytical results
on the heat transfer at finite Pe may only be obtained by

The Strouhal number, SI, in the above expressions is the ratio@ymptotic methods. Using an asymptotic analysis, similar to the

the characteristic time of the fluid to that of the rigid sphere and @€ conducted by Sarja7], Feng and Michaelide86] obtained

essentially the inverse of the Stokes number. the f0||OWIng expression for the Nusselt number of a solid sphere
The studies by Lovalenti and Bradlg3,33 also concluded that undergoing a step temperature change:

the unsteady terms of the equation of motion decay faster when 1 1

the advection terms in the governing equations are retained. Somey,,— - * _ *

of the other noteworthy results of this study are that the behavioreNu 2 1+P{2 erf(ZPe\/t_)+ APe/mt* exp(—4PEét)

of the sphere when its motion commences from rest is different

than when the sphere starts with a finite velocity. The main physi-

cal reason for this is the formation and presence of an unsteady +2P€In(2Pg

wake behind the sphere, which influences the motion of the

sphere. Ir{33], there is a remarkable appendix by Hirf@4] who  \where the timet* has been made dimensionless by dividing it

presents simple arguments and quick asymptotic methods 10 & the characteristic time of heat diffusion,a@pcs /ke(t*
plain the physics of the solutions obtained. Hinch reduces th_et/T).

effect of the Oseen contribution, that is, the advection terms in the,:elng and Michaelidef32] also performed a study on the en-

governing equation, to the action of sources and sinks associa§ggy equation, which is analogous to the one performed by Lov-
with the presence of the wake behind the sphere. It is apparginii and Brady23] for the momentum equation. They derived a
frfom theseblphys_ltc_a: arglgurr_][ent? :Eat, W;]th ade%Ct'O”rt c—llny nlemoc%nsient expression for the heat transfer from a solid particle of
Oof a possible Initial velocity of the sphere fades at 1ong Umespiyrary shape, undergoing arbitrary motion, with a veloeity
Also, because of the differences of the velocity field developed |§ e special case of a sphere, and for time scales greater than

the surrounding fluid, the acceleration and deceleration proces. %’efz) their analysis yields the following expression for the
of the sphere are not achieved with the same force, even thoqg | dimensionless heat transfer:

the initial and final velocities of the sphere are the same. There-
fore the acceleration and deceleration processes at finite values of 47PeSIdT”
Re, are not symmetric with respect to time. This is in contrast toQ(t*)= ——— 47 (Ts—T7)—27PeSI

+O(PeH), (21)

*
the case of the creeping flow, where the Boussinesg/Basset ex- s dt
pression is invariant with respect to time and implies the same ET—T erflA’|
forces in the acceleration and deceleration processes. It must be X | ——— 5 d7* —2Pe7w
emphasized at this point that, regardless of this, both the motions oytr—7* |A]
at finite and at zero Reare irreversible processes from the ther- . ol
modynamic point of view since they involve finite dissipation. (T—T7)|u] \/; erf|A’|—exp(—|A"|?) [d
The asymptotic behavior of the transient hydrodynamic force o(tr —7*)|A[ [ 2|A]

on a solid sphere has also been the subject of a few more recent

theoretical papers by Mef81] for an oscillating sphere, by +0O(Pe), (222)
Lawrence and M€fi82] for the motion induced by an impulse, and , . .
by Lovalenti and Brady83] for an abrupt change of the veloc:ityWhere the VECIOA " IS analogous to the one in the casg of the
of the sphere. Apparently, there is not complete agreement a&yéirodynamlc force in Eqi20a) and is defined as follows:

the exact form and the long-time behavior of some of the transient Pe [ t* — 7%\ Y2 [lus(£)dg
terms. This disagreement may be due more to the modeling of the A= _( T* —. (22b)
motion of the spherée.g., initial and boundary conditions, way of 2 | PeSl =7

change of the velocijyrather than physical reasons associate

with this problem. For example, real spherical particles do no,
undergo step changes in the!r \(elocme§ and a physical 'mpUISec? ay faster than the corresponding history integrals resulting
a sphere inside a viscous fluid is physically different from a Dlraﬁom the creeping flow solutions
delta function. :

Since analytical methods only result in solutions at smag,Reb)v Of the terms in Eq(22a), the first term represents the contri-

is evident that the vectors and A’ scale as {— 7)¥2 This
sult confirms that the history effects in both the expressions

me needed an s on the transient hvdrodvnamic for ution of the time-varying undisturbed fluid temperature field,
Some needed answers on the transient hydrodynamic torceé acii.y, is tar from the particle. The second term is the usual steady-
on a sphere at higher values of this parameter may only be Q

complished by computational studies. This subject bears weight fate conduction term. The third and fourth terms are history terms

. h o X : . anating from the temperature gradients, which are simulta-
many engineering applications and is treated in Subsection 7. eously diffused and advected, since the inception of the heat

5.3 Unsteady Heat Transfer. As in the case of the solution transfer process. It must be pointed out that this equation is valid
of the momentum equation at finite Reynolds numbers, it is algd long times after the inception of the procefiss O(Pe ?)],
cumbersome to solve the energy equation at finite Peclet numbeayben the resulting temperature gradients have been convected to
Analytical solutions have been obtained only in the case of finitlistances far from the characteristic Oseen distamBe ®. At
but small Peclet numbef®e<1). The earlier studies on the heat/shorter times, it is the heat diffusion/conduction process that
mass transfer used a given velocity field, usually a steady-statedominates and the expression for the rate of heat transfer is the
a very slowly varying velocity field in order to solve the energyame as that derived for creeping flow and was presented above in
equation and derive results for the transient heat transfer. This;. (11).

Choudhury and Draké84] used the steady-state velocity field Pozrikideg87] also performed an analytical study to determine

obtained in[16] and derived an analytical solution for the rate othe transient heat and mass transfer from a suspended particle of
heat transfer from a sphere, subject to a varying fluid temperataditrary shape at low Peclet numbers. He used a method of
field. Similarly, Konoplin and Sparroy85] used a Stokesian ve- matched asymptotic expansions and obtained the Green’s function
locity profile (Re<1) and derived some useful results for the heanh order to derive analytical expressions for the transport from a

transfer and the temperature distribution from a sphere. All thesphere in a fluid undergoing a step temperature change and a
results and the analytical expressions derived from these studigbere in a time-periodic flow. His results are expressed in terms

218 / Vol. 125, MARCH 2003 Transactions of the ASME

Downloaded 03 Jun 2010 to 171.66.16.152. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



of the fractional increase of the rate of heat transfer from the caseThe solution of the energy equation for a spheroid yields re-
of conduction[ (Q(t) —Q)/Qq, WhereQ, is the result for pure sults, which demonstrate the remarkable similarities between the
conductio and may be summarized as follows: momentum and heat transfer processes. Feng and Michaelides

. ) B [90], following the method used if88,89 decomposed the ap-
for uniform flow:  (Q(t)—Qo)/Qo=1/2NwPe plied temperature field and also used a second-order expansion of

for shear flow: )= 0n)/On=0.257NuPe"? the geometric domain with respect to the eccentricity. They de-
(QM1=Q0)/Qo N 951 (23) rived the corresponding expression for the heat flux from a spher-
for two-dimensional straining flow: oid, which is as follows in dimensionless form:

(Q(1)—Q0)/Qo=1.36N1yPe"

for axisymmetric straining flow:
(Q(t)~Q0)/Qo=2.0NW,PE”,

where Pgis the instantaneous Peclet number and is a function of

. 2 1, Y 4 2,
Q(t*)=—4m 1+§8*I58 (Te—T*)+ 1+§8*§8

time. These expressions show that the velocity field around the g (T T )d .l (1+ . 2) T”
. . g X e——— 0 = TETE |+
zgﬂgg influences significantly the rate of heat transfer from the o m 3 9 Dt*
t
6 The Hydrodynamic Force and Heat Transfer for a +SZi \/Ef %(T;T”)}G’(t*—r*)dr*
Spheroid 45 V'3 Joldt
The similarities in the analytical expressions of the hydrody- (259

namic force and the rate of heat/mass transfer are very well & wi . . .

hibited in the case of a spheroid, with small eccentricityds ¢ -5 With the functionG(t*), for the hydrodynamic force expres-

approaches zero, the spheroid asymptotically approaches $f), the new functiorG'(t) also depends on the frequency of

shape of a sphere. Lawrence and Weinb48&89 conducted an variation of the temperature field and is defined as follows:

analytical study on the motion of a rigid spheroid of revolution , " i

with small eccentricity, under creeping flow conditions. Their G (t)=Im[ V7 ®e™ erfy@t*)] and ®=3e'"".

study used essentially the method employed by Maxey and Riley (2%0)

[18] with the added complexity of domain decomposition t0 & T |ast term in Eq(25a) is analogous to the new history term

second-order expansion in terms of the eccentrieitfhe result- Eq. (24a) and depends entirely on the eccentricity and the fre-

|nghexprae$S|on ]folrl the transient hydrodynamic force exerted on thgency of variation of the external temperature field. The kernels

Sspheroid Is as foflows: of these terms do not follow the ¥ decay of the typical history
term in creeping flows and depend on the frequency of the varia-

2 tion of the velocity of temperature fields. Regarding the practical
e 37 o 2¢e S . i .
Fi=—6mura| (Vi—u)|1— =+ —==|+ —| 1— significance of these new history terms, Feng and Michaelides
5 175) um 5 [90] showed that, when the frequency of variation of the velocity
d(v ) and temperature fields is not exceedingly high, then the contribu-
i— U

tions of these terms to the total heat flux and the hydrodynamic
e 2682) d(V,—u) force are much smaller than the contributions of the other terms of
178" ar the corresponding transient equations.
5 175 dt ; .
A glance at the equations for the hydrodynamic force and the
rate of heat transfer for a spheroid under creeping flow conditions

81¢? a?

+ LA P
175) Jo i=r | 9

8ae? td(Vi—u) proves that there are remarkable analogies between the two ex-
o8 f i~ Yj G(t—ndr|, (24a)  Pressions but not a formal mathematical similarity, such as the one
175J7v Jo  dT Konoplin [91] contemplated and through which one may be able

calculate the results for the one expression by knowing the
sults of the other. This happens because the numerical coeffi-
cients of the correction factors resulting from the eccentricity are
T 3 entirely different. As with the expressions for spheres, the energy
\/—= e®—erfc \/E} with ¢==(1+i/3). equation for spheroids does not have an added mass term. How-
3 2 ever, among the similarities of the two expressions one may ob-
(24b) serve that the two have terms with similar functional forms, that
A comparison of Eq(24a) with Eq. (1) reveals that the first both the expressions comprise the new memory term, which is
three terms of24a) are similar to the steady-state drag, the hisproportional toe? and that the kernels of this memory term have
tory and the added mass term of the Boussinesg-Basset equatiha.same functional form.
Their form is the same as the form of the corresponding terms ofOne of the conclusions that may by drawn from a simple com-
Eq. (1) with the expected corrections terms due to the eccentriciparison of the equation of motion and the heat transfer equation
of the spheroid. The last term of E(24a) does not have a coun- for a sphere and a spheroid is that slight departures from the
terpart in the Boussinesg-Basset expression. It depends on gp&erical shape result in considerable differences on the form of
eccentricity as well as the frequency of variation of the velocity ahe two equations as well as on the form of the history term. This
the fluid and vanishes asymptotically & This is a new history leads one to conclude that, by extension, the shape of a particle
integral term, which emanates from the elongated shape of thiays a very important role on the functional form and on the
immersed object. The presence of such terms in an equation degnitude of the hydrodynamic force and the heart transfer. As a
rived under the creeping flow assumption is another indicatimonsequence, it is not possible to, a priori, derive with any degree
that the Boussinesq-Basset solution and the Maxey-Riley expre$-accuracy the transient equations of motion and heat transfer of
sion must be modified when there are departures from the assuiparticles with irregular shape from the corresponding equations of
tions that were listed in Section 4. a sphere. This and similar results on the history terms for cylin-

where the functiorG of the last term is frequency dependent ana;
is defined as follows:

G(t)=Im
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ders by Chapliri92] raise questions on the theoretical validity andvhere the functiong;, A, andA, are empirical functions de-
practical accuracy of the concept and method known as “equiviermined by experiments. Odar and Hamilton used Schiller and
lent diameter,” which is often used in the modeling of irregulaNauman’s [76] correlation for the coefficientc,(c;=1
particles in several chemical and environmental processes inclued.15 R&%¢% and reduced their experimental data to derive the
ing sedimentation[93]. According to this method, an irregularly following expressions for the other two coefficients:

shaped particle of volume essentially behaves as a spherical

particle, whose equivalent diametdy,, is defined from the equa- 0.066 3.12
tion: v =1/6m(de)°. Hence, its transport coefficients are approxi- ~ Aa=1.05- 5757 and A,=2.88+ EEYYSER
mated by those of the sphere with diamedgr Oftentimes, cal- (279)

culations using the method of the equivalent diameter are

accompanied by other closure equations pertaining for examplghere Ac is the acceleration number defined as:
to the sphericity, circularity, or eccentricity of the particles, that

emanate from experimental data and, because of this, the final |U—V|?
results are sufficiently accurate within their range of applicability, Ac= Tav- (270)
[94]. 2l —

It appears that the method of the equivalent diameter for the dt

particles, especially when verified and supplemented by empirical »

data or empirical correlations, is very useful as a first approxima- In @ subsequent study, Od&6] verified the accuracy of these
tion to simple applications of the steady-state motion of irreggQefficients over the suggested range of R&oon thereafter, Al--
larly shaped particles. However, it must be borne in mind that tfi@weel and Carlef97] performed independently their own experi-
method has very little theoretical justification and should not b8ents for the determination af, and Ay and derived different
used in detailed transient flow calculations or even in steady st&@Telations for these coefficients. They also performed calcula-

calculations beyond the range of applicability of the empiricdlons on the importance of these terms and determined under what
closure equations. conditions the history terms were significaig].

The use of the semi-empirical expressions became widespread
in several applications for the determination of the lateral disper-
7 Extension of the Creeping-Flow Solutions to Higher sion of particles and for the transient reaction force exerted on the
Re—Semi-Empirical Expressions fluid by particles, bubbles, or drops. Based on these expressions,
. ) . ‘Shoneborn[99] explained and verified the experimentally ob-
While all known analytical expressions for the hydrodynamigeyed retardation of spheres in oscillating fluids at very low fre-
force and the heat transfer from particles, bubbles, or drops apglyencies.
to low Reynolds or Peclet numbers, many engineering applica-\whjle there have been several numerical studies that have used
tions of the transport processes occur at higher ranges of thgaa_ (26) as the fundamental form for the expression of the hydro-
parameters. Slurry transport and practical pneumatic conveyiggnamic force, there is no general agreement on the use of the
systems operate in the range'4Re,<10%; drops in combustion correlations in Eqs(27a) and (27b). The experiments by Karan-
processes may reach Reynolds numbers up fo thobble col- filian and Kotag100], suggest constant values fay andA,, of
umns in chemical processes operate in a range from 0%oat® 0.5 and 6, respectively, for the lower values of,R&he same
particulate flows in the environment may reach Reynolds nurauthors attribute the effect of the acceleration number solely to the
bers, Re, up to 1d. Since there is no applicable theory, othetoefficientc,; and suggest the correlationy = c;¢(1+ 1/Ac)*?,
than some asymptotic studies, and analytical expressions for Réerec,, is the value of the steady state drag coefficient. Temkin
>1, experimental data and empirical correlations have been usewi Mehta[101] also suggested that the acceleration number af-
for the calculation of the steady state transport coefficients. Usfiects onlyc, and recommended a different correlation for it. On
ally these correlations are power-law modifications of the Stokése other hand, Tsuji et a[102] in an extensive experimental
drag coefficient. They emanate from certain sets of experimengalidy of gas-solid flows confirmed the expressions by Odar and
data and are applicable only in their corresponding ranges af Relamilton [95] and concluded that the accuracy of their correla-
Oftentimes, these correlations are designed to agree with theotiggns as given in Eq(20) extends to Reynolds numbers up to
ical asymptotic results, such as the Stokes or the Oseen exprE3:000.
sions for the steady state drag. Twelve such correlations for theDarwin [103] proposed an experimental method to measure in-
steady-state drag coefficient are listed 47] and several others dependently the added mass coefficient of a bubble, by a determi-
are known to exist. The accuracy and reliability of these empiricahtion of the deformation of a plane surface perpendicular to the
functions are unpredictable and depend to a great extent on theectory of the bubble. Based on this method, Bataille et al.
conditions and experimental accuracy of the original data s¢ts04] measured the added mass coefficient and found out that it is
from where they emanate. consistently equal to 1/2 in the range 50Re;<1000, when some
of the bubbles are not even spherical. Mei e{ 21], Rivero et al.
[105], and Auton et al[106] confirmed that the potential flow
olution, which yields the valua ,=1 for the coefficient of the
ded mass term is correct, and that neither the Reynolds number
r the acceleration number influence this term. These recent re-

7.1 Transient Expressions. Regarding the transient terms
of the hydrodynamic force, Odar and Hamilti@b] were the first
to propose modifications and correlation functions that extend
the transient terms, following the practice used for the steady st%
term. They essgntlally treated the three terms of the_Bqussme Hits call for the reinterpretation of the experimental data for the
Basset expressiaffeg. (1)) as separate forces and multiplied eac

one of them with a correction function that accounts for the high%gﬁg{;}ggggynamc force that has resulted in the semi-empirical

FBQeynotIds numper. ghe'{hpr?ﬁfsed efxtfnr;'smn of the Boussmequhe general practice of separating the transient force into three
asset expression has the foflowing form: independent components and using the empirical valuea for

1 dvi—u) and A, somehow was crowned with succdsy this it is meant
Fi=ci6mau(Vi—u)+Axs M— agreement with the experimental datd became very popular

in engineering calculations in the last 30 years. The reasons for

d(Vv,—u;) this accuracy and popularity of the expression are the relative ease

T dr of calculations with the aid of computers and the close agreement

+Aha? \/mf - dr, (26) of the results with experimental data. This agreement is due to the
0o Vt—r7 following reasons:
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a. the semi-empirical equations have a sound experimental legual to 1/2 for the added mass coefficient, a convolution integral
sis, that is, they are essentially correlations of experiment@alr the usual history term and another function to account for any
results, and, initial difference of the velocity between the fluid and the sphere.

b. the semi-empirical expressions have always been usedTinus, they derived an expression that applies to a stationary or
calculations to determine the total hydrodynamic force, amicillating fluid in the range € Re,<150 and appears as follows:
not any of its three parts.

dv; 1 ) 1 dV, Duy;
It must be recalled that the pertinent experiments, from which tH8s gy = — 5 Cooma pr(Vi—Up|Vi—ui| = Zmy| ~r— =
empirical coefficients emanate, measured the total hydrodynamic
force on the sphere under various conditions. Then, by a series of t d
assumptions and deductions, the experimentalist estimated the —6mau 0+K(t77"7')d_T(Vifui)defs“'a“le(t)
three parts of Eq(26) and, hence, determined experimentally the
three coefficients. Similarly, for any verification of the derived X[Vi(0") =ui(0F)+V;(07) —uj(07) ]+ (ms—my)g;
expressions that followed, the resulting equation was used as a D
single entity to always calculate the total hydrodynamic force and + mfj (28)
not any parts of it separately, and then to compare the results with Dt '

other experiments, similar to the ones from which the force Wasere the function& and K, are determined from series numeri-
determined in the first place. Because of this determination aeg| data after ensuring that their limits at,R@ for low and high
verification of the results, it woulq have been rather surprising fFequencies agree well with analytical and asymptotic solutions.
close agreement between experiment and “theory” were not ORim et al. [107] claim very good accuracy of their expression in
tained. It appears that this fortuitous agreement, which is based;gg range 8-Re<150 and 0.243>0.005. Given that accurate
a_circular argument, is the reason why the semi-empirical eXpPreSmputations of the unsteady motion of a particle in high Rey-
sions are still considered accurate and used in some engineefatys numbers is a recently developed area, it is almost certain
calculations. The derived results for the total hydrodynamic forgat several other semi-empirical expressions similar to the last
can be trusted within their range of applicability because theyyyation will appear in the near future. Bagchi and Balachandar
have a sound experimental basis. _ __[108] essentially followed a similar approach and derived a semi-
Regardless of the perceived accuracy of the semi-empirical fnpirical equation based on their computational results.
pressions, it is a fact that they are based on a form of the hydro-p the case of heat transfer there are no known semi-empirical
dynamic force that was derived under conditions where the Reyzpressions to be applied to higher Peclet numbers under transient
nolds numbers approach zero, but the expressions themselyggditions. However, there are several experimental correlations
were developed to be used at very high Reynolds numbersfd} the steady-state heat transfer coefficients, such agiBy),
glance at Eqs(1), (19), and(20a) will prove that the form of the \hich can be found in textbooks and treatises of the general sub-
function of the hydrodynamic force changes dramatically, whgBct of heat transfef78,109. These correlations are analogous to
the Reynolds number is finite. Therefore, there is no a priori thehe widely used experimental correlation for the steady-state drag
oretical justification to using the functional form of expressionggpefficients.
such as Eq(26) for the total hydrodynamic force at higher values |t js apparent from the above that analytical solutions for the
of Re;. Any agreement of the semi-empirical expressions witftansient hydrodynamic force and the heat/mass transfer rates may
experimental results is fortuitous and due to the fact that the serghly be obtained in the case of low Reynolds or Peclet numbers
empirical expressions are essentially correlations of sets of expefird this for a solid sphere only. Although these studies yield very
mental data. Therefore, when they are applied under _Slml|8:l’_0%)0d results on the form of the expressions for the hydrodynamic
ditions, they yield similar results. While using a semi-empiricaforce and for the rate of heat transfer at finite but small values of
equation, one has Only to ensure that the range of Valldlty of tlﬂ% dimensionless numbers&’]d Pg, and perhaps some guid_
coefficients in terms of %Eand Ac covers the range of the CalCU'ance on the form of these expressions at h|gh%raﬁd Pg’ they
lations. However, if the conditions change, for example, if thgo not provide any quantitative results that may be used in appli-
frequency of variation of the fluid field is significantly differentcations that pertain to higher values of these parameters. This only
than the frequency of the experimental data, the semi-empirigahves numerical studies to provide answers as to the functional
eXpreSSionS would fail. It is believed that differences in the COform of the hydrodynamic force and to the rate of heat transfer

ditions of the underlying experiments account for the manifeflom a sphere at higher values of Rend Pe.
differences of the correlations proposed @5,98,100.

It must be emphasized that the hydrodynamic force on a spher&/.2 Numerical Results on the Hydrodynamic Force at
is a single entity and not three different forces. For this reasdtigher Re. Numerical(computational studies are very specific
there was never conductdend it is not possible to condyca to the exact values of the parameters used in the derivation of the
physical experiment, which would independently generate the vaésults and do not provide as much insight as an analytical solu-
ues of the several individual terms for a semi-empirical equatiotion. However, at the present state of the art, computer capacity
such as Eq(26). With the development of numerical techniquesand numerical techniques are advanced enough to yield reliable
it is now possible to infer the value of these terms by separatimgsults for the transient behavior of rigid as well as deformable
the effect of the pressure term and of the steady-state results in$péeres in infinite or bounded fluids. It is not the scope of this
solution of the governing equations. Recent numerical studies manuscript to cover the area of computational fluid dynamics as
Chang and Maxey25,26] have separated the pressure effect arapplied to the transport coefficients of the sphere, but a short
computed the history term for a sphere in the cases of oscillatatiscussion of certain numerical results, which provide an insight
and accelerated motion. These studies also cast doubts on tthéhe transient behavior of spheres, is appropriate. For a more
validity and accuracy of Eq26) when it comes to the behavior of in-depth analysis the reader is directed to the recent review ar-
the history term and do not support the decomposition of the totidles by Matsumoto and Takagil0] and Loth[44] that cover the
transient hydrodynamic force. numerical methods extensively.

Kim et al. [107] developed a more recent version of a semi- At first, it must be mentioned that several of the recent analyti-
empirical expression, based on numerical results rather than eat studies also contain a numerical compongit], where some
perimental data. They used the same process of decompositiompait of the problem was studied, or elucidated by a numerical
the hydrodynamic force into several components, and conceromputation. Secondly, there are several numerical studies, which
trated their attention to the history term. They used the standgbvide answers to the steady-state hydrodynamic force and rate
drag coefficient curve for the steady state component, a coefficiafitheat transfer from a viscous or a solid sphere, with different
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degrees of success and accurddy,1-113. The relevance and motions he considered are oscillatory motion, impulsive start and
accuracy of the results of these earlier studies is discussed in thst@p as well as reverse flow. He examined values qf iRehe
recent numerical studies on the steady-state heat transfer coeéfiige 2 to 40 and found a qualitative agreement on the decay rates
cient and drag coefficient for viscous spheres by Feng anfithe kernel with the results of Mei and Lawrerjdd 9], although
Michaelides[114—-11§. The latter studies use a novel numericahe points out that this agreement deteriorates in the high values of
technique that allows one to extend the range of the numerid2é considered. Chaplin’s results also show that, even for a cylin-
results to values of the parameters,Rad Peg up to 1000. This der, the history term of the hydrodynamic force finally decays as
value is close to the upper end of the practical limit, where sonte’, [t®®log(t)]"* andt™°5, in the cases of an impulsive start,
viscous spheres retain their spherical shijp&7]. stop, and reverse motion, respectively.

Regarding the transient hydrodynamic force, Chang and MaxeyKim et al. [120] examined the unsteady three-dimensional in-
[25,26 conducted a purely numerical study, based on a specttafactions between a single advected cylindrical vortex tube and a
method, for the oscillatory motion and for the accelerated motidixed spherical particle whose diameter is of the same order of
of a single sphere in an infinite fluid domain up to,Rd0. The magnitude as the initial diameter of the vortex. They also investi-
first study shows how important the transient effects are on tated the viscous flow interactions between a pair of vortex tubes
flow structure around the sphere, by comparing steady-state @gvected by a uniform freestream and a spherical particle that is
sults with transient results at the same values of. Rewas ob- suddenly placed and held fixed in space. The values gfrRabis
served that flow separation occurs in the decelerating portion $f!dy reach 100. The lift force on the sphere is calculated as well
the flow field under oscillation even at values of,;Relow 20. In as the deviation of the rectilinear drag due to the action of the
some cases the strongly decelerating flow completely detacfiegnsverse force. Massudi and Sirigndd@1] extended these re-
itself from the sphere and an inner reverse flow surrounds tfelts from a solid sphere to an evaporating droplet. This type of
sphere instantaneously. The corresponding steady-state restfiély is the first step towards understanding the two-way interac-
show that at these values of Réere is no separation. The flowtions between the small-scale turbulence and a sphere. _
separation and similar effects of the transient behavior observed if3iven that the transient behavior of a single particle in a vis-
the numerical results affect considerably the transport coefficie@@us fluid is complex, inter-particle interactions in a fluid are even
of the sphere, both momentum exchange and heat transfer. More complicated and can only be examined numerically. Among

Chang and Maxey25,26| also devised a way to separate théhese studies, Kim et dl122] used a three-dimensional algorithm
effect of the pressure on the hydrodynamic force and essentidfyobtain the drag and lift on two stationary sphefigiiced close
separated the added mass component. They found out that, ui@ggthey in a uniform fluid velocity. Chiang and Kileinstreuer
both oscillatory motion and constantly accelerating or deceleraf23] used a finite element code to determine the transport coef-
ing flow, this component is adequately represented\gy-1 in ~ ficients of three spheres in a linear array. The study by Feng and
the ranges 8 Re,<40 and 0.5:SI<10. This is the exact value of J0Septi124] demonstrates the complexity of the unsteady motion
the potential flow theory, which was first deduced by Poigagn ©f Several spheres in a quiescent fluid, even at creeping flow con-
and also appears in the Boussinesg-Basset exprefSipr(1)). ditions. They found out that had the spheres been allowed to move
The correlation by Odar and HamiltofEgs. (27a) and (27b)), freely, coalescence would have occurred and that the Nusselt
[95], yields the coefficiens ,= 1 only when Ac=0. The results in number of the second and thlrd spheres are greatly |nfluen9ed by
[25] on the history term are also rather surprising: their comput@ﬁe wake shed by the leading sphere. Cheng and Papanicolaou
tions show that in the case of oscillatory flow, the history term is-25] used an approach that is based on the analysis of periodic
adequately described by the Boussinesg-Basset expression, ecéfﬁ?ns functions and calculated the force on a periodic array of
at the high range of the Reynolds numbers examined. They coIEres In a viscous flow_at_ small R&heir analysis cons@ers
cluded that, in this case, the results obtained by using (EX. asymptotlpally, in }he Iqw limit, the effect of the concentration of
differ very little from the numerical results and, hence, there is i€ SPherical particles in the flow.
advantage in using the semi-empirical expression. They also; 3 Nymerical Results on the Transient Heat Transfer.
found out in the case of the accelerating/decelerating flow that thg \ith the case of momentum transfer, results for the transient
Boussinesq-Basset expression adequately represents the nNUM&ficalimass transfer at high Reynolds or Peclet numbers may only
data in t.he initial stages of motlon..Ho.wever, in the final stage @z gerived by asymptotic or numerical methods. Abramzon and
the motion, the numerical results indicate that the kernel of tgata[113] assumed a Stokesian velocity distribution around the
history integral decayed faster thein"? and that the rate of decay sphere and solved numerically the energy transfer equations to
became exponential, except in the case of a sphere brought to grstve results on the transient Nusselt number of spheres. Because
where the decay rate was still algebraic but faster thaff. the Stokesian velocity distribution implies Rel and, since

The studies of Rivero et a105], Magnaudet et al.118], and Pe=Re*Pr, their results for high Pe are implicitly restricted to
Chang and Maxey25] also explain a flaw in the studies thatvery low values of Pr (P ucs/K;). Similarly, Chiang and
resulted in semi-empirical expressions: For the decomposition Kieinstreuer{ 126] used a known velocity profile and drag forces
the experimental data most of these studies have stipulated thalbéween the spheres to derive the steady-state heat and mass trans-
sinusoidal flows the history term vanishes at phase angles equaldocoefficients for an array of three evaporating drops. Pozrikides
¢=ml4 and 37/4. Based on this stipulation and given an expreg127] used a matched asymptotic expansion, obtained the double-
sion for the steady-state term, a correlation for the added massiodic Green’s function and used numerical computations to de-
term was determined and, hence, another correlation for the hisse the rate heat transfer from a semi-infinite line of small evapo-
tory term was deduced from the residual of the total force. Thating particles. Balachandar and H28] used a direct numerical
results by Rivero et al[105] and Chang and Maxe}25] show simulation to address the effect of unsteadiness on the heat trans-
that the history component of the hydrodynamic force does nfgr at high Peclet and Reynolds numbers. They considered the
vanish at¢=3n/4, but at a slightly lower phase angle. Thereforeprocesses of step temperature change in the temperature of the
the findings of the recent numerical studies cast further doubts fimd and of the particle as well as a sinusoidal temperature change
the validity of the decomposition by Odar and Hamil{®@5], as and performed computations up toR&50. They expressed their
well as of all the similar studies that used the same assumptiorsults in terms of an effective Nusselt number, and confirmed that
for the determination of the coefficients of semi-empirical exprest finite Pe the history term initially decays as %, and at later
sions. stages of the processes it decays at a faster rate. In general, they

Among the other numerical studies for a single object, Chaplobserved that the behavior of the history term in the energy equa-
[92] calculated the history forces on a stationary cylinder in tion is very similar to its behavior in the equation of motion as
viscous fluid based on the asymptotic properties of the wake. THescribed in the previous subsection.
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7.4 The Effect of the History Term(s). It appears that the 5
functional form of the history term is well known, and has ¢ 45].._.
unique functional form only in the case of creeping flow condi
tions. At finite Rg or Pg the functional form of the history term -
depends on the actual transient process of temperature or veIo% R
change. In many cases the functional form of the history term £ 3
both the equation of motion and the heat transfer equation is or3 5 |
known asymptotically[22—24,129. For this reason, at finite Re g
or Peg it is not easy to determine the effect of the history term oé
the magnitude of the hydrodynamic force with a great deal 1§ 1.5
accuracy. However, all researchers agree that the history ter 4
decay faster than the creeping flow rate of> when Re and Pe L ‘ ‘ il
are finite. Therefore, the influence of the history term on the ma P | A f u//‘"?ﬁ"
nitude of the hydrodynamic force or on the heat transfer would | ‘ v
weaker at finite Reor Peg than at creeping flow conditions.

The main reason for the interest on the effect of the history ter (a)
is that this term is difficult to compute, as was shown in Sectic ;; ‘ _
4.3. If this term does not contribute substantially to the total hy N ELLH
drodynamic force or heat transfer, then neglecting the term and ‘
effects simplifies and shortens repetitive computations consid 1
ably. The a priori knowledge of the significance of the histor
terms in Lagrangian computations is particularly important i S i N :
cases where the nature of the problem examined requires the cig ; I
putation of trajectories of a very large number of particléS0]. ‘ :

Such repetitive computations can be simplified considerably if tt § g | . \ B 7/ o\
history term may be neglected. ' i v+ |

Hjemfelt and Mocrog131] were the first to compute the effect L ‘ : N
of the several parts of the hydrodynamic force for a particle in 0.7 === = e oy o uit e
turbulent flow field. They parametrized their data with respect to 3
dimensionless parameter related to the Stokes numb . i i . |
(188St)" Y2 and concluded that the effect of the history term a  ggo1 0.01 01 1 10 beta 100
well as all the other transient terms may be a priori neglected or )
at very low values of the density ratiB=ps/ps. Their results
also indicate that the history term may be neglected when thgy 1 The effect of the history term on the amplitude  (a) and
Stokes number and the density ratio satisfy the condition Sfiase lag (b) of the temperature of a rigid sphere
<2/9° B~Y2. \ojir and Michaelideg61] computed the effect of
the history term during Lagrangian computations of the particle
motion in simulated sinusoidal and randomly varying velocity
fields. They concluded that the effect of the history term is sig-

nificant in the range 073<0.002 as well as at very high values| pv studies. In studies that use very light particles, a correction
of the Stokes numbeiSt>10) or, equivalently, low values of the for the gravity/buoyancy is necessary for the interpretation of the
Strouhal number. They also found out that the effect of the histogg|ocity field data.
term on the total distance traveled by a particle is by far more Regarding the effect of the history terms on the heat transfer
significant when the fluid velocity field varies monotonically thafrom a sphere, Gay and Michaelidgk37] conducted a thorough
when the fluctuations are random. Druzhinin and Ostroy482] numerical study to compute the effect of the history term on the
also conducted a numerical study of the effect of the history temgat transferred to a sphere at creeping flow conditions and con-
in a rotating flow and concluded that the history term reduces tBglered three processds) a step variation of the fluid tempera-
drift of the particles and modifies their rotation in the azimuthalre; (b) a ramp change of the fluid temperature; afwl,a sinu-
direction. The experimental and numerical study by Domgin et &oidal variation. The main parameters for this study are the
[133] concluded that the history term may be neglected for bubbiyslumetric heat capacity ratif’ = p;c; /p<Cs and the Stokes num-
flows, and that the decay rate of the kernel proposed by Mei apér, St. They concluded that the history term is of importance in
Adrian [22], t 2, agrees slightly better with the experimental rethe computations of the transient heat flux when the ratio of the
sults than the original decay rate*?, which was proposed if5]  volumetric heat capacitie®’, is between 0.002 and 0.5. This is
and [7]. The study by Domgin et al.l133] also confirmed the the range for liquid-solid flows and droplet flows in heavier gases.
statistical results iM61]. Other recent studies by Launey andlhey also found almost no effect of the history term on the heat
Huillier [134] and Abbad and Souh&i35] confirm the fact that transfer for bubblegs’>10). Typical results of these computa-
the history terms may be neglected when either the Stokes numbens for a sinusoidal variation of the fluid temperature field are
is high or the density ratig very low. depicted in Figs. (B) (amplitude ratip and 1b) (phase differ-
Given that several fluid dynamics experimental techniquesnce. Also, Michaelides and Fenfl38] conducted a study for
such as the LDV and the PIV methods, are based on the assumygeping as well as low Reynolds number flow and heat transfer.
tion that the velocity of very small particles is equal to the localrhey determined the fractional error associated with neglecting
velocity of the fluid, Thoma$136] conducted a numerical study the history terms as a function of the particle’s Stokes number, St.
to determine the influence of the history term on the statistic&lome of the results ¢f.38] are depicted in Fig. 2, where it shown
guantities that emanate from the LDV velocity data. He used e$at the history term plays an important role at intermediate
sentially the creeping flow equation of motion of particles withoubtokes numbers. This occurs because at low St the particles follow
the gravitational term and concluded that the inclusion of the hiatmost exactly the fluid streamlines and at high St the fluid has
tory term in the calculations has a considerable influence on thery little impact on the flow and the heat transfer from the par-
experimentally observed rms velocity deviation. He also coticle. The results 0f137,13§ show that neglecting the history
cluded that small, light particles are better suited as seedingterm in the energy equation of a rigid sphere leads to an underes-

w
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phase ratio
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Fig. 2 The effect of the Stokes number on the heat transfer from rigid particles with and without the
history term

timation of the instantaneous rate of heat transfer by 10—15 peably accurate calculations for time-averaged results, such as the
cent and that this error may reach up to 35 percent in extreragerage velocity and total distance traveled by a particle.
cases. The effects of irregular particle shagesonsphericity, flow tur-

. bulence, flow compressibility, etc., are often given as corrections
7.5 Steady-State Expressions. The Effect of Other Param- , this universal drag coefficient curve in the form of functions of

eters. It is apparent from the treatment of the transient termg,a turbulence intensity, eccentricity, or Mach number:
that in many practical applications and most engineering calcula- ' '

tions on the flow and heat transfer from particles, bubbles, and cp(u'?,e,Ma...)=cpf(U'D)f,(e)fs(Ma).... (29)
drops, it is sufficient to know only the steady state part of the . .
sphere-to-fluid interactions. The steady-state part of the transienf0" €xample, Carlson and Hoglufith0] derived the following
expressions is often the dominant part of the hydrodynamic for€g'Pirical refationship for the functiohs(Ma), which is used in
or rate of heat transfer and, hence, its accurate determinatior{'}any computations pertaining to particles in shock waves and
critical to the accuracy of the computations. In this case, it &her compressible flow fields:
sufficient for a practicing engineer to know the steady-state drag 0.427 3
coefficient or the convective heat transfer coefficient in order to 1+exp( - )
perform calculations, such as the sizing of plant components or fo(Ma) =
the design of chemical reactors. For this reason, a great deal of 8 '
experimental work in the past 60 years was spent on the task of 1+ @ }
determining the steady-state component of the transport coeffi-
cients. The results of the experimental studies are usually empisihere Ma is the Mach number based on the relative velocity of
cal correlations of expressions for the drag coefficient or for thee particle with respect to the fluid. It appears that, for small
Nusselt number. particles, the drag coefficient decreases due to a rarefaction effect,
An excellent compilation of all the experimental work that wasvhile, for large particles, it increases because of the associated
performed in the 1960s and 1970s may be found in Happel andmpressibility effects.
Brenner[48] and Clift et al.[47]. A “universal” curve for the When using these empirical expressions for the functions
steady-state drag coefficient and several recommended expifes- f5, etc., one must be aware that they are derived from a
sions, emanating from experimental data or numerical studies dimdited number of experimental data or, more recently, from nu-
spanning the range <0Re, <4000, may be found in Clift et al. merical studies. Therefore, their accuracy is strictly limited to the
[47] as well as several other similar monographs and textange of conditions prescribed in the experimental study from
[48,139. At low Reynolds numbers most of these expressionshich these functions originate.
yield the equations derived by Stoke4] and Oseer{11]. At As with the case of the equation of motion, most practical stud-
higher Rg most correlations resemble the power-law expansidas on the transient heat transfer from spheres use a quasi-steady
by Schiller and Naumafi76]. It must be pointed out that, whenapproach, and a function for the steady-state heat transfer coeffi-
Re, is greater than 20, a visible wake is formed behind the sphesient, which originate from experimental or numerical studies.
that grows in size with the Reynolds number. As mentioned ifihe analytical result for conduction or creeping flow conditions,
Section 5, when Re-400 this wake becomes unstable and vortifirst derived by Fourief27], may be written in the form that
ces are shed behind the sphere, thus making any motion of tieually appears now as M. Acrivos and Taylof30] derived
sphere unsteady. Despite of this unsteadiness in the motion, it hagmptotic solutions that are applicable at the limit of creeping
been confirmed that the universal curve for the drag coefficiefipw as well as at small but finite PeThe final forms of their
which is mostly derived from experimental data, leads to reasoexpressions are as follows:

Ma4.63_ Reg.BS

é e
3.82+1.28 exp —1.25——
Ma

(30)
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Nu=0.991P¢*3+0.922 (31) Timescales:
Momentum

for Stokesian flow (Re<1) and Fluid: 4op/i, 20/U;

1 3 Sphere: 402p /. 200U,
Nu=0.991P¢% 1+ TeRe+ ﬁReﬁ In Re,+ O(R€?) (32)
Energy
for steady-state flows at small but finite Reynolds numbers. Fluid: o?pe/k; , 200U,
At large Reynolds or Peclet numbers, the experimental studies Sphere: o2p,c/k; .20/U,
by Ranz and Marshall141] and Whitaker[76] resulted in the He Ke CoTsEReTE
following two correlations which are widely used in engineerin% . . . ) )
calculations and the design of systems: ig. 3 Spatial domains and timescales in the case of a viscous
’ sphere
Nu=2.0+0.6(Re) YA Pr) %, (339)
and

a. the time scale of momentum or energy transfer inside the

_ 2 13\ 5,0.4 geometrical domain of the sphere, and
Nu=2:+(0.4Rg"+0.06 RE")PI* (3%) b. the time scale of momentum or energy transfer outside the
These correlations are applicable up to-R&0*. geometrical domain of the sphere.

The asymptotic study by Polyanji42| provides a plethora of  gecause of this, an analytical solution of the governing equa-
asymptotic results on the heat and mass transfer coefficientsighs for a viscous sphere is impossible to derive, even in the
spheres at low Re including cases where heat and mass transfgfmplest case of creeping flow. Chisnlb3] recognized this fact
take place simultaneously, combustion or evaporatioghq ohtained asymptotic solutions for the velocity of drops imme-
condensation processes, for example. Also, the experimental dfately after the commencement of the procésisort time do-
sults by Yuge[143] are being widely used in convective heainain) and long after the commencement of the motion process
transfer applications. Corrections to this equation for the effect GBng time domaii Full analytical solutions in this case may only
the eccentricity of the sphere and the flow turbulence are knowR optained not in the time domain but in the Laplace or the
to exist or may be derived directly from experimental studiegoyrier domain. Sy and Lightfodtl54] attempted to derive a
such as the ones by Bankoff and Magar4], Gilbert and Ange- ¢josed-form solution for the transient hydrodynamic force in the
lino [145], or Hayward and P€i146]. In analogy with the corre- case of a sphere, but applied wrongly the velocity boundary con-
sponding studies for the expressions of the drag coefficient, thgion on the interface. As a result they derived a final expression,
results of these studies would be expressions of the Nusselt nygpich is erroneous. The boundary conditions and final expression
ber that have the following functional form: of this study were repeated in an otherwise very informative

—> _ —> monograph by Kim and Karil35]. Galindo and Gerbethl55]
Nu(u'.e,Ma....) =Nuof; (u™)f5(e)T5(Ma) ... (34) were ?hegirst )t/o derive a correct expression for the hydrodynamic

- ) . L force on a viscous sphere under creeping flow conditions in the
8 The Effects of Finite Viscosity or Conductivity of the | apjace or the Fourier domain, which is as follows:

Sphere )
— o ) X
8.1 Transient Expressions. Most of the results for the hy- Fi=—6mandVi—uli 5 +(xi+1)
drodynamic force and the heat transfer mentioned in the previous
sections pertain to a rigid sphere or a sphere with viscosity much (xe+1)%f(xs) ]
greater than the viscosity of the surrounding flujas (us>1). [Xg—)(g @t xed —2F () I+ e £3) (o) |

Analytical solutions pertaining to the other limit of the viscosity
ratio, that of inviscid bubblesys/ <1, have also been derived (35)

analytically in the past by Che147], Morrison and Stewaft70], where the overbar denotes Laplace domain functionsyamgbre-

Lhunller_ [148], and Lea[_34]. Auto_n et al.[10_6] s_tuc_iled the eﬁeCt.sents the two dimensionless timescales in the Laplace domain:
of rotation on the transient motion of an inviscid sphere, while

Drew and Laheyf149,15( examined the added mass component sa? sa?

and the lift force induced on an inviscid sphere in a rotating and a xi=\ - and xs=\—— (359)

straining flow field. Mei et al.[151] conducted an analytical/ f s

numerical study on the history term of the hydrodynamic forcand the function () is as follows:

acting on a spherical bubble and derived results, which were later 5

confirmed by an experimental investigation by Park ef E#2]. 0=+ 3)tantx) = 3x. (3%)
In an analogous manner, most of the heat transfer studiesMichaelides and Fen{R0] performed a similar study that in-

which pertain to the steady-state heat transfer coefficients, hataded the effect of the viscosity ratia,= us/us, as well as

been derived for cases wheke/ks>1 or k;/ks>1. Under these allowed for the existence of finite velocity slip on the surface of

conditions, the problems of momentum and energy transfer habe sphere. Their result in the case of no-slip at the interface is an

only one significant characteristic time scale, which is based empression, which is identical to E(5). An expression similar to

the viscosity or conductivity of the surrounding fluid. In this casehe Maxey-Riley equation may be derived from E85) at the

the solution of the governing equations can be achieved by weimit A—«, while an expression identical to the one derived in

established exact or asymptotic mathematical methods as Wa8] for an inviscid bubble may be derived at the opposite limit,

shown in Sections 4 and 5. A—0. One of the unexpected results[@0] is that the same ex-
When the viscosity or conductivity of the sphere is comparabf@ession for the transient hydrodynamic force that applies to an

to the viscosity or conductivity of the fluid, the Navier-Stokes anhviscid bubble also applies to a sphere of finite viscosity0,

the energy transfer equations must be applied to the two fludth perfect slip at the interface. This leads one to conclude that if

domains which are inside and outside the sphere and are depiagttemely small particlegnanoparticlesare to be modeled as a

in Fig. 3. Hence, for a viscous or conducting sphere there are twontinuum with finite velocity slip allowed at their interface with

characteristic timescales to the momentum or energy transéefluid, then the values of their drag coefficients would be between

problems: the values for the drag coefficients of bubbles and the drag coef-
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ficients of rigid particles. Asymptotic solutions of E(5) have studies resulted in the following expression for the drag coeffi-
also been derived at short as well as long times from the inceptioient, which is valid at creeping flow conditions (R&l):

of the motion of the sphere. The long-time transient solutions are

independent of the internal viscosity of the sphere because any c :i 3A+2

transient effects have dissipated in the finite geometrical domain P Re | A +1
within the radius of the sphere.

. (37)

Regarding the heat transfer from a sphere whose conductivityligiS €xpression yields the Stokes law for a solid particg,

of the same order of magnitude as the conductivity of the fluig 24/R& atA—e andcp=16/Re for an inviscid bubble ak—0.
(that is, the Biot number is neither close to zero nor approachigg the other end of the spectrum, when R4, an asympiotic
infinity), Feng et al[156] proved that, because of the existence ofo!ution by Happer and Moore60] yields the following expres-
the two time scales, a closed-form analytical solution in the tinion for the drag coefficient of an inviscid sphere, which a-pplles to
domain cannot be derived in the time domain, even under tHe® flow of spherical bubbles at high Reynolds numbers:
creeping flow conditions (R&1). In this case, the rate of heat

transfer to the sphere in the Laplace domain as follows: CD::_Z 1+ ;A . (38)

Q=—4maki——— f (Xf) . - (1+X;Q)T?(x The hydrodynamic force on all objects depends very much on
[f'(xs) +o(1+ x;a)sinh(xsR) ] their shape, and viscous spheres are deformable and do not retain

1 1 . (1+yla) their §ph¢rical shape under all flow conditipns. Thgrefore, a key

—0)+| =+ = xla|a?V2Tox=0) |+ X T<(0,0) question in the motion of viscous spheres in fluids is whether or

2 6 not they maintain their spherical shape at higher Reynolds num-

2 k(14 xla) bers. The subjects of the deformation of viscous_ sp_heres at higher

+ a_(V2T )(0,0) [+ “ep Xi& Reynolds numbers as well as the trajectory oscillations that result

6s piAT S[f'(xe) +o(1+ xia)sinh ysa)] from this deformation have been well studied experimentally and

computationally,[36,161-168 Also, the formation, shape, and
size drops are reviewed in a recent arti¢E59]. In general, the
shape of a viscous sphere depends on the Reynolds and(Bond
Webe) numbers, and the resulting shape is one of the primary
whereo is the ratio of the thermal conductivityr=k;/ks) and  variables that determines the total transient or steady-state hydro-
the variablesy; andy, are the dimensionless variables analogougynamic force, as well as the rate of heat transfer. When viscous
to those of Eq(35a), defined in terms of the energy diffusivity of spheres depart from their spherical shape, they become oblate

sinh( x¢r)

xf VTp(x,O)-V[—
V

; dv, (36)

S

the sphere: spheroidgdropg or develop a hemispherical shafimibbles that
may grow to become Taylor bubbles, which are bullet shaped.
Xi= [SP¢Ct and yl= [SPsCs (363) The answer to the question of whether or not a drop or a bubble
f K¢ s kg maintains its spherical shape at high Reynolds numbers has been

given in the past by empirical data and more recently by numeri-
cal studies: The experimental results by Winnikow and Chao
f'(x)=xa cosh xya)—sinh ya). (360) [117] on the free fall and rise of drops in liquids show that a liquid

. drop will remain spherical when the dimensionless Bond number,
A glance at Eqs(35) and (36) shows that, as in the case of th o piswlless thaln oPeqlLaI t(\;\/o_z. that iIS whén u

spheroids, there are several analogies in the expressions of the
momentum and energy equations, but not a strict similarity that 4ga?|ps— pil
can be used in formal calculations. Thus, one has to calculate Bo= ————
independently the hydrodynamic force and the heat flux from vis-
cous spheres. where o is the surface tension of the sphere. The experimental

It must be pointed out that, in the special cases when the amgerk by Winnikow and Chao[117] shows that drops of
lytical transformation of Eq35) and(36) onto the time domain m-nitrotoluene in watef\=2.2) with d=3.1 mm remain spherical
can be accomplished, several history terms appear that are differ-Re=506. According to the criterion Bc0.2, simple calcula-
ent than the typical history term of E€]l) in their functional form tions show that water droplets in air will maintain their spherical
as well as the details of their kernels. Yang and L[d&l7], Gal- shape at values of Reip to 470. In the case of substances with
indo and Gerbeti155] and Michaelides and Ferf@0] have de- high surface tension such as liquid metals, the corresponding Re
rived several of these terms. The functional form, kernels awngbuld be much larger, up to 1150 for mercury droplets in air. It
other parameters of these history terms are significantly differemust be pointed out that Lofl#4] prefers the criterion Bg0.14
from the typical history term of Eq1). This leads to the conclu- for spheres to retain their shape, which is based on the experimen-
sion that the history term emanating from the Boussinesqg-Bassatstudy by Garner and Lihdd 70]. The adoption of this criterion
expression is a special case, which applies only to the restricieslies that water droplets in air maintain their spherical shape up
conditions underlying its derivation, and that there is a group 66 Re=395 and mercury droplets in air maintain their spherical
history terms that appear when one or more of the restrictioshape up to Re=1000. Regardless of the value used in the Bond
applied to the Basset-Boussinesq theory are relaxed. number criterion, the fact remains that viscous drops retain their

spherical shape at relatively high values of Bed, therefore, the

8.2 Steady-state Expressions for the Hydrodynamic Force. knowledge of their transport coefficients up to these high values is
Given the virtual impossibility for analytical solutions to providenecessary in some computations.
simple working expressions for the hydrodynamic force and heatThere are several numerical studies on the drag coefficient and
transfer coefficient of a viscous sphere and the fact that for mahgat transfer coefficient for viscous bubbles or drops that retain
practical applications a knowledge of the steady state part of thekeir spherical shape. One of the first such studies is by LeClair
expressions is sufficient for engineering calculations and designd Hamielek[171], who used a finite difference technique to
work, analytical, experimental, and numerical studies have fillembmpute the drag coefficients of drops at relatively low values of
this void and have provided us with sufficiently accurate expreRe,. Rivkind et al.[112] Rivkind and Ryskin[172] and Oliver
sions and data on the transport coefficients of viscous spheegsl Chund173] used similar numerical techniques and extended
(bubbles and dropsTwo of the earlier analytical studies on thisthe range of Refor the drag coefficients of viscous spheres to
subject are those by Hadamdfidb8] and Rybczynski159]. These approximately 100. Beyond this value of Reis known that a

The functionf’(x) is analogous td(y) above and is defined as

<0.2, (39)

Os
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Fig. 4 Drag coefficients of viscous spheres

boundary layer is formed at the exterior of the sphere. The captwiebubbles and solid particles. Expressi@tb) is a simple cor-

of the effects of this boundary layer requires a different techniquelation of the computational results that are shown in Fig. 4 for
or a hybrid type of computational grid. Feng and Michaelides=2.

[116] used faster computers and a hybrid grid to capture the out-In the low-values range of Rewhich is not covered by the
side boundary layer for solid and viscous spheres and thus caifbove expressions, the following expression is recommended:
ducted computations up to Rel000. Their results are shown

pictorially in Fig. 4, where it is observed that there are several 8 3\+2

regularities and trends of the numerical data that would lead to CD_@ N+1 1+0.05 N+1 Re

accurate empirical correlations which are useful in repetitive en-

gineering calculations. These correlations of the numerical data in 3N+2

terms of the parameters Rend\ are briefly summarized here: —0.015—7"R&In(Re) 0<Res5. (42)

N 4N\
cp(Re N = TCD(ReSIO) ten cp(Re;,2)

This expression reduces to the Haddamard-Rybszynski solution at

Re,=0 and to the Oliver and Churjd 73] expression for small but

finite Re,. The form of the last term of Eq42) is derived from

for 0s<A<2, and 5<Re=1000, the natural next-order expansion in terms of; R&lthough the

(40a) intention was to use this expression up taR®, it was actually
concluded that the last equation accurately represents the numeri-

and cal results up to Re=20. It must be pointed out that the standard
4 N— deviation of the correlationgl0), (41), and(42) from the numeri-

cp(Re. ,\)= ——cp(Re,2)+ —— cp(Re,,» cal results is 2.1 percent and the maximum error is 4.6 percent.
o(Re&.A) A+2 o(R&2) A+2 o(R&,) The drag coefficient of inviscid spherésubbles is of particu-

for 2<\<%, and 5<Re<1000 Iar importance in practical applications, such as boiling _anql aera-
tion. It is generally accepted that surfactants and material impuri-

(40b) ties play a very important role in the determination of the drag

coefficient of bubbles. The drag coefficient of clean spherical

where the functionp(Re,0), Cp(Re,2), andcp(Re~) are bubbles is often approximated by the expres$ibrd]

given by the following expressions:
16 48
221 214 Cpo=min| =— (1+0.15 R&®), —— (43)
cp(Re,0)= =—| 1+ —— —— Do R 'Re./’
which is consistent with the previous correlations wher0.

cp(Re,2=17.0Rg ™ (41b)  When the bubbles become bigger, their shape is distorted and they
form hemispheres. Consequently their drag coefficient depends

and strongly on the surface tension, which is a determinant of their
24 1 shape. In this case the drag coefficient is independent of the Rey-
cp(Re,,»)= Re 1+ gReﬁ’:”). (41c) nolds number and may be given by the expression:
The expressions focp(Re,0) andcp(Re,,») in the above ex- c :§ Eo (44)
pressions are routinely used correlations for the drag coefficients P 3 Eo+4’
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\ sometimes called the Spalding transfer numBerplays an im-
portant role in the heat and mass transfer expressions from drops
and bubbles:

log(bubble diameter in mm)

h*—h*+h
B= comb
hig

(45)

whereh is the enthalpy, the superscriptdenotes conditions at the
radius of the sphere, the superscriptonditions at infinityhyg is

the latent heat of vaporization, atd,;, is the heat of combus-
—=—contaminated tion. In many studies the effects of the transport coefficients of
—+—clean viscous spheres are given in terms of the transport coefficients of
solid spheres with corrections in termsR)fobtained from experi-

Fig. 5 Drag coefficients for bubbles as a function of their mental, analytical, or numerical data. For example, Abramzon and
diameter Sirignano [178] expressed the Nusselt number in the case of
evaporating drops as follows:

drag coefficient

12 /3
log(1+B) K Re"?prt ) (46)

which is valid for fairly large hemispherical bubblésp to 3 cm B 2 f(B)
diamete}. However, it was observed in many studi_e; thgt the pre§ere K is a constant and(B) is a function ofB that can be
ence of even traces of surfactants or other impurities in the watgfirelated from the numerical results of Abramzon and Sirignano
causes an increase in the value of the drag coefficient as 1198, In the caseB=0, the above equation yields the expression
shown in Fig. 5. It is generally accepted that whe_n_ even tracesgf the Nusselt number of a solid spheg. (33)). Similar ex-
surfactants appear in the system, the o!rag coefficient of a bubBl@ssions have appeared for the Sherwood number, which is used
may take any value in the enclosed region of the three curves thatases of mass transfer from bubbles or drops, as well as for the
appear in Fig. 534,47, _ ) _ drag coefficient. More details on the derivation and the form of
Two recent experimental studies on the subject have providgghse functions as well as the effects of the phase change on the
evidence that impurities alone do not cause this change in tﬂﬁnsport coefficients of bubbles and drops may be found in
shape of a bubble and the modification of the drag coefficient. behigier[l?Q,lSQ, Chigier and McGreatfil81], Crespo and Lin-
experlment_al_ study by Tomiyanjd74] claims that the metho_d of jan [182], Clift et al. [47], Law [183], Williams [184], and Sirig-
a bubble’s initial release from the nozzle also determines its drﬁ9n0[36,4q.
coefficient and the trajectory it follows. When bubbles are re- |t mass exchange is negligible, its effect may be isolated in the
leased with small initial deformation, their shape remains close {Gnctions of the Spalding coefficier, as in the last expression,
spherical, their drag coefficient is higher and their motion is regy if the effect of the mass transfer from the sphere is negligible
tilinear or zigzag on a plane. However, when the bubbles agg the heat transfer procegs.g., in the case of heating of sub-
released with high initial deformation, their shape continues to bggjeq dropsone needs to have accurate expressions for the heat
ellipsoidal with high aspect ratio, their drag coefficient is highegansfer from a viscous sphere that does not exchange mass. Be-
and their motion is helical or rectilinear. In a similar study, Wiggse of this, several analytical and numerical studies have been
and Gharib175] also found that the initial method of the releasgongucted to determine the heat transfer coefficient of a viscous
of bubbles(whether they are released from a narrow or a W|d§phere without the exchange of mass. Levidb] provided an

tube plays a role in the eventual shape, the rise velocity, and they mptotic first-order solution for a liquid sphere at very large Pe
drag coefficient. Thus, Wu and Ghafib75] were able to observe \,nder the condition of creeping flofRe<1):

spherical bubbles of large diameters in clean water systems that

behaved as bubbles with surfactants. ProspdiEts] has named

this phenomenon “the Leonardo effect” and has put forward the Nu= 371N
following conjecture for its explanation: Both types of bubbles

when released from their tubes are contaminated. However, #heng and MichaelideE79,114 conducted two numerical studies
shape oscillations that occur after detachment are strong enowghthe subject of heat transfer from a viscous sphere at constant
to clean the bubble surface from its contaminants. In most practislume and derived useful correlations, first at high Red any

cal cases, the water contains a sufficient concentration of contaie, , [114], and then at any Reand Pe, [79]. Their results in
nants for the bubble surface to become immediately contaminatedrrelation form are as follows:

However, in the case of a very pure system, the recontamination .
process of the surface is so slow that the bubble remains clean &@re?sfijrrln%“r kt)#éf;\rlllljtsessl%(gjrﬁl%;}s) chiom%jég’ the general
the finite duration of the experiment. A consequence of this con- '
jecture is that the large spherical bubbles created by this method 0.651 0.991\

are unstable and, given sufficient time, will flatten. Since this is aNu(\,Pe,,Re) = ( o095 P&+ T Pé’s)(lJr a(Re))
problem with many practical applications and great intellectual :

12

Pe (47)

curiosity, it is expected that it will attract a number of studies in 1.651— a(Rey)) A
the near future. ( 17095, 1+)\), (48a)
) where the functiora(Re) is expressed as follows:
8.3 Steady-State Expressions for the Heat Transfer Coef-
ficient of Viscous Spheres. The study by Bowman et aJ177] 0.61Re
was among the first to point out the differences in the heat/mass a(Re) = m+0'032' ()

transfer from solid and viscous spheres. Since most of the practi-

cal problems of the heat and mass transfer from drops and bubbleB As with the case of the expression of the drag coefficient,
are related to processes such as boiling, condensation, evaptwehigher Rg the analysis of the data revealed that the best cor-
tion, or combustion, the mass transfer at the boundary of thelations of the numerical data are obtained when the general ex-
sphere plays an important role in the determination of the rate jpfession for the Nusselt number is given in terms of the following
heat transfer. For this reason an evaporation parameter, whiclihieee functions:
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B1 The correlation of Nu for an inviscid sphee=0), which  [187] and performed an asymptotic domain expansion of the ve-
is as follows: locity field around the sphere. He derived the following expres-
sion for the magnitude of the shear-induced lift:

B ) 0.61Re
Nu(0,Pg,Re)=0.651P¢% 1.032+ Re+21 FLe=Kpralx2~12 (52)
0.61Re whereK is a constant equal to 6.44 andis the fluid velocity
+|1.60— R%+21)' (49%) shear, evaluated at the center of the sphere. Sufficient conditions

for the validity of the above expression are very low, Bewell as
B2 The corresponding function of Nu for a solid sphéxe

=), which is as follows: V<(kn)?  kallv<l and a?Qlv<1, (523)

Nu(,Pe,Re=0.852P&3(1+0.233 R&28%) +1.3—0.182 R&3>®

(49)  which would imply one of the following two alternatives:

B3 The corresponding function of Nu for a sphere with vis- 5 gjther very low particle velocity, shear and angular rotation

cosity ratio equal to 2\=2.0), which was derived from the nu- for the particle, or
merical results and is as follows: b. extremely high kinematic viscosity for the fluid if the par-
Nu(2,Pg,R%)=0.64P§'43(1+0.233 R§'287) ticle has finite velocity, shear or angular rotation.
The first alternative is compatible with the assumptions implied in
.287
+1.41-0.15 Ré : (4%)  the derivation of the Basset-Boussinesq equation. The second al-

The final correlations for the heat transfer coefficients may Bgnative implies very high viscosity in combination with finite

given by the following expressions in the two subranges\:2 shear or rotation and is not strictly compatible with the implied
and X\ <o conditions of the Basset-Boussinesq equation.

It must be pointed out that the appearance of the lift force is
4N related to the inertia of the particle and that it is inconsistent with
mNU(P%-RE‘s:Z) the governing equations from which the creeping flow solutions
have been derived. Under the creeping flow conditions and the
for 0<A=<2, and 16<Pe<1000 assumptions underlined in Section 4, a sphere only experiences a
(50m) symmetric force that opposes its rectilinear motion. Transverse
forces do not appear in creeping flow conditions, because the flow
and domain resulting from the introduction of the sphere is symmetric,
4 N_2 [_34]. At finite Re transverse forces may appear if the velocity
Nu(Pe,Re,,\)= —— Nu(Pe,,Re, 2)+ —— Nu(Pe,,Re, , ) field has an asymmetry. However, most of the analytical and nu-
At+2 At+2 merical derivations of drag coefficients at finite Rplicitly
assume that the velocity field is symmetric.
for 2<h<e, and 16<Pe=1000. Both the Magnus and the Saffman parts of the transverse hy-
(500) drodynamic force, or the lift force, are much weaker than the
For the case of smaller values of Rel0, no correlation of rectilinear components of the hydrodynamic force, the drag force.
Nu(Pe,,Re,,\) of satisfactory accuracy was obtained from th&lowever, the lift force plays an important role in the migration of
numerical data. For applications in the range Pe<10, it is bybbles, .drops, and particles toward; the walls of cyllndrlqal
recommended that one consults the original numerical resultsAipes. This happens because these objects have to travel relatively
[79], which are given in tabular form. very short distances in order to approach the walls of the pipe and
a weak force would be sufficient to induce them to travel such
short distances, thus contributing significantly to radial diffusion
or dispersion, wall depositiof188], mixing, and separation pro-

9 Transverse(Lift ) Force and the Effect of Boundaries cesse$189,19Q.

Among the recent developments on the lift forces exerted by a
viscous fluid on a sphere, Autqd91] derived an expression for
the lift induced by the rotational motion of the fluid at higher;Re
suji et al.[192] measured experimentally the shear-induced lift
n bubbles and concluded that the expression by Saffman yields

tisfactory results on the magnitude of the force. McLaughlin
ﬁ.93] relaxed some of the assumptions used by Saffman and de-
rived a correction to the expression by Saffman in terms of the
gﬁear, x. This correction improved the accuracy of Saffman’s
equation and extended the range of its applicability. McLaughlin's
— . a3 _ theoretical work was later confirmed experimentally by Cherukat
Fun=mapd Qoo (VU] (1) et al.[194] for a solid sphere near a wall. The experimental results
The Magnus force is the result of pressure induced because of HyeSridhar and Kat2195] suggest that the magnitude of the lift
streamline asymmetry that results from the rotation of the spheoemponent of the hydrodynamic force of bubbles and particles is
It is the contribution of the outer velocity field disturbance, fahigher than the values predicted by the theory. Mei and Klausner
from the sphere, caused by the rotating sphere. The Magnus foft@6] also derived a correlation for the lift coefficient of a bubble
is independent of the fluid viscosity and, therefore, it appears iima shear flow field by a numerical method at high values af Re
viscous as well as in inviscid flows. However, their results only considered the outer expansion and

The second part of the transverse hydrodynamic force is thet the inner expansion of the problem as pointed out by Magnau-
shear-induced lift and does not necessitate rotation of the sphetet and Legendrd197]. An essentially numerical article by
It was first derived by Saffmahl85] and, for this reason, it is Legendre and Magnaud¢fi98] has shed some clarity on the
oftentimes referred to as “the Saffman force.” Saffn{di85,184 mathematical formulation of the problem as well as the physical
followed the work by Proudman and Peardd] and Childress mechanisms that contribute to the lift of the sphere in inertia-

2—\
Nu(Pe,,Re ,\) = - Nu(Pe;,Re;,0)+

a. Lift Force. Particle rotation combined with finite relative
velocity, or fluid velocity gradientgssheay even in the absence of
particle rotation, will induce a transverse component in the hydr
dynamic force on the sphere, which is often called the “Iifb
force.” This transverse component of the hydrodynamic force ha
two parts. The first is due to the particle rotation, is independent
the viscosity, and is frequently referred to as “the Magnus force
In a quiescent and irrotational fluid, the expression for the Magn
force is
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dominated flows. Another experimental study by Tomiyama et ahay be lifted and become suspended in the flow without any
[199] on bubbles in shear flows concluded that the lift coefficienghysical collisions with other particles in the suspension.

of larger bubbles depends on the surface ten@fomEotvos num-  Regardless of the method of evaluation of the lift component,
ben and that rising bubbles tend to accumulate close to the wallse ratio of the transverse to the longitudinal component of the
if their radii are less than 6 mm, while bigger bubbles with raditydrodynamic forceF, /Fp, is of the order ofx(«/v)Y2 This is
higher that 6 mm tend to migrate towards the center of the appgecessarily a very small number according to all the assumptions
ratus. used in the derivation of the lift force&q. (52a)). Despite this,

As with the steady-state drag force, the magnitude of the Maghe transverse component of the hydrodynamic force is very im-
nus lift force is often expressed as a function of a dimensionleggrtant because it determines the lateral migration and dispersion
lift coefficient, c_y, which is then correlated by experimentalof spheres, and plays an important role in several phenomena,
data. A recent investigation by Oesterle and Bui-0ji200] yields  such as bubble detachment during boiling and particle sedimenta-
the following empirical expression for the lift coefficient of ation and resuspension in water quality models. For this reason, the
sphere rotating in an infinite fluid: accurate knowledge of this transverse component is of paramount

importance for engineering calculations that pertain to such pro-
Re cesses. It is common _practice in such enginee_ring calculations to
C = 0.45+ ( —__ 0_45) exp(—0.05684 RE*Re>) superpose an expression for the transverse or lift component, such
R as Eq.(51) or (52 with an expression for the transient hydrody-
namic force in the longitudinal direction, such as Ed3, (10), or
for Rez<<140 (53) (19), and thus calculate the longitudinal and transverse motion of
particles, bubbles, and drops. The result of such a superposition is
where Rg is the Reynolds number based on the rotational spel#ft the transient hydrodynamic force on a sphere appears to have
of the sphere: a_lateral, albeit steady-state, component in _add!tlon to the !ongltu-
dinal component. Although this superposition is not justified on
analytical grounds, it is very convenient to use and the results
4pa?|Q) obtained appear to be accurate, since they agree fairly well with
ZT- (54) experimental data. When one uses this superposition, it is impor-
tant to ensure that the necessary conditions for the validity of the
expressions used for the several components of the hydrodynamic

The lift coefficient is in general a monotonically decreasinfprce are not violated. In most of the cases this means that there is
function of the Reynolds number, Reas shown by many, includ- very low relative velocity and rotation between the sphere and the
ing Rubinow and Kellef201], Dennis et al{202] and Oesterle fluid, and that the local shear is small.
and Bui-Dihn[200]. . .

The lift of growing bubbles that are formed close to a wall is_P: Effect of the Walls on the Motion of Particles. The
very important in the boiling and evaporation processes, becadggtion of particles, bubbles and drops in the vicinity of a wall is
the global rate of the heat transfer greatly depends on the amolfy Important in many practical applications ranging from boil-
of vapor which is in contact with the wall or in the immediatdnd 0 particulate and slurry transport. As was mentioned above,
vicinity of the wall. In this case, the lift due to shear facilitates th&h€ ift on small bubbles influences the rate of heat transfer from a
detachment of small spherical bubbles from the wall and subsi!rface during several practical processes. In particulate transport
quently the nucleation and the commencement of the growth pfJocesses, particle collisions with the walls result in pipeline ero-
cess of other bubbles. Thorncroft et E71] studied the growth Sion and particle adhesion to the walls cause scale buildup and
and detachment of bubbles from a surface and concluded that gigntimes pipeline clogging. The effect of a wall in general is to
growth of a bubble close to a wall enhances the lift force exertfitard the motion of particles in both the parallel and the perpen-

by the shear. In their analytical and computational study they dgicular direction to the wall, thus reducing the rate of mass trans-
rived the following expression for the lift due to the shear:  POrt. In addition, the presence of particles and bubbles in bound-
ary layers and mixing layers significantly modifies the stability

and transport properties of these layers. Although the effect of the

1 oo apl[148)7 13 12112 particles and bubbles on the boundary layers is not the subject of
FSL:§|U_V|(U_V) mpra(t)k R? +gK . this article, there is a great deal of recent experimental and ana-

(55) lytical work on this subject, which may be found in Aggarwal
[204], Moursali et al[205] Climent and Magnaudé¢R06] Naray-
anan et al[207] Marie et al.[208] Joia et al.[209] Tran-Cong

whereld is a scalar function of the dimensionless shear rate and teeal.[210] Druhzinin and ElghobastR11], and Felton and Loth

Reynolds number. The augmented lift force in this case facilitatEz12].

the detachment of the bubble from the wall, reduces the amount ofThe first to consider the motion and to derive an expression for

vapor close to this wall, and, thus, contributes to the enhancem#ém hydrodynamic force on a particle in rectilinear motion parallel

of the heat transfer from the wall to the bulk fluid. to a wall was Faxe12]. He used the method of reflections for
The shear-induced lift on solid spheres attached to a wall whehe movement of the sphere under creeping flow conditions and

other similar spheres are present, known as suspension flow, wagined an asymptotic solution for the total force acting on a

studied numerically by Feng and Michaelid@93]. Their results sphere that settles in an orthogonal circular cylinder, when the

show that the instantaneous hydrodynamic force exerted by tinajectory of the center of the sphere is the centerline of the cyl-
suspension flow on a solid particle attached to a wall is increasidler. In this case, the ratio of the particle diameter to the charac-

by a factor of 2—4 by the presence of similar particles in the floteristic distance, or diameter, of the cylind&, is the most im-

field. The augmentation includes both the lift and the drag corpertant parameter that affects the hydrodynamic force. Faxen’s

ponent of the hydrodynamic force and is caused by the interaexpression for the hydrodynamic force may be given in terms of a

tions of the suspended spherical particles with the stationary pamll drag multiplier,K,,;, which is the ratio of the steady-state

ticle when they are in close proximity, within 1—-2 diameters. Iinydrodynamic force in the presence of the wall to the Stokesian
this case, it is the hydrodynamic interactions between pairs farce (6w paV) that a sphere experiences in an unbounded flow.

triplets of particles that result in the augmentation of the lift anBy using the same method of reflections Bol#13] obtained a

drag components of the force. As a result of this type of hydrdrgher order approximation for the wall drag multiplier, which

dynamic interaction, a particle that lays on a horizontal boundaryay be written as follows:
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1-2.0144%F +2.08877E°—6.9481F°— 1.372°+3.8728-4.1F 0+ .. .~

Kwai= (56)

Haberman and Sayrf214] developed a theoretical method to Of particular interest in Poiseuille flows with suspended rigid or

compute the wall correction factoK,,,;, for spheres settling in deformable spheres is the transverse motion and the calculation of

cylinders up to very high values &, and later Paine and Scherrthe transverse, or migration, velocity of these spheres, caused by

[215] used this method in order to compuKg,,;, and tabulated interactions with the walls. By using the method of reflections,

their results for several values of the diameter ratio in the rangeenner and Happdl225] solved the problem of a rigid sphere

0<E<=0.9. A comparison between the expression by Botflig. moving in the axial direction in a Poiseuille flow and obtained

(56)) and the exact theory by Haberman and Sd@®4] shows asymptotic solutions for the drag force and torque. Later, Cox and

that Eq.(56) yields accurate results only up ©=0.6. Brenner[226] extended this approach to rigid particles of irregu-
Apart from the analytical/computational studies, there are aléar shapes, and derived the following expression for the migration

several experimental studies pertaining to the settling of a spheedocity of a sphere that is falling close to a wall:

along the centerline of an orthogonal circular cylinder or next to a

plane wall. Among them, the experimental studies by Iwaoka and 67TV§

Ishii [216] and Miyamura et al[217] show good agreement with Vi= v h,

the theoretical solutions by Fax¢t?2], Bohlin [213] and Paine

and Scherf215]. The recent study on this subject by MasmoudivhereV is the sedimentation velocity arfdis an integral of the

et al.[218] must also be mentioned. They devised an elaboraf&een’s function for the point force representing the sphere. The

experimental apparatus to measure with higher accuracy the pda$t expression is valid under the conditionsRe/l,, <1, where

tion and trajectory of a particle in a vessel and, thus, to determihg is the distance of the center of the sphere from the wall. The

the interaction between the particle and the walls of the vesselimplications of this condition are that the sphere is far from the
An excellent exposition of the studies on the settling of spherggll and creeping flow. Cox and H$@27] evaluated this integral

in enclosures of any shape may be found in the treatise by Hapf®i the case of a sphere and derived the following asymptotic

and Brennef48], who devoted an entire chapter to discuss thexpression for the migration velocity:

(58)

3
Vi=gzRe Vs, (59)

: (60)

wall effects on the motion of a single sphere. They considered
creeping as well as inertia flows, and stipulated that the total effect
on the hydrodynamic force acting on the sphere is a simple linear
combination of the separate effects of proximity to the outside
boundary and inertia. Thus the total correction factor for the hylso valid under the conditions Rea/l,,<1. The fact that this
drodynamic force acting on a sphere is given by the expressiofxpression implies that the migration velocity of the sphere is
independent from its distance from the wall does not constitute a
K=Kuyait Kinertia— 1, (57) paradox, because the expression is valid only at distances suffi-
ciently far from the wall as expressed by the conditiefh, <1.
whereK,, is the wall effect at creeping flow as defined above Vasseur and Co%228] derived analytically an expression for
and, Kieria Is the additional correction factor due to the inertighe lateral migration velocity of a sphere that falls in a quiescent
effects of the flow at higher Re Equation(57) simply implies fluid in the proximity of a plane wall. Their expression for the
that the drag on a sphere is composed of two additive terms: dageral velocity is as follows:
term is due to the effect of the cylindrical boundary and the other
is due to the flow inertia effect. The latter is usually obtained from 3aVi[[ v \? v |52
one of the empirical correlations for the drag coefficient at high Vr:gT m +2.21 m
Reynolds numbers, such as the one by Schiller and Naiii€n
Equation(57) is essentially a conjecture that is based on thehereV, is the (vertical) sedimentation velocity and the terms in
experimental data by Fayon and Happ219]. The data set per- the two parentheses are the inverse of a Reynolds number based
tains to a diameter raticg, in the range of 0.1250 to 0.3125 andon the distance from the wall. This expression was later confirmed
Reynolds numbers in the range 0.1 to 40. Feng and Michaelidesthe experimental data of Cherukat and McLaugf@®9] to be
[220] conducted a more general numerical study for a wider rangalid up to Rg=3.0.
of E and Re that is applied to cylindrical as well as prismatic The experimental studies by Segre and Silbertj@gf] with
enclosures. They concluded that the two effects of inertia and méutrally buoyant spheres demonstrated that particles in a
flow confinement are not always additive and may not be comressure-driven Poiseuille flow experience a radial force and tend
bined as Eq(57) implies. Because of this, in calculating the hyto align at a distance which is at approximately 0.6 pipe radii
drodynamic force on a sphere, it is more accurate to use compwvay from the centerline. This shows that there exists an equilib-
tational or experimental data that are not restricted by thisim position where the radial force is zero and, thus, particles
assumption. tend to accumulate in this position. Two-dimensional numerical
Regarding the radial migration of particles in pressure-drivestudies have also concluded that there is an equilibrium position
flows in pipes and small capillaries, Poiseu{lB21] was the first for cylinders at a distance of 0.4234 half-channel width away
to perform a study in order to model blood flow and, for thisrom the centerline for both a single and for a group of naturally
reason, such flows now bear his name. Wang and SK&2R& buoyant cylinders in a pressure-driven channel f[@®81]. Mor-
studied analytically the flow of an array of spheres located at th@zavi and Tryggvasof232] studied the lateral migration of two-
centerline of a cylindrical tube under creeping flow conditions ardimensional drops in Poiseuille flows and found that drops either
calculated the pressure drop in the cylinder with the particle simeove halfway between the pipe centerline and the wall, as Segre
and inter-particle distance as parameters. Westborg and Hassamer Sielverdind230] also observed, or they oscillate around an
[223] studied numerically the creeping motion of elongatedff-center equilibrium position. More recently, Joseph and his co-
bubbles inside capillary tubes and Xu and Michaelifz#4] ex- workers [233,234 studied the lift force in two dimensions by
tended these results to flows at finite Reynolds numbers and @gamining the behavior of a circular particle in a plane Poiseuille
termined the hydrodynamic force on ellipsoids and spheres insifiev and the motion of circular particles in two-dimensional
cylindrical tubes. pressure-driven flows using a finite element method.
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One of the lesser known studies on the lift of a sphere isthat i) The Effect of Concentration on the Steady-State
Feuillebois and Lasek235] who, starting from the creeping flow prag and Added Mass Coefficient
equations for the angular momentum of a sphere, discovered th?N

existence of a history term in the angular momentum equation, genh'(Ijivn;%ﬁeszé?zi;h?g”sei;rgi_ iﬁgergg].gms gfn fg (I;(iacrslsahax_e
history couple. Although this history couple is weak, it contribute p ge sp ' jority of P bp

to the transient rotation and transverse motion of spheres ations involve the flow of many particles, bubbles, or drops.
. . pheres. Interactions of the spheres and the formation of clusters and
All the above studies pertain to the transverse motion of

RN o oups of spheres with correlated motions play an important role
sphere, whose main direction of motion is parallel to a wall. Rey, the value of the hydrodynamic force exerted by the fluid and
garding the flow of a sphere perpendicular to a wall, Brenng, the temperature field developed. Hence, the motion and rate of
[236] obtained asymptotically a first-order correction for the drageat transfer from the spheres to the fluid depends on these inter-
coefficient of a small rigid sphere moving towards the wall andctions, which become more pronounced as the concentration of
concluded that the Stokes’ drag coefficient increased by a factge spheres increases. In general, it is accepted that one may use
equal to 1.25¢/h), whereh is the distance of the particle from the results and apply the theory of a single sphere inside a flow
the wall. Brenner's results indicate that the hydrodynamic foramixture of monodisperse spheres if the average distance between
on the particle increases dramatically when the particle affie centers of the spheres is greater thantiat is, if the outer
proaches close to the wall. The study by Kd37] indicates that surfaces of the spheres are separated by a distance, greater than
the influence of the wall on the drag of the particles is importamne diameter. Such mixtures are known as dilute mixtures. Simple
when the particle is within 20 diameters from the wall. geometric arguments show that the average concentration of the
In the case of turbulent flows, analysis and experiments haggheres in dilute mixtures is lower than approximately 6 percent.
shown that, despite the increased drag coefficient, the procesd 8f concentrations higher than 6 percent, the concentration of the
turbophoresis tends to bring the particles close to the wall, whdRéXture is one of the variables that should be accounted for in the
the turbulent fluctuations are weaker. However, when the parti@lculation of hydrodynamic force and rate of heat transfer.
concentration at the wall becomes high, the accumulation of par-R€garding the steady state of the hydrodynamic force, Richard-
ticles close to the wall results in a “drift velocity” towards the SOn and Zak[247] carried out one of the earlier series of experi-

center, which is the result of the high particle concentration gr lents on the sedimentation of particles in a quiescent fluid, and
dient. The balance of the two driving forces, turbulence and co y correlating the settling velocity of the particles to the concen-

. : i o @tion of the mixture, they concluded that the drag coefficient
centration, yields an equilibrium condition. Models that are basencreases by a factor equal to {1p) ¥, whereK is a weak
on this equilibrium predict fairly well the particle behavior closé, y q ’

to the wall in turbulent pipe flow. Portela et §238] found that 3202(5) ?? @%f éliaﬁggg?lt?wse Snﬂ?:jgf?;]\g? dzla)t}; Tg ;elitg?]i[ that
the local equilibrium models predict well the particulate concen; ' P ' pp

r%Fle exponenkK may attain any value in the range 2.5 to 5.7. Rowe
tration, except very close to the waly{<20) where the turbu- b y y g

- ; 48] conducted experiments with arrays of solid spheres in water
lent fluctuations are very weak and turbophoresis cannot even air and found out that the drag coefficient of the array is

defined in a physically meaningful way. A great deal of informay,yersely proportional to the dimensionless separation distance of
tion on the motion of particles close to the walls, the collisiong,e spheres. His experimental data suggest an expdtedpser
with the walls and inter-particle collisions may be found in thgg the value of 3. The experimental study by Aidi et[@49] on
monograph by Crowe et al[239] the experimental article by the sedimentation of polydisperse solutions showed that the ana-
Sommerfeld and Hubbg40] the recent review article by Som- |ytical solution by Batchelor and Wefi250,251 is accurate
merfeld [241], the numerical study on particles in large-eddenough and also that the hydrodynamic interactions between sev-
simulations by Yamamoto et d242], as well as in several other eral spheres are of importance in the determination of the average
research articles that were presented in the proceedings of the \adtie of the hydrodynamic force in sedimentation processes.
two international conferences on multiphase fl@43,244. More recently, Di Felicd252] used several sets of data available
Regarding bubble flows, a recent experimental study on tle the literature, including those by Richardson and Z&d7]
effect of a vertical wall on rising bubbles and the collisions of thend derived the following correlation, which is recommended in
bubble with the wall by De Vries et a[245] found that, upon the range 10?<Re<10*:
collision with the wall, the wake of the bubbles impinges on the

. i 2
wall and becomes a coherent, approximately spherical vortex, K Cmo _ (1.5-logRe)
which plays an important role in the dynamics of the collisiory® ~ Coo(1= @)= with K=3.7-0.65 ex 2 :
process. A numerical study by Lyubimov et §246] examined (61)
the vibrations of bubbles close to the walls at microgravity ) ) . ) .
conditions. The subject of interacting particles, bubbles and drops is rather

Hifficult to investigate experimentally, but ideally suited for com-

It must be pointed out that our knowledge of the lift compone X . h . " "
utational simulations where different initial conditions may be

of the hydrodynamic force, that is, both the Saffman and the Ma ined and statistical it lativel o deri Mod
nus components, and of the effect of the walls on the motion o Jamined and statistical results are relatively easy 1o derive. Mod-

sphere is not based on any rigorous derivation of the transiejflf; computational techniques and more powerful computers have

) ; L2 . wed the numerical modeling of large groups of spheres. As a
equ_atlon of ’T“O“O“ Fhat orlglnqtes from the solut|on_of Fhe 9%%esult we learn more and have a better understanding of the be-
erning equationgwhich would include both the longitudinal as

X . . havior of large groups of particles, drops, and bubbles. Recently,
well as the transverse motipbut on specific analytical and NU- finite element method§FEM) and the lattice Bolzmann method

merical studies at steady state. For this reason, one has 0(f38\1) have enabled scientists and engineers to perform “thought
aware that the rectilinear transient equations of motion mentiong@heriments” of groups of interacting spheres and thus to deter-
in all the previous sections implicitly assume that there is no rehine the effect of interactions on the hydrodynamic force exerted
tation of the sphere, no significant shear in the flow and, in mag individual spheres. The LBNR53—25 is an ideally suited
cases, that the Sphere is in an unbounded fluid. For this reason,rﬂahod for the determination of the interaction of groups of Cy|_
addition of the lift or wall effect on a rigorously derived transieninders and spheres, and has enabled the simulation of processes
equation for the rectilinear motion of a particle must be vieweghvolving very large groups of particles.

as anad hocassumption, which has been justified by validation Kaneda[256] used an asymptotic method to derive the steady-
with experiments, but has its own limitations in the range dftate component of the hydrodynamic force on an array of solid
applicability. spheres at very small, but not negligible, Reynolds number and at
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very low concentration. His study showed the following func- Van Wijngaarten[262] performed an asymptotic analytical

tional relationship for the average drag coeffician, study in the case of a swarm of bubbles that are impulsively
_ 2 _1p2 accelerated and concluded that, on the order6f the added
Co=1+(\213)4*+ (12/40 ¢ Re. (62)  mass coefficient of the group with concentratigns equal to

This expression is valid at distances where the inertia of the
sphere is important, that is, at distances far from the Brinkman )
screening length. In the case of an array of spheres, the Brinkman Ap=1+2.76p+0(¢"). (67)
screening length is equal ' and the range of applicability of

this expression i#’m% Re,. Kanedd 256] also concluded thatin  \1qgt of the recent studies and much of our knowledge on the
the opposite limit,¢*<Re,, the Oseer{11] correction to the henhavior of interacting bubbles emanate from computer simula-
Stokes drag is valid for the average drag coefficient, even in thgns. Spelt and Sangaf263] performed such a simulation and
case of an array with several interacting particles. Working Withletermined the influence of the fluid pseudo-turbulence, that is,
arrays of two-dimensional particles in flows at finite Reynoldge yelocity fluctuations of the fluid, as well as the effect of the
numbers and using the LBM, Koch and L&d@b7] and Rojas and concentration of bubbles on the hydrodynamic force and the drag
Koplik [258] also confirmed that the Oseen relr_altlonshlp for thggefficient. They found that there is a weak dependence of the
steady-state component of the hydrodynamic foreg=1 5qded mass coefficient on the fluid velocity fluctuations, but a
+3/8Re, applies to particles at small but finite Reynolds numgjgnificant dependence of the added mass on the bubble concen-

bers. tration. Their final expression, which is accurate §r0.3, when

Using the LBM for a packed bed of particles, Koch and Sanst in a form similar to that of Zuber’s expression, becomes
gani [259] performed calculations on the rectilinear drag coeffi-

cients with fixed arrays of spheréessentially a well-organized

porous mediumand found out that the steady-state drag compo- 1+2¢+0.2256A

nent is scaled as I%én high-concentration suspensions and de- AA:W (68)

pends on the concentration. They obtained the following func-

tional relationship of the steady-state part of the hydrodynamic

force for concentrations higher than 40 percent, which is valid @hereA is a dimensionless measure of the temporal velocity fluc-

finite but small values of Re tuations of the fluid. With a similar analysis the same authors

_ obtained the following expression for the viscous drag coefficient

Ca=Caol $) + Car( $)RE. (63)  for a swarm of bubbles in a viscous fluid:

The first function of this expression, which is the equivalent of the

dimensionless Stokes drag force, is given by the formula

1+0.156A
| 1+3(4/2)Y2+2.114 In ¢+ 16.14p “TT g7
Cd0= 110,681 8.4842+ 8.164° (64

The ratio of the functionsgyy /cyo, diminishes with increasing
concentration of the solid particles. Apparently the second term
Eq. (63) is very small in comparison to the first and, because And Didwania 264].

this, Koch and Sangari259] claim that the nonlinear (g be- In an experimental study on the interactions of two bubbles in

Paviolr of the skte(?dy-state_pa(;t_f?f trlltetave[)age hqudynamic fotrgfbximity rising in a quiescent fluid, Duineve[@65] concluded
or close-packed arrays Is dificult 1o observe in expermentig,; e steady-state component of the average hydrodynamic

studies. .
. . . force increases up to 60 percent when the two bubbles approach
Koch and Hill[45] also performed LBM studies at higher Rey'ea h other and tﬁeir cen?erline distance is lower thans{ugﬁ

nolds numbers and found out that the steady-state cOmponenf o ce of the proximity of bubbles on the drag coefficient is a
the hydrodynamlc f°'.r°e increases linearly withsRecording to consequence of the inertia effects and of the wake formed behind
the following correlation: the bubbles. For this reason the drag depends greatly on the value
Cq=Cqo( ) +[0.0673+0.212+0.02321— ¢) °]Re,, of the ngnolds number, Qeof the bupbles. .
(65) Oftentimes, large groups of interacting spheres may be approxi-
. . . mated and treated as porous media with porosityvhich de-
where the function g(¢) is the same as in Eq64). Koch and L§‘:nds on the concentrgtion of the me{mﬁef Clougg or large

(69)

'gpe observation thaty increases slightly with the velocity fluc-
Jwations of the fluid, is also consistent with the study by Sangani

Hill [45] concluded that this expression agrees well with the e roups of such smaller spheres may be approximated as larger
perimental results and the empirical relation derived by Erg rous spheres that are transported in a fluid medium. Beavers

[260] for packed beds of particles. and Jose :
. . ph267] and Saffmar{268] developed the foundations
Bubbles ha_ve k_)een aI\_Nays r_nod_eled as |_nV|sc_|d and V‘.’e'ght! or the treatment of the boundary conditions in such porous
spheres moving in a fluid, which is often idealized as invisci pheres and Jond69] obtained the expression for the steady-

Because in this case the added mass term is much greater tha : :
X it hydrodynamic for n r here at creeping flow
the components of the hydrodynamic force, such spheres acce Qr_‘ditioynds.ody amic force on & porous sphere at creeping flo

ate as if their masses were equal to the mass of the fluid occupy-
ing half their volume, that isng=2/3mp;a>. In the case of several

bubbles in a fluid with concentratios, the added mass coeffi- 2021+ 2577 Y
cient,A,, is a function of the concentration of the bubbles. Zuber F=6maui(U-V) 5213767 60 L (70)
[261] used a cell model for the flow of groups of bubbles to obtain 4 ni+6n¢
analytically the correction to the added mass coefficient:
1+2¢ where { is the inverse of the dimensionless permeability of the
AAZH~ (66) sphere ¢{=al/«? with « being the permeability of the sphere

and 7 is a dimensionless constant that depends on the properties
This expression is very simple to use in repetitive computation$ the porous medium. Feng and Michaelidg9] used an
and according to Sangani et Eb38] it applies in a wide variety of asymptotic expansion and extended this result to finite Reynolds
cases. numbers, Rg for the porous sphere as follows:
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2
2|1+ s

4ng+242+3§+1

F=6maui(U-V)

= fluid velocity
characteristic velocity
volume

V = sphere velocity

u
U =
v =

Greek Symbols
7\ ., a = radius
3 1+z 4 B = density ratio
X| 1+Re; B’ = heat capacity ratio
7 = parametef=1+1/28)
4 Api+27243—+1 Yy = pa
( met2L 14 o(t) = Kronecker delta
) A, = added mass coefficient
9l 1+ n 2 Ay = history term coefficient
& = eccentricity
+RéIn(Re) s 2| (71) { = dimensionless permeability
10( Ani+20°+3—+1 n = dimensionless constant
¢ 0 = temperature
where Reis the Reynolds number of the whole cloud of small ~ « = rate of shear, permeability
spheres based on its relative velocity. It must be pointed out that A = Vviscosity ratio
Eq. (71) yields the correct behavior in the extreme cases of zero © = dynamlq viscosity
and infinite permeability: for a solid sphefe—x) the last ex- v = kinematic viscosity
pression vyields the hydrodynamic force obtained by Proudman = = dlmepsmnless distance
and Pearsofi16], while at low permeability(x—0) it yields the p = density )
result by Joseph and Tga70]. At creeping flow (Rg=0) it yields o = conductivity ratio _ _
the force predicted by Saffmd268]. 7 = dummy variable with units of time
¢ = concentration of particles, bubbles or drops
Ack led t x = dimensionless timescale
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Nomenclature f = pertains to fluid
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a = heat diffusivity = Iaplac_:lan operator
A = vector defined in Eq(11) L = Characterisi dmension” ¢
Ac = acceleration number B .
Bi = Biot number LLNé — '\S/l;f?nr;:?\ Il'ifftt
¢ = specific heat capacity m = pertains to mass
C = mass concentration M = pertains to momentum
cp = drag coefficient P = Eadial
cqy = average drag coefficient s = pertains to sphere
D = diffusivity coefficient t = Fhermal P
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d. = equivalent diameter VZ _ %?%?Sji;gla wall/boundary
erf = error function B . . .
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Modeling and Qualitative
Experiments on Swirling Bubbly
~Masaud ¥ Flows: Single Bubble With Rossby

A. F. Najafi’

.. angiena | Number of Order 1

M. Souhar The behavior of an isolated bubble in a single-phase swirling flow is investigated theo-
retically and experimentally. The Rossby number is such that the liquid flow can be
Laboratoire d'Energétique et de approximated by a solid-body rotation superposed to a uniform axial velocity. The equa-
Mécanique Theorique et Appliquée, tions of the motion of the bubble are solved analytically and numerically, by assuming
LEMTA, CNRS-UMR 7563 ENSEM-INPL, that the bubble is small and does not modify the water flow. Two kinds of bubbles have
2, avenue de la Forét de Haye, been considered: clean bubbles and bubbles with a contaminated interface. In the latter

B.P. 160, case the bubble is treated as a solid sphere. In both cases a critical angular velgcity

54504 Vandoeuvre Cedex, France for the rotating device is found. When< w. the trajectory of the bubble is a conical

spiral which converges to the pipe axis, and whek w. the trajectory is a cosine
conical spiral: the bubble migrates to the center in an oscillating manner. The numerical
value ofw., together with the terminal velocity of the bubble, are found to be in good
agreement with experimental observations, provided the bubble is treated as a solid
sphere.[DOI: 10.1115/1.1539870

1 Introduction lem, then we will solve the equations analytically and numeri-

. - . . . cally, and finally we compare our results to available experimental
Single-phase swirling flows are widely used in industrial de\?isl}/alizations Y P P

vices such as cyclonic separators, combustion chambers, Francis
turbines, or Kaplan turbines. They are also visible in geophysical | ,. N . . .
science(cyclones, siphons, ejcin confined ducts, swirling flows 2 V|suaI|z§t|0n of E?(pel.'lmer']tal BUb_bIe 'I.'raject.orles _
can be obtained by superposing a rotating flow to an axial flow. Our experiment consists in a fixed vertical pipe of inner radius
Fluid points have quasi-helical trajectories, and the direction &=0-03 m(Fig. 1). At the bottom of the pipe a rotating honey-

their velocity vector continuously changes with their axial an§ompP provides a rotating flow. Any gas-liquid mixture flowing

radial coordinates. Rotation can be obtained in several manner@é? the device through the honeycomb is then forced to segregate

: ) : . cause of the radial pressure gradient. The photographs of Fig.
these single-phase flows. Indeed, three different kinds of methaiig Gy & i this effect(The bulk velocity of gas is 0.0064 m/s,
emerge in the literaturéGupta et al[1]), so that the various ex-

) tal K i ¢ | d o and the bulk velocity of water is 1 mJs.
perimental works are not easy 1o analyze and compare. One Calpe geyice can also be used to investigate the trajectory of a

quote the experimental analyses of Weske and Stl2@wKitoh  gjnq1e hubble(or a train of bubbles by means of a needle which
[3], and Jacquirf4], to name but a few. In addition, numerous;p can be placed at any position in the front section of the hon-
theoretical analyses have also been performed: TafjpBrad- eycomb. Such trajectories are shown on the photographs of Fig.
shaw[6], Rochino and Lavaf7], Lilley and Chigier[8], Gibson 2(b). The effect of the rotation is clearly visible, as fot

and Younis[9], and Kobayashi and Yodd.0]. However, the pre- =522 rpm the bubble trajectory is close to the pipe axis. In the
dictive power of such models remains rather poor, and the pratresent paper we will investigate the case of a single bubble mov-
lem of the creation and control of swirling flows is still opening in the liquid flow. The bulk velocity of the liquid flow in our
today. experiments idVy=1 m/s.

In the case of two-phase gas-liquid flows, very few referencesContinuous flow rates are obtained by means of a classical loop
are availablesee, for example, Balii1], Greenspan and Ungar- (Se€ Bauf11]and Baur et all14]). Tr21e control parameters of the
ish[12], and Greenspal13]), so that one cannot predict correctlyliquid flow are the flow rateW, < 7R*), and the angular velocity
the distribution of the phases in a swirling multiphase flow. Whefff the honeycomhw. The needle is bent so that bubbles are in-
the gaseous phase is dispergeabbles, the analysis is also com- le.Ct?d .W'thoukt rad'ﬁl vglcl))cl;tly, ‘."“?d a_lso tfo avoid the_ appkearanc%of
plicated, because of particle-particle interactions and of particlg-r ;ﬂ ';i \tﬁzt%u-gbfe/bﬂbblz im:fatllcotino nrse(g;ﬁnt;: g rlsegtlchgdto €
turbulence interactions. This is the reason why, in th? Presenlcamera visualizations enable to measure the vertical coordinate
paper, we focus on the movement of an isolated bubble in a swiglj and the deviated horizontal coordina of the bubble(see
ing flow with Rossby number of order 1. Our goal is to analyzgiq 1) |ndeed, because the refraction index of air, Plexiglas, and
the trajectory of the bubble for various rotation rates of the liquigater are different, the horizontal coordinate measured by the
flow. camera has to be corrected. This correction can be done by mak-

We shall first describe the mathematical modeling of the proing use of the classical Snell-Descartes law.

Visualizations are performed using a standard cam@t

Ipresent address: Mechanical Engineering Department, Sharif University of Teflames per secondand a VTR. TheX and z-coordinates are de-
nology, P.O. Box 11365/9567, Tehran, Iran. o termined on the screen by using a reticle which is moved by hand.

Contributed by the Fluids Engineering Division for publication in ticeJBNAL Relative errors are of the order of5%. In addition, we can

OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division . . . —
July 25, 2001; revised manuscript received October 21, 2002. Associate Editor:88timate the order of magnitude of the equivalent bubble radius:

Matsumoto. 2a=3 mm+20%.
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Fig. 1 Sketch of the pipe flow and of the rotating honeycomb. The inner radius
of the pipe is R=0.03 m. The liquid /gas mixture flows through the honeycomb.
Alternatively, the gaseous phase can also be injected by means of a needle.

N = 104 rpm
The liquid velocity profiles at various cross sections of the pig
are obtained by means of a hot wire anemometer DANTEC 55F
provided by an electronic device DISAS5MQBaur[11]). These oz
measures show that the velocity profile is close to a solid-bot
rotation, and this point will be discussed in the next section.
Four runs have been performed in the present analysis. Tt
correspond to different rotation frequenci®é= w/27). The vari-
ous parameters of these runs are shown in Tablsek next N = 522 rpm
section).

3 Mathematical Modeling of Bubble Trajectory

In order to describe the flow and the bubble trajectory we u:
the cylindrical coordinates system,,z) as sketched on Fig. 1.
The angular velocity of the device is, its radius isR, andW, (a)
denotes the bulk velocity. The experiments of Weske and Stur
[2] in air flow show that if the Rossby number N = 104 rpm

Wo
" Ro
is larger than 0.6, and if the Reynolds number is large enou

(this condition is satisfied in the present wprkhen the axial _

velocity profile w¢(r) is approximately uniform, and the azi- fissdle
muthal velocity profilev.(r) corresponds to a solid-body rotation = B8
over a large part of the cross section, up to the hezR= 10. — BesbH
This result is also in agreement with our water flow experiment
Figure 3 shows our experimental velocity profiles at sectior
z/IR=2.4 andz/R=12 when Re=0.6 (Baur[11]). These profiles
are close to a solid-body rotation near the axis of the (fgodid |
lines, Fig. 3. This result has also been confirmed by numeric:
computations performed with the Fluent CFD cdd&jafi et al.
[15]), with the Reynolds stresses turbulence modeldeed, the X
classicalk—e turbulence model is not suitable to describe such (p)

rotating flow, because of the anisotropy of the eddy viscosity. See, =

for example, Ref[3].) Note that the axial velocity profile is nearly iy 5 photographs showing the device at work, for two differ-

uniform in the vicinity of the pipe axis only. However, becausent rotation rates. The honeycomb is located on the right-hand
bubbles migrate rapidly near the center, the assumption of unifosme of the photographs. In case  (a) a liquid /gas mixture flows

Ro

needle

axial velocity can be done at first order. through the honeycomb. In case  (b) a train of bubbles is intro-
We therefore assume that the velocity fisldof the continuous duced by means of the needle. The tip of the needle is locate
phase(liquid) is of the form outside the visualization frame. The effect of swirling is clearly
visible here, as it makes the light phase converge to the vicinity
V.= (U¢,v¢,We)=(0,0r, W), (1) of the pipe axis.
240 / Vol. 125, MARCH 2003 Transactions of the ASME
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Table 1 Parameters used in the four experiments

N R @ Wy Fr y a, Ro Re=2WyR/v,
522 rpm 3cm 54.7°¢ 1m/s 9.14 0.001 0.05 0.61 6 10
313 rpm 3cm 328% 1m/s 3.28 0.001 0.05 1.02 6 104
209 rpm 3cm 21.9¢ 1m/s 1.46 0.001 0.05 1.52 6 10
104 rpm 3cm 109% 1m/s 0.36 0.001 0.05 3.1 6 104

where the index denotes the continuous phase. We then considierthe kinematic viscosity of the liquid. The value@f for a wide
a small bubbldalso denoted as “particlg’injected at the bottom range of Rg is obtained from correlations given in R¢fL6].

of the pipe. The bubble is assumed to be passive, spherical, witt is the buoyancyFy=—W(p.—pg)g.
radiusa. In this case the forces acting up on the particle are

F, is the lift force, which is given byF=p VC|(V.—Vg) X Q,

dqv whereQ=curlV, andC,=1/2 is the lift coefficienfAuton [17]).

F=Fp+FpntFgtFyt F':pdvd_td’ @) By writing y=pq/p. we are led to

dvqy 1+C,DV. 1- 3 C
where the indexd denotes the dispersed phages the density, 9 a ¢ 4 d
andV=4ma®3 is the volume of the bubble.

F, is the action of the pressure gradigmiithout the gravity

term which we have included in the buoyancy forgg): F + o] (V.—Vy X Q,
= p VDV, /Dt. 7*+Ca
Fn denotes the added mas$s,=C,p. VD (V.—Vy)/Dt, where  5nd from Eq.(1) we get
C,=1/2 is the added-mass coefficient of a sphere in an inviscid
fluid. DV,
Fqis the dragFy= — (1/2)p.Cqma?(V4— Vo) |Vg— V||, where Dt =(-?r,00 and Q=(0,02w).
Cq=Cy(Rg,) denotes the drag coefficient which depends on the

Reynolds number of the particle Re2alV4—V|/v,, wherev,

Z/R=2.4
157 14
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Fig. 3 Mean velocity profiles at sections  z/R=2.4 and z/R=12 obtained from
experiments and numerical computation (CFD code Fluent with Reynolds

stresses (RSM) turbulence model ). The Rossby number is Ro =0.59. In the vicin-
ity of the center the velocity is close to a solid body rotation. The Rossby num-

ber in the four cases considered in the present paper will be larger than this one,

and the corresponding velocity profiles will therefore be approximated by a
solid-body rotation.

Journal of Fluids Engineering

dt ~74C, Dt 7+C,9 Baryrcy Ve VolVerVl

©)

(4)

If the position of the bubble at timeis (r(t), 6(t),z(t)), then
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o dVg and one can therefore $gf=constant, as soon as JRs of order
Ve=(f.r6,2) and —==(F-ré°20+r6,2), (5 10° This case is investigated in Subsection 2nlinear drag

) theory).
whereX denotesd X/dt. Both the linear-drag analysis and the non-linear drag analysis
By writing will be compared to qualitative visualizations and numerical
results.

r,=r/R, z,=7z/R, t,=ot, and a, =alR,

4.1 Linear-Drag Analysis. When the drag coefficient is of
the formCy=k/Re,, that is when Rgis small k=24 for clean
bubbles or for some large Rewith k=48 (see correlations given

. 3 . in Ref.[16]), one can find an analytical solution. In this case Eq.
Fo—Ts 02=*C1r**§C3”VgHI"**2C4I’*(0*1), (6) (7) leads to

and by scaling velocities bRw, Eq. (3) in polar coordinates
reads(Souhar{18])

_ 5 _ 20(6—1)+ro=—fr(6—1), (11)
2t, 041, 0=— g Col|Vglri (6-1)+2C,f, ™ where
. C, 3 , o 3k we
Zy :ﬁi §C3HV9”(Z* —Ro), (8) T 8 wa?’
where Equation(11) can be readily integrated, and leads to
2
1+C 1- C C : : fo \" _
Cy= a CZ:_V, C3Z—d, Co=—0—. 0—1=(00—1)(— e ™, (12)
y+C, y+Ca (y+Caa, y+Ca r(t)

The nondimensional number Fr is the pseudo-Froude numbabe therefore observe that, #,=1, thené(t)=1 is the only so-
lution for 6. This solution corresponds to a movement without

2
Er= Ro azimuthal slip. In other words, in the rotating reference frame, a

g’ bubble has a two-dimensional movemdne., its trajectory is

and included in a rotating vertical plane with an angular veloeily

The whole systeni6)—(8) therefore reduces to a set of linear
V=i 14 (8-1),2, ~Ro) equations
is the nondimensional slip velocity. At the initial timte=0 we f+fr+2r=0, (13)
take the slip velocity to be zero, that is .
o(t)=1, (14)
r«=rxo0, 0=00, Z,=Z;p, 9 2
I'.*ZO’ '0:1, 'z*:RO. (10) 2+f.Z_fR0_ﬁ:0. (15)

Qne could argue that, since th(_e needle is fixed, the initial ve- |, contrast, wherf,# 1, we obtain a strongly nonlinear equa-
locity of the bubble should theore_tlcally be zero. Nevertheless, thg, for r, and this case will not be treated in the present paper.
gas flow rate thrc_Jugh the needle is very sm_aII, because the detacrEquations(lS) and(15), together with the initial condition€9)
ment frequency is very low. The time required for bubble formaand(lo) can be readily integrated. Equatict8) has two different

tion is therefore non-negligible. During this time the bubble iginqs of solutions, according to wheth&r2v2 or not. In other
stretched, and tends to follow the liquid, so we can reasonal})qs. there exists a critical angular velocity:

assume that its initial slip velocity is small. Further analyses

should help to clarify this point. Note that the initial velocity of 3k v,

the bubble does not affect significantly its migration towards the W= 3
; ; 162 &

axis of the pipe.
In the following the index will be dropped forr, z, andt, @ which enables to characterize the transition between two regimes.

well as forry andz,. Table 1 shows the various parameters anflhese two solutions are

nondimensional numbers corresponding to the four runs.

tvA  f A
r(t)=rqoe” “’2( cosh\/—_ + —sinh£t) ,
2 A2
4 Resolution of the Equations when w<w., (nonoscillating regime (16)
Because the density of water is much larger than that of air
(y=0(10"2)) we have P N S/ R/
r(ty=roe” "2 cos— + —=sin—t|,
C,=3, C,~2, and C,~1, 2 AT 2
and when o> w., (oscillating regimg a7
Cy=2Cy/a, . whereA=|f2—8|. In both cases the component reads
If bubbles are assumed to be clean, tig-1/Re, at leading . 2
order for small or moderate particle Reynolds numbers. The drag Z(1)=2p— 7= (1—e ") +| = +Ro|t. (18)
; ) : . > ; : fFr fFr
is therefore a linear function of the slip velocity, and this case is
investigated in the next sectidtinear-drag analysjs In particular, the nondimensional terminal vertical velocity of
Nevertheless, our bubbles might have contaminated interfactése bubble is
so that a no-slip boundary condition could apply at their surface
(see for example Refl6], pp. 35—41, for an interesting discus- 7 —Ro+ i (19)
sion). In this case, bubbles have to be treated like solid spheres B fFr
242 | Vol. 125, MARCH 2003 Transactions of the ASME
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The terminal (dimensional slip-velocity of the bubble is 3000 .
16ga®/3kv, and the particle Reynolds number Rs

32ga® N =522 rpm
The correlationCy=k/Re, given in Ref.[16] is valid for Re, 2000

<Re&,im, where Rg, is of order unity. Hence, the linear-drag
analysis is valid for bubbles with radius

-
3K 2 13
C
a a'|Im 32 g Rep,llm) 1000 i
In the case of watelg;,, is of the order of 36Qum, which is
smaller than the actual bubble radius of our experiments. The
fore, this analysis will not be compared to experimental results
4.2 Nonlinear Drag Analysis. When the bubble is taken to ‘
be a solid sphere, the no-slip boundary condition at the bubt 0 4 5
interface drastically modifies the drag coefficient. In this case v ot
have C4=0.44 as soon as Reés of the order of 18, and Egs.
(16)—(18) in the cased=1, lead to Fig. 4 Plot of the computed particle Reynolds number, for the
four runs
i+Fr+2r=0, (20)
1
0.8
N =104 rpm
0.6
r(t)
04
0.2
0 2 4 ot 6 8 10
1
0.8
N =209 rpm
(t) 0.6
r
04
0.2
0~ :
2 4 ot 6 8 10
1
0.8
0.6 N =313 rpm
r(t
() 04
0.2
0 ' :
2 4 ot 6 8 10
1
08 N=522rpm
® 0.6
r
04
0.2
0 : ' ' : '
2 4 ot 6 8 10
Fig. 5 Plot of the decay of the r-coordinate in the four cases considered in this paper,
obtained from the numerical computation. As predicted by the analysis, the oscillating
regime appears when N is larger than about 200 rpm.
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— Analytical solution
40 O Numerical solution

35 -

30

y/R

Fig. 6 Plot of the analytical solution
line), together with the full numerical solution

motion (6)—(8) when N=104 rpm

(16)—(17) of the nonlinear drag analysis

X/R

N N=313rpm
2R | >

L N _ N=209rpm |

N =522 rpm

0 5 10 15
z/R

Fig. 7 Comparison between experimental trajectories
lines) and computed trajectories  (dashed lines )

2
2+F(z-Ro)— = =0,

where

3 Cy L2 s 2\1/2
F—Za(r +(z—R0))™,

with initial conditions given by(9) and (10). These equations
cannot be solved exactly, and this is the reason why a numerical

20

(solid

(1)

(22)

0.4

0.2

x/R

(solid
(symbol O) of the basic equations of

z(t)=Ro+2t/Fr, t—0.

Similarly, sincer(0)=0 andr(0)=ry~1, the term 2 in Eq.
(20) can only be balanced Ly for short times. This leads to the
solution

r(t)y=ro(1—t?), t—0.

For long times || decreases to 0 arjd— Rq| increases to the
terminal slip velocity. So we assume that the vertical slip velocity
is much larger than the radial slip velocity, that|i$<|z—Rd|.
Equation(21) is then approximated by

7+ a(z—Ro0)%— 0, (23)

==
where we have set=3C,/(4a,). The solution of this last equa-

tion is
Z Ro+ 1/ 2 I‘( 2 24
z(t)=Ro+ a—Frtan a—Fr(at—cl) , (24)

wherec, is an integration constant which can be determined by
matching the long-time solution with the short-time solution.
Therefore, the bubble velocity tends exponentially to the terminal

z 0 l:YF 0 3CdF ’ ( )

As expected, this is the classical terminal velocity of a buoyant
sphere with large Reynolds number in a still fluid. In dimensional
units this velocity reads

/8
Z,XRw—Wy= f\/a ~0.29 m/s. (26)
d

solver is used below. Nevertheless, we can simplify these equdis value will be compared to experimental results in the follow-
tions by considering the short-time solution first, then the longag section.

time solution.

By injecting solution(24), with tanh(.}=1, in Eq.(20) we ob-

For short timeswe havez(t) — Ro=0, as the initial condition is tain a linear equation

z(0)—Ro=0. Hence, in Eq.21) the term —2/Fr can only be
balanced by?. We then solve&z— 2/Fr=0, z(0)—Ro=0, and this

leads to

244 | Vol. 125, MARCH 2003
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Fig. 8 Evolution of the forces acting on the particle, for the run N=209 rpm

which displays two different solutions according to whethewhetherN is smaller or larger than a critical vallé, . Indeed,
2a/Fr>8 or not. We therefore conclude that, like in the linearwhen the rotating frequenci of the device is larger than the
drag theory, there exists two regimes which are characterized @jtical valueN =200 rpm(obtained from Eq(28)), the decay of
the critical angular velocity: the r-coordinate is pseudo-periodical. This is confirmed by nu-
merical computationgFig. 5 of bubble trajectories. WheiN
_‘/3 Cq9 =104 rpm the decay af is monotonic. In contrast, foK =209,
4 a’

313, and 522 rpm, a pseudo-periodical regime appears.
) ) ) The physical interpretation of these two regimes can be done by
For bubbles with diameter&=3 mm we obtainw =20 rad/s, considering the movement equation in the radial direct&nIn
that isN;=200 rpm, in agreement with experimental observationge right-hand side of this equation, the first term corresponds to
(Baur[11]). The solution of Eq(27) is given by(16)-(17) with  the pressure gradient ford@ith added mags the second term
f=\2alFr, and its integration constants have been obtained B¥rresponds to the drag force, and the third term is the radial
matching the long-time solution with the short-time solution. component of the lift, which is zero wheb=1. If the drag is

In the next section we compare the model to experimental apgnoved from this equation, then we obtain an oscillating solution

numerical results. whateverw. In contrast, if the pressure gradient term is removed,

thenC,=1, the equation is of order one m and no oscillating

5 Results regime can appear. The oscillating regime therefore appears when
First of all we observe that the terminal velocity predicted by the radial pressure gradient force dominates over the other radial

the linear-drag mode(Eq. (19)) is not in agreement with experi- forces. )

ments. Indeed, the experimental terminal velocity given in the Becausefd=t, we observe that the bubble trajectory, wHen

literature and in Bauf11] is about 0.25 m/s, whereas the terminaf~Nc . is a logarithmic conical spiral of the form

velocity given by Eq.(19) is about four times larger than this.

¢

(28)

—-Co
This confirms that the linear-drag analysis is not valid. r(o)=e -7 (29)
In contrast, the terminal velocity predicted by the nonlinear- 9o 30
drag model(Eg. (26)) is in agreement with these experimental 2(6) 0, (30)

results. This confirms that the drag of the bubble must be non”(?ﬂ/herec is a constant WhenN> N, the trajectory is a logarith-
ear in the experiment, and that the solid-sphere assumption % -osine conical spiral of the forcm

acceptable. This might be due to the fact that our bubbles are

highly contaminated, so that a no-slip boundary condition applies r(9)=e %A coqC,0)+Bsin(C,0)), (31)

at the gas-liquid interface. In addition we have plotted the evolu-

tion of the particle Reynolds number for the four rifgy. 4). We z(6) 6. (32)
observe that the values of the Reynolds number are in agreement

with the fact thatCy=constant. Such an oscillating behavior has been observed experimentally,

The analytical approactior either large or small particle Rey- and the measured critical velocily is in agreement with the one
nolds number predicts that two regimes exist, according taalculated in Ref[11].
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In order to check the validity of the analytical resolution we r, 6, z = cylindrical polar coordinates of the

have plotted the solution of the nonlinear drag analysis on Fig. 6, bubble
together with the full numerical solution of Eq&)—(8). (These X=dX/dt = time derivative ofX(t)
have been obtained by making use of a fourth-order Runge-Kutta Xo=X(0) = initial value of X(t)
scheme. The numerical solution is found to be in rather good R = radius of the pipe
agreement with the nonlinear drag theory, especially when the a = radius of the bubble
time required for the particle to reach its terminal velocity is short. Y = volume of the bubble
The comparison between model and experiments is less easy. a, =a/R = nondimensional radius of the bubble
From Fig. Zb) we can estimate the deviated horizontal coordinate W, = axial velocity of the continuous phase
X (as sketched on Fig.) land the vertical coordinate From the ® = angular velocity of the continuous
theoretical particle coordinaté,f) we obtain the theoreticak phase
coordinate by making use of elementary optical calculations. The V =(u.,vs,W,) = velocity field of the continuous phase
result is shown on Fig. 7. Even if experimental and theoretical in cylindrical polar coordinates
trajectories do not fit at all, they are roughly similar. Fo. Fm. Fq, Fyq, F| = forces acting on the bubblgespec-
The evolution of the forces acting on the particle can be easily tively, pressure gradient, added mass,
obtained from the numerical computation. These forces have been drag, buoyancy, and lift
detailed on Fig. 8, for the ruN=209 rpm. They are written in C., C;, C4 = respectively, added-mass coefficient,
units of M X Rw?, whereM is the mass of water within the vol- lift coefficient, and drag coefficient
ume V. We observe that, for short times, the radial component of C,, C,, C3 = various constants
the pressure gradient fordg,.e, dominates and is negative. As pd, pc = densities
expected, this force is responsible for the migration of the bubble v=pgqlp:. = density ratio
towards the center. A positive radial drag appears, as a conse- v, = kinematic viscosity of the continuous
quence of the radial slip of the bubble during the migration. As phase
expected, the azimuthal drag is zero. We also observe that an Q=curl V. = vorticity field of the continuous phase
orthoradial negative lift appears during the radial migration. This Fr=Rw?/g = Froude number
is because the slip velocity of the particle has an inward compo- Ro=W,/Rw = Rossby number
nent. As soon as the migration is complete, the lift vanishes. Also, Re=2WyR/v, = Reynolds number

at short times, the added mass is non-negligible, due to the accRl,=2a|V4—V|/v. = particle Reynolds number
eration of the bubble. The order of magnitude of all these forces is
rather similar, but they act at different times. As expected, only the
vertical component of the drag exists for long times, and is b
anced by the buoyancy force, not plotted here. aﬂ?eferences
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Simulation of Swirling
Gas-Particle Flows Using
Different Time Scales for the
. xv I Closure of Two-Phase Velocity
o, | COFFElAtiON in the Second-Order

State Key Laboratory of Clean Coal Combustion,

Tsinghua University, IVI 0 m e nt TWO' Phase Tu rb u I e n ce
Beijing, P. R. China IVI d |1
C. G. Zheng

Z. H. Liu 'I_'hree different time s_cales—_the gas turbulence integral ti_me scale,' th_e pr_:lrticle rela_xation

B time, and the eddy interaction time—are used for closing the dissipation term in the

transport equation of two-phase velocity correlation of the second-order moment two-
phase turbulence model. The mass-weighted averaged second-order moment (MSM)
model is used to simulate swirling turbulent gas-particle flows with a swirl number of
0.47. The prediction results are compared with the PDPA measurement results taking from
references. Good agreement is obtained between the predicted and measured particle
axial and tangential time-averaged velocities. There is some discrepancy between the
predicted and measured particle axial and tangential fluctuation velocities. The results
indicate that the time scale has an important effect. It is found that the predictions using
the eddy interaction time scale give the right tendency—for example, the particle tangen-

tial fluctuation velocity is smaller than the gas tangential fluctuation velocity, as that
given by the PDPA measuremenfB®OIl: 10.1115/1.1538630

National Laboratory of Coal Combustion,
Huazhong University of Science and Technology,
Wuhan, P. R. China

Introduction phase velocity correlation. In this paper, the effect of time scales
in closing the two-phase velocity correlation equation is studied.

The gas-particle velocity correlation plays an important role iBhe mass-weighed averaged second-order morfési) two-

thg closure of sepond-order moment tyvo-phase tgrbulencg mod ﬁase turbulence model with different time scales in the closure of
It is the correlation between the particle fluctuation velocity an

issipation term of two-phase velocity correlation equation is used

the gas fluctuation velocity seen by particles. Physically, it reprE simulate swirling gas-particle flows and the predictions are

sents the interaction between the gas and particle Reyno pared with PDPA measurements madgSirfor swirling gas-
stresses or turbulent kinetic energies by the drag force, lift forcﬁarticle flows with a swirl number of 0.47.

etc., and its closure will affect the final prediction results of par-

ticle Reynolds stresses, if the gas Reynolds stresses can be rea-

sonably predicted using an appropriate gas turbulence model, such .

as the second-order moment model. Zhou and Ghgproposed Lﬁ]e Mass-Weighed Averaged Second-Order Moment
the second-order moment two-phase turbulence model, deriyddSM) Two-Phase Turbulence Model

and closed the transport equation of two-phase velocity correla-The original second-order moment two-phase turbulence model
tion based on Reynolds expansion and an assumption that iheobtained by time averagindl]. The advantage of mass-
summation of normal components for the dissipation tensor wfkighed averaging over the time averaging is that the former can
two-phase velocity correlation is proportional to the dissipation eémarkably reduce the number of correlation equations. The mass-
gas turbulent kinetic energy, with an integral time scale of gageighed averaging for turbulent gas-particle flows is an extension
turbulence. Zhou and X[2] started from the Zaichik’s algebraic of the Favre averaging for single-phase compressible flows to
closure expression and improved it using the Lagrangian analyi®©-phase flows. Let us definp,=apppm: Pg=appgm: @p
given by Wang and Stock3], Huang and Stock4], accounting +aq=1, wherep,, p, are apparent particle and gas densities,
for the crossing-trajectory effect, inertial effect, and continuitp,m, pgm @re particle and gas material densities. When neglecting
effect. Alternatively, Simonin et al[5] derived the gas-particle the forces other than drag and gravitational forces, the fluctuation
velocity correlation equation based on the joint PDF equation #f particle source term due to reaction, and defining the mass-
the gas and particle velocity space and closed it using the Langeéeighted averaging by

vin equation. He proposed three types of closure models of two b=t B D= o aprm (k=p.g)

The research results, sponsored by the Special Funds for Major State Basic ~n_ o
Research Project, PRC. b= akprm®i! @kpxm=0.
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The generalized closed form of mass-weighed averaged contitioe smaller one from the gas turbulence time scale and the particle
ity, momentum, and gas and particle Reynolds stress equationsreaxation time, as that was done in the particle trajectory model.

isothermal gas-particle flows can be obtained as follows:

8Ek &Ek’a kj

The closed form of the equation af;uy; is

- ion: 2%k, _ —_— —
continuity equation p ax; 0, 1) at( pppmug|u J)+ (appmepkUg.Up,)
momentum equation: =Dygpij + Papii + Supii + Mapij — Egpi 4)

JapmUyi N dapmUi Ui _= -—Eﬁ—ﬁ—i- dayTyi where
ot X KPR ™ G T Toxs
— D i':i C 33’5 Ty U”kU" au up]
JapymUi U 2 9P x| TOPETRTRIIRERKTRM oy
e Pyoii=—yp (u” u, Bl u”._(mgi)-
and Reynolds stress equation: 9.1l pEPm ZPkTal gy, kTP gy )
— "o T ~ (N Eppm _pppm
JapmUiiUy; Ptk Ukj = —— (UgiUp;— UgiUg;) — =—— (UgiUp; — up;up:) |;
I l+ I Jbf:Dk,ij+Pk,ij+Hk,ij78k,ij Sgp,l] 7-rp @ P 9t prpl
ot OXy
M= o+ T
+Seij» ©) gp.ij gpij.1T Hgpiij.2
. " C
wherep,,, pq are particle and gas apparent densitigs,, pgm are Hypij1=— ~opl apppm( ~3 5 ngUpk)
i Tep

corresponding material densities, the subsckptienotes gas
phaseg or particle phase, and also denotes the summation of
derivatives in all coordinate directions, the one-bar symbol de-
notes time averaging, the wave or double-bar symbols denote
mass-weighted averaging, the superscript two primes denote the

Hgpij,2= _CQPZ( Pyp,ij —

. . . . ApPpri—y,—
fluctuation value in mass-vyelghed averagibg,i; , Pyj, Hkvii , sgp'ijzcgp— gku”kﬁ,J(Versmnl)
ex,ij» Sk, stand for the diffusion term, shear production term,
pressure-strain term, dissipation term, and gas-particle interaction @
term, respectively, in the Reynolds stress equation. These terms in Egpij=Cop—" U gku”k(S”(Versng)
their closed form are
) ‘@pPpm n .
Pyij= _Ekpkm(uﬁkuﬁi il Uk} ﬂ) €gp.ij = Cop gku/ kdij(Versiond  re=min[ 7, 7],
! (9Xk (9Xk ’
mr=Kkle.
D, = J (c ap urr u" ﬂuk,uk,) Equations(3) to (4) express the mass-weighed averaged USM
KT g | KRk ST g ) model or the MUSM model.

Mg jj=Mgjj 1+ g 2; Mpij=0; &p;;=0; _ _ o _
Simulation of Swirling Gas-Particle Flows

The MSM model is used to simulate swirling gas-particle flows
with a swirl number of 0.47, measured by PARA]. In order to
save the computation time the gas-particle fluctuation velocity
correlation transport equation is simplified to an algebraic expres-
sion, and an isotropic diffusion coefficient is used in diffusion
terms of two-phase Reynolds stress transport equations. Notice
that the last approximation is taken only in the diffusion term of
the Reynolds stress transport equations, but both the Reynolds
stresses and diffusion terms in the momentum equations are an-

isotropic. For example, we have

2 _
€g,ij =3 %ij XgPgmeq’

— 2
Hg,ij,l:_ gl(&‘ /k )agpgm(u UgJ Stsljkg)’

2
g == ng( Pg.ii— 3 i Pg) ;

ApPpm

4 ”n ”n " ” ”n ”n
(Ug;Uij+ Ug ;Ui — Up;U; — Up Ui

Sk ij= —
— Me ‘9ugiu

14
9gil. p R
CPI T

f— —du
"noon pl
6ijugkupkf>\gplre( Uplgi ——— P

J

For closing the equatlon of two-phase velocity correlation, theDg,i;= &x

closure of diffusion and pressure-strain terms is similar to that

used in Reynolds stress equation. The key point is the closure of:

dissipation term. The dissipation can be considered as an |sotrop|ng. p] =(1-Agp—
one. Assume that its dissipation is proportional to the summation

n n
— HMpe augiugi)
ag —

Xy

a
Oy &Xk pO'pk

gpz) §

of all normal components divided by a time scale. This time scale _— —_—

can be taken as the gas turbulence seateC K/¢, i.e., the gas +Uglp) —— X, +7\gp2Ug|UgJ

turbulent kinetic energy divided by its dissipation rate, as that

used in the original USM mode[1]. Simonin[4] takes a time k2 . kg

scale of the gas turbulence seen by partielesl/Bk/e, based on Me=C agpgm +M, Mpe= C#papppmm
Py

the results for nonsettling particles in homogeneous flows. It can
also be taken as the particle relaxation time. Alternatively, this For boundary condltlons, the inlet two-phase velocities, normal
time scale can be taken as the eddy interaction time, expressomgnponents of Reynolds stresses, and particle number density or
the crossing-trajectory effect—the particle trajectory differs fronsolume fraction are given by experiments; the shear stresses are
the gas eddy’s trajectory. So the eddy interaction time is taken gisen by the eddy-viscosity assumption; the fully-developed flow
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0.10 T =
H . .
itk o5 =
\ N\ Eooof 4
Dl =32 mm [4 .
D, =38 mm -0.05 ’
D3 =64 mm D
Dy =170 -0.10 o .
4=70mm D 195 315 (mm)
D5 =190 mm D3
-~ L~ Dy Fig. 3 Particle tangential velocity (——MSM, @exp.)
D
s
1 nonswirling flow 2 Annular swirling flow locity is smaller than the gas tangential fluctuation velocity, since
_ ‘ _ ‘ _ the particles initially have only the axial momentum and the par-
Fig. 1 Geometrical configuration and sizes of the chamber ticle tangential velocity is caused by the gas tangential velocity of

swirling secondary air. Figures 7 to 9 show the comparison be-

tween the gas and particle tangential fluctuation velocities, pre-
condition of two phases are taken at the exit; at the walls no-slificted using the MSM model with different time scales in the
condition is used for gas velocity, and the gas Reynolds stragissipation term of the two-phase velocity correlation equation.
components as well as gas velocities are determined via prode{gure 7 indicates that the MSM model with the eddy interaction
tion term including the effect of wall functions for near-wall gridtime scale expressing the crossing-trajectory effect properly pre-
nodes. Zero normal velocity, zero gradients of longitudinal angicts that the particle tangential fluctuation velocity is smaller than
tangential velocities and normal components of Reynolds stressg, gas one, as observed in experiments. Figures 8 and 9 give the
and zero mass flux at the walls are used for the particle phase.obinparison between the gas and particle tangential fluctuation
the axis the symmetrical condition is adopted for two phases. The
numerical method is an extended version of SIMPLEC algorithm
for two-phase flows.

2 40 2 40 2 40 2 40 2 4

The swirling gas-particle flows witls=0.47,[6], were simu- 010 i AR AFUBMELEE NP WL
lated. The geometrical configuration and sizes of the chamber i * * B . .
shown in Fig. 1. The grid nodes are :820. The length of the  0.05 Sl s : :
chamber is 950 mm. The particle phase is glass beads with dig ‘. . ., :
eters 30um and density 2.18 10° kg/m?. The inlet flow param- E .00 iy M ‘ *
eters are: central mass flow velocity 9.9 g/s, annular mass fl& '.. ‘: .: .-'
velocity 38.5 g/s, particle mass loading 0.034. 0.05 L . M A R

The convergence criteria for gas and particle phases are m o’ * * A .
sources less than 2QL0"* and 1.0<10°?, respectively. The . . . “ :
computer code consists of about 10,000 statements ' 85 112 155 195 315 (mm)

FORTRAN-77 language. It takes about 66 minutes for running a
case using the Visual Fortran Version 6.0 system in a Pentium 20CFig. 4 Particle axial fluctuation velocity =~ (——MSM, @exp.)

MMX PC computer.
2 40 2 40 2 0 2

0
0.10

Simulation Results and Discussion

Figures 2 and 3 give the predicted time-averaged particle ax 0.05
and tangential velocities, respectively. It can be seen that the p
dictions are in good agreement with the measurement results. Fg 4 49
ures 4 and 5 show the particle axial and tangential fluctuati@®
velocities, respectively. The particle fluctuation velocities are ul
derpredicted, in particular in the axial direction. Up to now, fo
swirling flows, nearly all two-fluid models and Eulerian-
Lagrangian models underpredict the particle fluctuation velocitie -0-10
Figure 6 gives the measured gas and particle tangential fluctuation
velocities in experiments. The particle tangential fluctuation veqg 5 particle tangential fluctuation velocity ~ (——MSM, @exp.)

-0.05

NPT R L

cesseeeteeta T

eovontee®® 00,40
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Fig. 6 Two-phase tangential fluctuation velocity (experiment,
Fig. 2 Particle axial velocity (——MSM, @exp.) ——qgas, @particle )
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040 2 2 2 0 2 0 2 2. The MSM model underpredicts the particle fluctuation ve-
: j ' “h ' ! locities, in particular in the axial direction.
: 3. The time scale in the dissipation term of two-phase velocity
0.05 : correlation equation plays an important role in predicting the
= ), 3 relationship between gas and particle fluctuation velocities.
Eo0.00 4. The eddy interaction time, accounting for the crossing-
o \ trajectory effect, is the best time scale.
-0.05
. I Acknowledgement
-0.1 ) . .
85 112 185 195 315 (mm) This study was sponsored by the Special Funds for Major State

Basic Research Project, PRC, under the grant G-1999-0222-08.

Fig. 7 Two-phase tangential fluctuation velocities (MSM,

—particle, — — —gas; T.=min[7,,,77], 7=kl €)
P gas: e P T Nomenclature
¢ = empirical constants
velocities, predicted using the MSM model with two different D = diffusion term in Reynolds stress equations

time scales—the gas turbulence time scale and the particle relax- 9
ation time in the dissipation term of two-phase fluctuation velocity ~ K
correlation equation. The gas turbulence time is the characteristic N
time scale of the large eddies in the gas phase. It can be seen that N
the gas turbulence time scale gives the wrong tendency—the par- P
ticle tangential fluctuation velocity is larger than the gas one. On

the other hand, the particle relaxation time gives the result nearto P
that given by the time scale accounting for the crossing-trajectory S
effect. These results indicate that in the present case the particle t

gravitational acceleration

turbulent kinetic energy

particle number density

number density fluctuation

production term of Reynolds stresses or turbulent
kinetic energy

pressure

source term due to gas-particle interaction

time

relaxation time is much smaller than the gas turbulence time scale. U = velocity
X = coordinate
Conclusions Greek
1. The mass-weighed averaged second-order mofihé8iv) a = volume fraction
two-phase turbulence model predicts the averaged particle ¢ = unit tensor o
axial and tangential velocities of swirling flows very well. ¢ = dissipation rate of Reynolds stress or turbulent kinetic
energy
¢ = generalized variable
IT = pressure-strain term
0.10° 2 40 2 290 2 p = density
) \ 7 = relaxation time; shear stress
005 i u, v = dynamic and kinematic viscosities
: Subscripts
Eo00 = gas
T ; i,J, k| = coordinates directions
-0.05 ; k = generalized symbol denoting particle or gas
; m = material
010 . ; p = particle
’ 12 155 195 315 (mm) r = relaxation
Fig. 8 Two-phase tangential fluctuation velocities (MSM,
—particle, — — —gas; 7.=kl/&) References
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Effect of Unsteady Wake Passing
Frequency on Boundary Layer
W.T.schobeiri B Transition, Experimental
“" ¥ Investigation, and Wavelet

Turbomachinery Performance and s
Flow Research Laboratory, A I
Texas A&M University, n a vs I s
College Station, TX 77843-3123

Detailed experimental and theoretical investigations were carried out to study the effect of
unsteady wake passing frequency on the boundary layer transition along the concave

J. Lewa"e surface of a curved plate under a zero longitudinal pressure gradient. Periodic unsteady

Department of Mechanical and flow with different passing frequencies is generated utilizing an unsteady flow research

Aerospace Engingering, facility with a rotating cascade of rods positioned upstream of the curved plate. Extensive
Syracuse University, unsteady boundary layer measurements are carried out. The data are analyzed using
Syracuse, NY conventional and wavelet-based methods. Local time scales are defined as those of the

most energetic fluctuations, and are calculated from wavelet transforms of the velocity
signals. The dominant time scales are mapped as functions of the distance to the plate, the
downstream location, and the phase relative to the wake-passing. Furthermore, condi-
tional sampling is applied, laminar and turbulent time scales are calculated and the
effects of wake passing frequency on these scales are stip@t. 10.1115/1.1537253

Introduction [23] and the followup discussion by Walkg¢6] underscore the

Development in the field of turbomachinery computational ﬂuicrlloIe and the significance of transition in turbomachinery.

; The significance of the unsteady flow effect on the efficiency
dy_namlcs(CFD)_ has reached an advance_d Iew_el that_allows d%(nd performance of compressor and turbine stages was recognized
tailed computation of the complex three-dimensional viscous flo

: . X W the early fifties by Speiddl4], who utilized a symmetric pro-
through a turbomachinery stage using Navier-Stokes codes. Cage, 4 an oscillating wire for generating the unsteady flow and

presentations at the past conferences by ASME International Gggng a direct correlation between the Strouhal number and the
Turbine Institute(IGTI) demonstrated the capability of different, ofile 10ss coefficient. He attributed the increase of the profile
CFD-methods to calculate various flow quantities in a remarkabiyss coefficient to the decrease of the length of the laminar bound-
detailed fasr.uor.l.. The gfflClency and loss calculatlor}s, howev%[r,y layer. Following the boundary layer transition studies by
revealed a significant discrepancy between the experiment and gbiﬁ;idewm], Pfeil and his co-researchers Pa¢Bg], Eifler [26—
numerical calculation. Considering the physical aspects of thg], Herbst[30], and Schider [31] concentrated their efforts on
computation, two major issues may be considered primarily rgwestigating the transition process of unsteady boundary layers.
sponsible for the above discrepancy, namely the turbulence ansing a flat plate and varying the pressure gradient and the wake-
the laminar-turbulent boundary layer transition modeling. The lajnduced unsteady inlet flow condition, by changing the number,
ter directly impacts the accuracy of the loss, efficiency and hediameter, and frequency of the rods, Pfeil et[&2] generated
transfer calculations of the blade and the turbomachinery stagavake-induced transition, where intermittently laminar and turbu-
Boundary layer transition and its modeling has been the subjéent states of the boundary layer were observed. Their studies
of intensive research for the past three decades. Investigationsshpw that the wakes affect the onset and length of transition.
Evans[1,2], Walker[3—6], Walker and Gostelo7], among oth- Based on the results of their experimental investigations, Pfeil and
ers, studied the effect of unsteadiness and turbulence on compiés- co-researchers established a generally accepted unsteady
sor stage performance and aerodynamics. Comprehensive stuti@sndary layer transition model. The innovative data published by
by Schultz et al[8] and Poensgen and Gall[&,10] investigated Pfeil and Herbsf29] along with their model were instrumental in
three-dimensional wake decay characteristics within compressétscribing the intermittency function.
cascades. Significant impact on turbine blade heat transfer and’roper modeling of the unsteady laminar-turbulent boundary
aerodynamics were reported by Hodgaa, 12, Hodson and Ad- transition process requires that the parameters describing the
dison[13], Blair [14], Blair et al.[15], Dring et al.[16,17], and Structure of the impinging unsteady wakes, the blade pressure
Joslyn et al[18]. Wittig and his co-researchefd,9], and Dullen- 9radient, the freestream turbulence, and the surface roughness be
kopf [20] conducted a series of extensive studies investigatir%,d”ded into a comprehensive transition model. Thus, the cre-
t

wake effects on gas turbine heat transfer. Investigations Byon ©f such amodel by a deductive process involving flow equa-

Gaugler[21] and Schobeiri et a[.22] show that the existing cor- tions over t_he range of parameters cannot be e_ffective. Consider-
g this situation, an inductive approach is necessary to

relations primarily developed for external aerodynamics applicg]- . ) .
tions are not capable of correctly predicting the unsteady tran f]derstand the basic physics of unsteady boundary layer transi-

. . . . lon, essential for its efficient modeling. In a recent study,
tion behavior of gas turbine blades. The detailed study by May; thobeiri and Radké33] investigated thg effect of the wake-y

induced unsteady flow and curvature on the boundary layer tran-

Contributed by the Fluids Engineering Division for publication in ticeJBNAL e ;
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering DivisionSItlon along the concave side of a curved plate' where zero and

July 31, 2001; revised manuscript received June 14, 2002. Associate Editor: T.[E2gative pressure gradients were established. The experiments
Gatski. clearly revealed that the periodic wake impingement and the gen-
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Row 1 Row 2 Row 3 Row 4

Fig. 1 Schematic of unsteady wake flow propagation through a multistage
turbine in an absolute and relative frame of reference. Note the number of
wakes through each row.

eration of highly turbulent intensity cores, as a result of intensivérndt [35], who observed that the stator-rotor and the rotor-rotor
interaction and the mutual mixing process of the incoming wakesteractions have significant influence on the flow through the
affect the transition. Since the issue of the wake-induced unsteaduyltistage LP turbine he investigated; however, he did not per-
boundary layer development directly involves the question éérm boundary layer investigations. The above flow picture,
wake development and decay, in a parallel study, Schobeiri et which was modeled by Schobeiri et 4B6] indicated that the
[34] also investigated, theoretically and experimentally, the strubeundary layer transition along the blade of each row within a
ture of the unsteady wakes to comprehend ghenomenon and multistage arrangement is subjected to distinctively different un-
the physicsof the wake development and decay as well as tteteady flow structures.
mutual interaction between wakes under the turbomachinery speThe objective of this research is to provide experimental infor-
cific conditions. The results and the knowledge acquired by thesmtion essential for the development of a comprehensive transi-
investigations are currently being implemented into a transitidion model and to analytically evaluate the turbulence scales. De-
model. tailed unsteady flow measurements along the concave side of a
A schematic picture of the wake flow within a multi-stage tureurved plate were performed to generate a complete picture of the
bine in an absolute and relative frame of reference is shown umsteady boundary layer behavior. Wake-spacing is varied which
Fig. 1. The structure of the unsteady turbulent flow changes yherently results in a change of frequency of the impinging
passing successively through the stator and rotor rows. Leaviwgkes and the freestream turbulence. This variation, as discussed
the first stator blade row, the wake flow generated at the stator epiieviously, models the unsteady flow within a multistage turbine.
impinges on the second blade r@mtor) with a spatial frequency A detailed analysis of the unsteady flow picture and turbulent
related to the spacing of the preceding stator blades. Due to theermittency is followed by the wavelet analysis of the unsteady
frame of reference change, the second cascade is exposed tmendary layer discussing the determination of time sc@es
periodic unsteady turbulent flow that affects the boundary layanplicitly the length scales
flow pattern, velocity, turbulence stress distributions and, particu-
larly for cooled blades, the heat transfer characteristics of t . -
succeeding row. The third roysecond statgris subjected to two il‘&perlmental Research Facility
sets of unsteady wakes that originate from the first two rows. The experimental data for this paper were obtained using the
These sets of wakes impinge on the third row and convect wisame research facility described in the paper by Schobeiri and
different velocity deficits, phase displacements and turbulenBadke[33]. The detailed design description and performance can
structure. The latter is already affected by the mutual interactiope found in the paper by Schobeiri and Pardif&@. Thus, only
dissipation and mixing of the involved individual wakes. At brief description of the facility and its components is given in
the exit of the third row, as the result of an intensive interactiofnis section.
and mixing, the deterministic character of the periodic unsteadyThe facility consists of a large centrifugal fan, a settling cham-
flow is, to some extent, degenerated into a highly stochastic flober, a nozzle, a wake generator, and a test sedfign 2). The fan
From this point on, the downstream rows are subjected to a higlign generate a maximum mean velocity of 36 m/s and a maximum
turbulent flow, with an intensity distribution far above the inletReynolds numbetbased on the test section inlet heighf 8.8
This complex flow picture is deduced from the investigations by 10°. For the simulation of the unsteady inlet flow condition and
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varied. For the present investigation, three sets of rods with a
diameter of 2 mm were used. The geometric, inlet flow, and the
unsteady flow specifications are given in Table 1. A frequency
paramete() is introduced that appropriately reflects the unsteady
character of the flow dominated by the wakes and their spacing. It
is related to the Strouhal number and is definedasa/ ¢ with
o=5,/s, and¢$=V/U as the ratio of the inlet velocity and the
circumferential velocity of the wake generatdr The values for

Q) are varied as specified in Table 1 and cover approximately a
broad range of) encountered in turbomachinery.

The test section, shown in Fig. 2, is located downstream of the
wake generator and consists of a convex top wall, a curved plate
o for boundary layer measurements, a concave bottom wall and two

=1L vertical plexiglass side walls. The convex wall assembly is de-
‘ signed to allow precise radial and circumferential traversing of the
probes. The curved plate, which simulated the pressure surface of
a turbine blade with the specifications listed in Table 1, is inserted
mid-height of the test section in Fig. 2. The plate is mounted
between the two plexiglass side walls, where its axial and angular
position can be precisely varied by a positioning system consist-
ing of a disk, in which the curved plate is mounted eccentric to the
center, and two angular verniers shown in Fig. 2. This positioning

/

V() (1) (v
o) () (~1) (D]

Fig. 2 Test section: 1—traversing system; 2—nozzle; 3—wake system allows variation of the pressure gradient and the fine ad-
generator; 4—electric motor; 5—convex wall; 6—concave wall; justment of the leading edge position to avoid inception of sepa-
7—hot-wire probe; 8-plexiglass wall; 9—curved plate; 10— ration bubbles. It incorporated static pressure ports mounted flush
vernier; 11-vernier with the surface at arc length spacings of 36.8 mm. The ports were

connected to a scanivalve for the pressure measurement purposes.

For flow visualization, the static pressure ports were also con-
the wake flow pattern downstream of a rotor row, as sketched iected to a manometer bank to detect any possible leading edge
Fig. 1, asquirrel cagetype wake generator of Fig. 2 is utilized.flow separation.
Similar wake generators were successfully utilized by Pfeil and The concave bottom wall is designed to slide horizontally
his co-researcher§26—29, and by Liu and Rodj38]. Each rod within two T-slots in the bottom wall of the wake generator. A
generates two wakes with every revolution of the wake generattayorable or an adverse streamwise pressure gradient within the
oneprimary and onesecondarywake, each at horizontal distancegest section can be created by moving the concave wall in and out
of 252.9 mm and 556.4 mm, respectively, from the leading edgeside the T-slots. The movable concave wall also serves for better
The experimental investigations by Schobeiri and Pardif@ifd, adjustment of the flow angle relative to the curved plate, thus
and Schobeiri and RadK@&3] in accordance with those reportedpreventing flow separation at the plate leading edge. The two
by Liu and Rodi[38], have shown that by correct adjustments ofurved walls have static pressure ports mounted flush with the
the plate location, as well as the proper choice of the number sifrface at regular arc lengths of 50 mm. Similar to the curved
cylindrical rods, clean periodic unsteady wakes with clearly isglate, the static pressure ports of the concave wall are connected
lated turbulence structure can be established which allow tim®-a manometer bank for visualization purposes.
dependent boundary layer simulation and measurements. In addiFor boundary layer measurement along the concave surface of
tion, this type of wake generator has the unique capability ¢fie curved plate, a computer controlled traversing system with a
simulating the unsteady wake flow through a multistage turbomstepper motor, decoder, and encoder is mounted vertically on the
chine. The wake generator can incorporate up to 30 cylindridaése plate of the convex wall assembly. The system is capable of
rods that are arranged circumferentially on two parallel rotatingaversing probes in small steps with a minimum of 2. This
disks. The rotating disks are driven by a frequency controlléd specifically useful for boundary layer investigations where the
electric motor with a maximum rotational speed of 1750 rpm. Mmeasurement of the laminar sublayer is of particular interest. Po-
fiber-optic sensor directly monitors the angular frequency of trgitioning of the probe in the longitudinal direction is achieved by
wake generator and also serves as the triggering mechanismrfiiating the entire convex wall assembly about its center of cur-
data transfer and for ensemble averaging. In order to simulate thaure. To capture the major portion of the transition onset, the
wake width and spacing, the diameter and number of rods canlate was traversed in a longitudinal direction in steps of 2 deg,

Table 1 Specifications of inlet flow, curved plate, and wake generator characteristics

Parameters Values Parameters Values
Nozzle exit Raynolds Re,=0.43% 100 Nozzle exit turbulent Tu=1.20%
number intensity
Nozzle exit height h=420.00 mm Nozzle exit width w=593.00 mm
Curved plate surface arc So=690 mm Curved plate width w=593.00 mm
length
Curved plate curvature rc=702.5mm Curved plate leading edge rie=1.0mm
radius rad.
Curved plate thickness t=15.00 mm Curved plate Re-number Re=0.54x 10°
Steady referencéno rods Sg=0%% mm () =parameter steady case 0=0.0
Set 1 rod spacing Sg=188.4 mm ) =parameter for cluster 1 0=1.725
Set 2 rod spacing Sgr=94.2 mm )= parameter for cluster 2 (1=3.443
Set 3 rod spacing Sr=62.8 mm Q) =parameter for cluster 3 1=5.166
Rod diameter dr=2.0 mm No. of rods in set 2 ng=10
No. of rods in set 1 ng=5 No. of rods in set 3 ng=15
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within 50% of the plate. From this point on, up to 75% of thesame ensemble-averaged velocity and turbulence intensity distri-
plate, an increased step of 3 deg was used. Finally the final 2%tions that were found by utilizing sampling rates of 5 to 10 kHz.
was traversed in steps of 5 deg. The slider of the traversing systehilizing this sampling rate, at each radidatera) position, 512
incorporates a specially designed single hot-wire boundary laygamples were taken for each wf 300 revolutions of the wake
probe, which is parallel to a distance pin. The function of thgenerator. The data were ensemble-averaged with respect to the
distance pin, which is of similar shape to the hot-wire probe, is totation period (200 mg of the wake generator. Thus, the
keep the hot-wire probe about 0.1 mm above the plate surface. &ysemble-averaged results calculated over the 300 revolutions
touching the surface, an electric circuit is activated by the pin thehowng wake passings.
marks the reference zero point. The ensemble-averaged fluctuation velocity and the turbulence
intensity are calculated from the instantaneous samples by
Instrumentation, Data Acquisition, Reduction

N
The data acquisition system is controlled by a personal com- (Ui(t))= iz Ui (t) (6)
puter, in which a 12-bit A/D-boar@analog to digital conversion N=
is installed. The instantaneous velocity signal is obtained using a

N
constant temperature hot-wire anemometer sysisi-1FA 100). 1
Based on numerous spectral measurements within the wake, the (ui(t))= \/NZl [U5(t) —(Ui(t))]? @)
low pass filter of the signal conditioner is set to 20 kHz. All the !
measurements in the present study were made using a tungsten (ui(t))
hot-wire sensor of 4um in diameter mounted on a custom de- (Tui(t;))= ———x 100 (8)
signed single-wire boundary layer probe. For unsteady boundary U

layer measurements, a triggering system is implemented for da}
collection and tracking the number of cycles to later aid in th
calculation of ensemble-averaged quantities of the periodic
steady wakes. In order to ensure a high level of accuracy, the
calibration method described in John and ScholpaB] was used
for all hot-wire calibration. The instantaneous velocity compo- . .
nents are calculated from the temperature compensated instafi@asurements, Results, Discussion
neous voltages using the calibratign coefficier_lts. The i“Stama'Steady, Time-Averaged Velocity Distributions. Before tak-
neous velocity can be represented in the following form: ing the unsteady flow measurements, the boundary layer velocity
U=U-+u 1) and turbulence intensity distributions were measured under steady
. flow conditions in the lateral direction along the concave side of
whereU is the mear(time-averagedvelocity andu is the turbu- the plate for different longitudinal positior&s,. The measure-
lent fluctuation component. The mean velocity, also known as thgents were conducted under the same inlet flow conditiioret

ﬂerej =1,2,...N, andN is the total number of periods.e.,
u§(_)0 revolutiong, and1=1,2,...M, whereM is the number of

Qamples taken per perio(=512). U, is the reference velocity
NRY the particular boundary layer traverse.

time-average, is given by velocity, turbulence intensity, Reynolds numpend the same
N pressure gradient in the longitudinal directioas reported by
U=£2 U. @ Schobeiri and Radkg33]. Thus, for the steady-state reference
N = J case, identical results were obtained to which we refer for further
discussion.

Where_N is the total number of samples at one r_adie_ll location. A 1o study the effect of unsteady wake passing frequency, caused
sampling rate of 1 kHz was used for the investigation of steagyy varying the rod spacing, three different periodic unsteady flows
flow (no wakes. Good convergence was found fdf=16384 with the frequency parametef3=1.725, 3.443, and 5.166 de-
samples. The root mean square value of the turbulent velocififed in Table 1 were investigated. TheQevalues correspond to
fluctuation is obtained from the instantaneous and mean velocie wake-induced unsteady flow established by 5, 10, and 15 rods.

by This arrangement allows doubling and tripling the impinging
N wake frequency as sketched in Fig. 1. As mentioned previously,
U= /iz (U;—U)? 3) each rod generates a primary and a secondary wake with every
Nz ! revolution of the wake generator. For the 5-rod case, the signals of

) L i these two wakes on a velocity trace are observed to be clearly
and the local turbulence intensity is defined as isolated, indicating no mutual interaction. In the 10-rod case, how-
U 1 1 ever, visible interaqtion _of the two wakes are _observed simulating
TUjge=— X 100= — /_E (U —U)2x 100. (4) the unsteady flow situation past the second (fist roton shown
U U j=1 in Fig. 1. The observation of the velocity traces of the 15-rod case
) ) ) o reveals an early mixing of the secondary wakes before they reach
For certain presentations of the turbulence intensity it is appropje primary wakes resulting in a high freestream turbulence.
ate to nondimensionalize with respect to a reference velocity for aThe time-averaged nondimensionalized velocity distribution for
particular boundary layer. This reference turbulence intensity §g— 1.725, 3.443, and 5.166 that correspond to 5, 10, and 15 rods
given by are presented in Fig.(&b,0 for different longitudinal positions
s/sy. Boundary layer measurements were taken extremely close
% 100. (5) to the wall with the resolution of * =2, thereby requiring a wall
ref correction which is necessary when utilizing a hot-wire measuring
The unsteady data were reduced by the ensemble-averagiaeme. As seen, for all thre@-values, the laminar sublayer
method. In order to keep the amount of the produced data and thighin the y* -range of 2 to 8 is well described by the linear wall
required data analysis time under control, an extensive prelinfiinction, which is shown by the solid lines. Although these figures
nary frequency study was performed prior to the final data acquie not reveal any unsteady details, they show clearly the transi-
sition and analysigsee[4]) study dealt with the variation of the tional behavior of the velocity profiles within the given range,
number of samples per wake generator revolutions and the nudefined in Fig. 3. Further details of boundary layer transition and
ber of total revolutions to determine the optimum settings fatevelopment are shown in Fig(adb,9, where the contour of the
convergence of the ensemble-averaged quantities. As a resultinee-averaged turbulence intensity in the longitudinal direction is
sampling rate of 2.56 kHz was found to exactly reproduce thsotted in the lateral directiog/d (d=10 mm). Starting with()

Tu=
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Fig. 3 Time-averaged velocity profiles at the leading edge for
(a) 5 rods, (b) 10 rods, and (c) 15 rods

=1.725(5 rod9, the wall region exhibits a compact high turbu-
lence intensity core of above 15% with the center located a
s/sp~0.50. Increasing the frequency by reducing the rod spacin
(©2=3.443, 10 rodsresults in a shift of the center of the turbu-
lence intensity core toward the leading edge, indicating an earlie
beginning of the transition proce$®r comparison with steady-
state, see Schobeiri and Radia8]). Two mechanisms may be Fig. 4 Time-averaged turbulence intensity contours for
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i) <Tu> [(r I

15.0
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0.50

o
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e
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0.0 T
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responsible for this shift. First, a higher impinging frequency dPds. (b) 10 rods, and (c) 15 rods

the wake strips with excessive energy transport to the boundary

layer, second, earlier mixing of the secondary wakes results in an

increase of the freestream turbulence level. Further increase of #ition process which can be attributed to the same mechanisms
frequency as a result of reducing the spaciiiig. 4(c), {} mentioned above. These experimental results are in accord with
=5.166, 15 rodsshows a farther upstream movement of the trarthose by Liu and Rod[38]) but are in disagreement with the
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earlier statement by Pfeil et d131], and Pfeil and Herbst29], 1.00
which investigated the onset of transition on a flat plate utilizing
the boundary layer integral quantities such as displacement ar
momentum thicknesses. They kept the inlet velocity, the wake 4,
generator frequency and the position of their flat plate constan 2
and measured the time-averaged boundary layer velocities fc o025},
seven different rod spacings. Reducing the wake spacing by ir
creasing the rod number, caused a significant variation in the time
averaged displacement and momentum thicknesses along the pl:
within the range 20% to 100% of the length. Close to the plate
leading edge, in the range of 0% to 20% of the length, only smal o0
variations were distinguishable. Pfeil et §81] presented their I
original idea of a transition model and concluded that, by keepin¢ 925}
the flow and rod velocity constant, the variation of spadiimg Wil
creasing the rod numbegrsould show no influence on the posi- i Y1=0.49
tion of forced transition stark;, . This conclusion was drawn 0.75 H
primarily from the distribution of the time-averaged integral quan-

tities such as displacement and momentum thicknesses witho _ 039
the presentation of experimental evidence essential to rectify th>
conclusion. However, time-averaged quantities cannot sufficient! |
explain the detailed physical picture of the unsteady boundar
layer behavior. It should be pointed out that Heffl3f] had a data
acquisition and processing system which only allowed for time- 075
averaged and limited ensemble-averaged results. Based on th
(at that time limited information, Pfeil et al.[31] success- +
fully established a transition model which is generally acceptec™ s
and, to a large extent, is supported by the present experiment
investigation. 0.00

<Tu> [%]

0.75

0.00

0.75

0.25

0.50 1

Longitudinal Propagation of the Unsteady Wake Within the 0.75
Boundary Layer. During one rod passing period, the wake in-
duced boundary layer development undergoes a sequence of d=
ferent states as shown in Figs. 5 and 6 b=1.725 and 5.166, ~ 025
that pertain to 5 and 15 rodéNote: the plots contained in Fig. 5 ‘
are identical to the corresponding figure in the study by Schobeil 00§
and Radkd 33] and were reproduced with new dat@hese con-
tour plots display the turbulence intensity distributions at differeftig. 5 Ensemble-averaged turbulence intensity contours at
lateral positionsy/d with nondimensional timet(r) as a param- t/7=0.02, 0.25, 0.49, 0.72, 0.96 for 5 rods
eter. Since this sequence is periodic, we start with=0.25, in
Fig. 5b), where the quasi-steady “primary” boundary lay@s
defined by Schobeiri and RadK&3]) transition starts as/s,

i~ ) set, but it clearly causes a deformation of the boundary layer
~0.20 and extends to the trailing edge of the plate. The primagy.q e - Similar gbservations were made by Pfeil efal] axd y
boundary layer has a high turbulence intensity core located aro Qger by Addison and Hodso#0,41. Comprehensive investiga-

s/sy=~0.50 and is externally disturbed by a wake strip originatin hla2.4 hobeiri R P
from a passing wake. As Fig.(y reveals, the tail of this strip gi?gﬁa?)tl)o%;tdgry 'Ia?ie?r;)ittsein?bem and Radig3] indicate a

travels as an external periodic disturbance over the primary
boundary layer. Velocity and Turbulence Intensity Distribution. A picture

At t/7=0.49, shown in Fig. &), a wake strip hits the plate’s of the temporal-spatial ensemble-averaged velocity band in the
leading edge and forms an isolated core with a turbulence interneinity of the wall aty=0.3 mm is given in Fig. {&,b,0 for Q
sity higher than that of the wake strip itself. While convecting=1.725, 3.443, 5.166 pertaining to 5, 10, and 15 rods. Close to
downstream, the turbulence intensities of the isolated core cdhe leading edge &/s,~0.07, the ensemble-averaged nondimen-
tinuously increase, resulting in a periodic wake induced boundasional velocity distribution(U)/U,¢ shown in Fig. Ta) is not
layer transition with a high turbulence intensity c@le8%) close affected by the presence of a very thin laminar boundary layer.
to the wall, Fig. %d). By moving farther downstream atfr However, as a result of the growing viscous boundary layer, a
=0.72, 0.96, 0.0Zor 1.02, Figs. 8d,e,a the periodic boundary continuous deceleration and deformation in the longitudinal direc-
layer coalesces with the primary boundary layer resulting inteon, is visible. After passing through a Tollmien-Schlichting
strong deformation of the latter and generating a high turbulenaeve-dominated regiors/s,~0.10—0.15, this deceleration and
intensity core. After the boundary layer portion of this strip isleformation leads to generation of turbulent spots propagating
totally penetrated into the primary boundary layert/at=0.49, with velocities that range between Ol3g; and 0.60 . Note
becalmed regions are formed behind the wake strip. Increasing that these values refer to a band of ensemble-averaged velocities
parameteK) to 5.166(pertaining to 15 rodsby reducing the rod and are not identical to the leading and trailing edge velocities
spacing(i.e., increasing wake-passing frequency and freestreamiich are found in literature. The process of turbulent spot gen-
turbulence has moved the onset of the boundary layer transiticgration within the boundary layer startssi,~0.17, which can
closer to the leading edge, as shown in Fig-&l). This statement be interpreted as the onset of the boundary layer transition. By
is supported by Figs. 7 and 8, which will be discussed in thmoving downstream, the distinctively periodic flow within the
following section. Similar boundary layer flow patterns were reboundary layer is continuously degenerating and becoming fully
vealed for 2=3.443 (10 rodsg. Once the individual primary stochastic(starting ats/s,~0.75 with random fluctuations in
boundary layer transition pattern has been established, the wakedirection. In contrast to Fig. 7, where the velocity contour
strip traveling downstream as an external periodic disturbance agas presented close to the surfage=(0.3 mm), Fig. 8a,b,0
parently does not, by itself, significantly affect the transition orexhibits the velocity contours at the edge of the boundary layer
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Fig. 6 Ensemble-averaged turbulence intensity contours at
t/7=0.02, 0.25, 0.49, 0.72, 0.96 for 15 rods

(y=2.5mm) for=1.725, 3.443, and 5.166 pertaining to 5, 10
and 15 rods. In Fig. 7 the wake can be identified by high velocit
regions along the wake centerlif@ue to profile switching under-
neath the wake as clearly shown by Schobeiri and R48Rp =
whereas in Fig. 8 the wake can be identified by low velocit
regions(wake velocity deficit

The entire set of ensemble-averaged data, from which only
few were discussed above, were utilized to generate the enseml|
averaged turbulence intensity contour plot for two different later:
positionsy=0.3 mm and 2.5 mm presented in Fig$a®,0 and
10(a,b,9. As shown in Fig. €a) (2 =1.725, 5 rods the boundary 0800
layer is periodically disturbed by the high turbulence intensit ’
wake strips. These strips are contained between the wake leading
edge and the wake trailing edgmarked in the plots Outside the Fig. 7 Ensemble-averaged nondimensional velocity in the
wake strips undisturbed low turbulence regions are observed wiémporal-spatial domain at y=0.3 mm for (a) 5 rods, (b) 10
significantly lower intensity levels indicating the absence of ands, and (c) 15 rods
visible wake interaction. These regions are observed between the
plate leading edge and the streamwise positios/ef~0.3. In-
creasing the unsteady parameterby reducing the rod spacing The turbulence intensity distributions exhibited in Figs. 9 and
(Fig. 9b,0 with (1=3.443, 5.166 rodsresults in an earlier tran- 10 present a fairly clear and consistent picture about the transition
sition start compared to the above 5 rod case. In contrast to Figséart and end process and the influence of the wake structure and
where the turbulence intensity contour was presented close to thieraction on the transition. In accord with the previous discus-
surface at the lateral positign=0.3 mm, Fig. 10a,b,0, exhibits sions, two mechanisms are considered instrumental in affecting
the turbulence intensity contours at the edge of the boundary laykee above transition start. First, an increased impinging frequency
with y=2.5mm for(=1.725, 3.443, and 5.166 pertaining to 50of the primary wakes based on reducing the rod spacing cause a
10, and 15 rods. For both lateral positions, the wake flow reginfiermation of wakes, whose initial spacing corresponds to the rod
is identified by periodic high turbulence intensity regions thatpacing. These wakes convect downstream while the individual
are characteristic for the wake development along the wak&ke widths continually increagsee Schobeiri et al34]) until
centerline. they have reached approximately the size of the rod spacing. At
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Fig. 9 Ensemble-averaged reference turbulence intensity in
the temporal-spatial domain at  y=0.3 mm for (a) 5 rods, (b) 10
Fig. 8 Ensemble-averaged nondimensional velocity in the rods, and (c) 15 rods

temporal-spatial domain at y=2.5mm for (a) 5 rods, (b) 10

rods, and (c) 15 rods

. . . . . ever, due to the complexity of the flow situation, a quantifying
this point, a strong wake mixing and interaction follows that gensiement cannot be made at this time. Finally, an increas® of
erateos a highly turbulent flow regime with an intensity B8 riq "gc) with (1 =5.166, 15 rodsresults in a higher freestream
:1|EA’.' By Qecrcfeasmg the rr(])d Spic”?gl thereby |ncreasmgr bulence and increased impinging frequency and thus a signifi-
wake Impinging frequency, the wake Interaction occurs earliqly  ghift of the transition toward the leading edge as the conse-

This flow regime introduces an excessive turbulent kinetic ener ence of the mechanisms discussed atitaecomparison with
transport to the boundary layer causing a shift of transition towa%&eady-state see Schobeiri and Raf@)

the leading edge. Second, an earlier mixing of the secondary
wakes due to the growth of their width leads to higher freestreamSpot Detection and Intermittency Factors. Discrimination
turbulence which inherently affects the onset of the transition. It etween laminar and turbulent regions of the flow from hot-wire
conceivable that the combination of these two mechanisms wouktords is based on the presence of small-scale fluctuations within
make an additional contribution to the shift of transition. Howthe turbulent patches. Hedley and Kefféd] surveyed a number
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parts of the data in the calculation of conditional statistiese
Antonia [45]). The average value of the indicator function mea-
sures the fraction of the time during which a signal is identified as
turbulent, and is called the intermittency factor. All told, the con-
struction of the indicator function requires the choice of a dis-
criminator signal(in this instance, streamwise velocity is avail-
able, an order of differentiation(second derivatives were used
following the recommendation of Hedley and Keffg44] a
smoothing scaléselected to be the sampling rate, in the absence
of reliable estimates of the local Taylor microsgakend a thresh-

old (selected at 1 rms of the detector function, in the absence of
realistic estimates of an absolute thresholtfe tested the results
for sensitivity to the last two parameters, using a range of smooth-
ing scales and thresholds. No significant differences were ob-
served, so that the results presented below are insensitive to the
parameters used in the intermittency algorithm.

Ensemble-averages of the indicator functions represent the
variations of intermittency factor in relation to the phases of the
rods. Figures 11 and 12 present the ensemble-averaged intermit-
tency for two passing periods. Figure(ab,0 exhibit the inter-
mittency behavior of the boundary layer at a wall distance of
=0.1 mm for(Q=1.725, 3.443, and 5.155 that corresponds to 5,
10, and 15 rods, respectively. Figure(dd,0 display the inter-
mittency behavior at a distange=10 mm from the wall for the
same frequencies as in Fig.(alb,0.

Intermittency distribution outside the boundary layer yat
=10mm is shown in Fig. 1@). Except for the narrow wake
strips, Fig. 12a) shows the virtual absence of turbulenes de-
fined by our criterio with (y)~0.0 corresponding to the wake
passings. The wake strips with highly turbulent core convect
downstream and undergo a decay process while the individual
wake widths continually increase until they have reached approxi-
mately the size of the rod spacing. FQr=1.725 (5 rods), this
occurs ats/sy~0.9. At this point, a process of wake mixing fol-
lows that generates an intermittency pattern ranging f{om
~0.2 to(y)~1.0. The dominant feature is the abrupt change in
direction of the turbulent strip at the distangls,~0.45. Recall-

15.0 . . . .
ne g that the angle of a line on this plot is a measure of the trans-
10'2 lation velocity of the observed feature, we see that the turbulent

patches travel initially at a higher spedfieestreany then at
7.8 lower speed. Moving closer to the wall gt 0.1 mm, we observe
5.4 similar intermittency patterns within the boundary layer as shown
3.0 in Fig. 11(a). Thenonturbulentegions (y)~0.0) separated from
the turbulent wake strips with sharply defined contours, indicate
the intermittent nature of the boundary layer. Similar to the case
shown in Fig. 12a), we observe a sudden change in direction of
the turbulent strip at the distansésy,~0.45. We interpret this as
representing the sudden shift from a flow dominated by the con-
vection of wakes by the freestream to the propagation of boundary
layer spotgor other turbulent structurgsit a lower speed.
Increasing the number of the rod€) €& 3.443, 10rods) as

Fig. 10 Ensemble-averaged reference turbulence intensity in shown in Figs. 1(b) and 12b) results if‘ .closer. spacing between
the temporal-spatial domain at  y=2.5 mm for (a) 5 rods, (b) 10 the wakes. As a consequence, the mixing point of the wakes and
rods, and (c) 15 rods the onset of wake-induced transition experience a shift toward the

leading edge. Compared to the 5-rod case discussed above, the

nonturbulent regions withy)~0.0 shown in Figs. 1b) and

2(b) have become narrower. Further increasing the rod number
=5.166,15 rods) as shown in Figs.(éland 12c) results in a

strong mutual interaction of the wakes that determines the inter-

mittency picture of the unsteady flow pattern. In any event, the

Blose spacing of the wakes in the 15-rod case ensures the longer

Small le f h d by double diff I f ominance of wake turbulence relative to the 10 and 5-rod cases.
mall-scale features are enhanced by double differentiation of (Re i '11c) indicates, the higher freestream turbulence generated
discriminator signal, and squaring eliminated irrelevant sign |nf05—

; ltna in & “d "t ion. S hi | y the wake mixing process predominantly affects the onset of the
mation, resulting in a “detector” function. Smoothing over scalef, \nqary |ayer transition. Interestingly, the calming effect of the

of the order of the Taylor_mlcroscialg f'!ls Ehe gaps bet\{veer_l tP}F‘eriodic unsteady wake discussed previously is maintained and
small-scale patches, yielding the “criterion” function. This crite-

. - I " "~"causes the very narrow nonturbulent region wih~0.0 exhib-
rion function is compared to a threshold, resulting in the “|nd|ca|—ted in Fig 125/ to widen as shown in F?g 1&@
tor” function (0 at points where the criterion function is less than ' T

the threshold, 1 otherwig€eThe indicator function is used to mask Intermittency Analysis. The contour plots of the intermit-

of options and issued recommendations for the discrimination
gorithms. Variants were later suggested by Antgaf]. We sum-
marize some of the steps for background.

The small-scale fluctuations translate into high-frequency r
gions in the time traces of the velocitydiscriminator” signal).

—~
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Fig. 12 Ensemble-averaged intermittency y in temporal-
) ) ) ) spatial domain at y=10.0 mm for (a) 5 rods, (b) 10 rods, and (c)
Fig. 11 Ensemble-averaged intermittency v in temporal- 15 rods
spatial domain at y=0.1 mm for (a) 5 rods, (b) 10 rods, and (c)
15 rods
Uust y | 1 (*=
S - {=——=— with b:—f I'd¢, 9)
tency distributions in Figs. 11 and 12 clearly show the unsteady b b NE -

nature of the boundary layer transition process and serve for be

er L .
understanding the physics of unsteady boundary layer transitigﬁ"?‘_t relates the wake-passing timeith the wake-passing veloc-
y in lateral directionU,, and the intermittency width. The latter

In this form, however, they cannot be used to quantitatively ggy o -
scribe the complex unsteady transition process. To establish gglrectly related to the wake width introduced by Schobeiri and

basic relations essential for a quantitative description of the ufjiS co-workers[34] and[46]. In an analogous way to find the
steady boundary layer transition, we resort to the fundamen fect function, we define the relative intermittency functivas

studies by Schobeiri and his co-workel34] and[46], that deal ()Y = (% (1) Y min
with the physics of steady and unsteady wake development in a = D e ) (20)
curved environment. These studies show clearly that the turbu- Yitti) 7 max= {Yilh)/ min

lence structure of the steady and unsteady wake flow is deter-the above equationy(t;)) is the time-dependent ensemble-
mined by the wake defect, which is a Gaussian function. Folloveveraged intermittency function, which determines the transitional
ing the above studies, we define a dimensionless parameter nature of an unsteady boundary layer. The maximum intermit-
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Fig. 14 Maximum, minimum, and time-averaged intermittency
) L ) ) . ) distributions as a function of axial Reynolds number for (a) 3
Fig. 13 Relative intermittency as a function of nondimension- rods and (b) no rods (steady case )

alized lateral coordinate for (a) 3 rods and (b) 15 rods

With the relative intermittency function given by E@.1), the
iane-dependent intermittency functidry;(t;)) is completely de-
ermined if additional information about the minimum and maxi-
mum intermittency function§y;(t;))min and(y;(t;))max are avail-
able. As a representative example for the cases investigated in this
study, the distributions of y;(t;)Ymin, {7i(ti))max, @nd the aver-
agedvy in the streamwise direction are plotted in Fig.(d4for
0 =1.033 (3 rods) foy=0.1 mm. The steady-state cas® rod
H]own in Fig. 14b) serves as the basis of comparison for these
aximum and minimum values. In the steady-state case, the in-

quency parameter @ =1.033, which corresponds to 3-rods conlermittency starts to rise from zero at a streamwise Reynolds num-
figuration. The data were taken at a sampling rate of 10 kHz ah&" Rg ~2x10" and gradually approaches the unity, correspond-
much smallerAy-increments. As representatives, Fig.(d,8 "9 to the fully turbulent state. This is typical of natural transition
showsT for frequency parameter values@f=1.033 (3 rods) and and follows the intermittency function introduced by Narasimha
=5.166 (15 rods) with the dimensionless longitudinal distandd8l- AS shown in Fig. 1éa), at each particular streamwise loca-
s/s, as a parameter. The symbols represent the experimental dieq With a given Reynolds number, for examplexRexlor’, two

As shown, the measured relative intermittericyor wakes im- corresponding, distinctively different intermittency states are pe-

pinging on the concave surface presented in this paper folidipdically present. At this location|y;(t;))max cOrresponds to the
closely a Gaussian distribution, which is given by condition when the wake with the high turbulence intensity core

impinges on the plate surface at a particular instant of time. Once
r=e 4 (11) the wake has passed over the surface, the same streamwise loca-
tion is exposed to a low turbulence intensity flow regime with an
Here, { is the nondimensionalized variable defined in E@). intermittency state of y;(t;))min, Where no wake is present. As
Although the relative intermittency function described by Bd) seen,(y;(t;))min has the tendency to follow the course of the
has been derived for the unsteady boundary layer at zero pressieady (no-wake intermittency distribution exhibited in Fig.
gradient, the recent boundary layer study along a turbine bladlé(b), with a gradual increase from an initiabnturbulentstate
under periodic unsteady flow by Schobeiri and Chakkd shows with a value of zero approaching a final state of 0.8. This was
that the intermittency functiod® described by Eq(11) is also expected as v;(t;))min IS calculated outside the wake region
valid for different pressure gradients characteristic of a turbinghere the turbulence intensity is relatively small. On the other
cascade. These results indicate the universal character of the reknad, ( y;(t;))max reveals a fundamentally different behavior that
tive intermittency function. needs to be discussed further. As Fig(@4shows, the wake flow

tency (i(t;))max €xhibits the time-dependent ensemble-averag
intermittency value inside the wake vortical core. Finally, th
minimum intermittency {y;(t;))min represents the ensemble-
averaged intermittency values outside the wake vortical core.
Further analysis of the intermittency data foK)
=1.725 (5 rods),()=3.443 (10 rods), and)=5.166 (15 rods)
clearly indicated that the relative intermittencyclosely follows a
Gaussian distribution. These new results gave impetus to perfo?
a new set of unsteady boundary layer measurements for a
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Table 2 Constants in the intermittency correlation £ »
f K,t)=f kMf(7)g(k(7—1))dT. 16
Reduced FrequencyQ g( —w» (m)g2( (16)
Const. 1.033 1.725 3.441 5.166 The duration can be relaté#liguchi et al.[52]) to an equivalent
c, 057 022 0.50 035 frequency¢. For the Mexican hat wavelet, we have
[« 0.80 0.85 0.80 0.83
c 1.00 0.82 0.80 0.80 ¢ V2.5
Cy 0.85 0.92 0.92 0.94 < o (7)

This relation has been used to reduce all wavelet durations to
equivalent frequencies in the results presented below. Essential for
with an intermittency close to unity impinges on the blade surfacile purpose of this study is the ability to distribute the total energy
By convecting downstream, its turbulent fluctuations undergo® the signal among a spectrum of frequencies at each instant.
strong damping by the wall shear stress forces. The processT#is result is embodied in the Parseval theorem
damping continues unti{y;(t;))max reaches a minimum. At this w 1 (= w »
point, the wall shear forces are not able to further suppress thef |f(t)|2dt= _f dKf dt|fg("vt)|2=f 2E(k)d«k.
turbulent fluctuations. As a consequence, the intermittency again ™ Jo —x 0
increases to approach the unity, showing the combined effect of (18)

wake-inducedand natural transitiondue to an increased turbu-In Eq. (18), the expressioq‘ﬂg(x,t)|2/27r can be interpreted as the

lence intensity level. The damping process of the high turbUIenFoecr[aI spectral energy density. The factorriin Eq. (18) is specific

intensity wake flow, discussed above, explains the phenome_nag he Mexican hat wavelet EGL5). The mean energy spectrum
the becalmingeffect of a wake-induced transition observed firs () obtained by time integration of the local spectrum is equiva-

by several researchers including Pfeil and Herb29-31], | - >
e ! ) ent to the Fourier power spectrum. Conditional mean spectra
Schobeiri and Radkg33], and Halstead et aJ49]. The intermit- (Higuchi et al.[52], Lewalle [53], and Lewalle et al[54]) ob-

tencies( y;(t;) Ymin and{y;(t;))max Precisely describe the physicaltained by i : : .
1/ S > y integrating the local spectral energy density only during
events exhibited in Figs. 5 and 6. Figure(d¥also shows the a portion of the sampling timée.g., while in the wakes, or in

average intermittency which is a result of the integral effect of laminar regions onlyHedley and Keffef45])) adds flexibility to
Fseggggigve%kis with respect to time. The maximum |nterm|ttenct¥le processing of the data, and the results will illustrate the merits
y of this approach. Finally, dominant frequencie@nergy-
(Y1) = 1.0 C e~ (R Rexs/Re s~ Reo)? (12) containing scalgsare obtained from the peak of the product of the
o ) ) power spectrum and the frequency. This method is applicable to
where the constartt; depends o). The minimum intermittency mean wavelet spectra, with or without conditioning, as well as
is described by Fourier spectra. In the following sections, the “dominant time
(¥(1)) min=C2(1.0— e*<Refoex,s/Rexlszex'e>z) (13) scale” is identified as the inverse of the frequency of the largest

energy content.
where the constants, are again dependent dd. And, the time-
averaged intermittency is described by

—®

Dominant Scales: Ensemble Variations. During one cycle
of the wake generator, the time scales of the turbulence in the
Y=C4(1.0- C3e_(Re_R%<,l/Rex,t_Rex,e)2). (14) freestream can be expected to vary with the basic periodicity im-
. . posed by the number of rods. These time scales could be calcu-
The combined effects dfy;(t;))max @nd(¥i(t;))min CaN be seen in [ateq within the framework of Fourier methods by the following
the expression foly through the constants; andc,. The four  gigorithm. For each given phase, a window containing at least a
constants for the frequencies under investigation are given fiy cycles of the expected dominant frequency would be picked,
Table 2. For natural transition, the above constants approach uniffq the Fourier power spectrum calculated within this window,
) cumulatively for successive cycles. The wavelet local energy
Spectral Analysis spectrum provides a simpler alternative that relies only on indi-
. L vidual flow eventdrather than on their repetition within a larger
Wavelet Tools: Local Spectral Discrimination. The emerg- window). Ensemble energy spectréd can be calculated simply

ing complexity of the flow makes it imperative to quantify th ; . )
active scales so that modeling can include more of the relev%pﬁhsummmg the local energy spectra at fixed phases. The algo
ra

physics. Fourier methods, and variants thereof, have been the im underlying the following results is as follows:

ditional method of spectral analysis of experimental data. How-1 calculation of the wavelet transform according to Etf);
ever, it has long been apparent that the analysis of complenx- 2 squaring to obtain the local spectral energy der(&ty. 18;
periodic, non-Gaussiarsignals would benefit from a compromise 3 multiplication by« to identify the energy content;

between the sequential and the spectral views. Indeed, while & average the time scales for all times in each ensemble;
Fourier spectrum is very effective at identifying the wake passingd at each time, search for the maximum of the curve
frequency, it is ill-suited to the spectral analysis of the turbulence K|fg(K,t)|2/2’7T versusk; and finally

associated with these wakes. Wavelet methods have evolved ove at each time, express the dominanas an equivalent fre-
the past few year€Daubechie$50] and Fargd51]) as a versatile quency(Eg. (16)) and its inverse time scale.

substitute for earlier time-frequency approaches. Mathematicalrhe qominant time scales, relevant to modeling, are plotted in

derivations, specific algorithms and alternative techniques, Wiﬁ?gs. 15a,b, aty=10 mm and 16a,b,0 aty=0.75 mm, in each
examples of applications to experimental data, can be found;gi o iy -

- - se with 5, 10, and 15 rods successively. Figur@)18hows a
literature. Wavelet methods allow quantitative measurements

) . - ttern very similar to the intermittency plots, with the switch
both duration and time of occurrence, and establish the compksm freestream to wall-dominated turbulence at matching loca-

mise between their respective accuracies. In this study, we hayg,s  As the small-scale turbulence develops, the energy-
used the continuous Mexican hat waveigt containing scales fall below the sampling rate for these very long
(42 —t22 time series. This will be discussed in our conclusions, but we note

ga(t)=(t"=1)e™" "~ (15)

that comparison of the results is possible nonetheless. The present
Time t and durationk ! become two independent variables, andlata show clearly the effect of the wakes and their passing fre-
the wavelet transform of the signg(t) is defined by quency, both quantitatively as measured by the shading scale and
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Fig. 15 Ensemble-averaged dominant time scales in temporal- Fig. 16 Ensemble-averaged dominant time scales in temporal-
spatial domain at  y=10.0 mm, wake passing frequencies for  (a)  spatial domain at y=0.75 mm, wake passing frequencies for  (a)
5 rods, (b) 10 rods, (c¢) 15 rods 5 rods, (b) 10 rods, (c) 15 rods

qualitatively as shown by the pattern of small scale activity b%’ase(Fig. 16b)) and s/s,~0.4 for the 15-rod caséFig. 16c)).

yond s/s,~0.6. In _the.10-rod caseFig. 15(b)_)' the secondary This is consistent with the propagation speed being slower for the
(doublg wake-passing is observed clearly until the boundary laygf, \ndary layer structures, and with these structures generating the
turbulence wipes out_the weaker wake l_)eysfmi)~_().8. The 15- smallest observable scales. Generally, we note that the energy-
rod case(Fig. 15c)) is yet more complicated, with the dOUb.lecontaining time scales are dependent on the wake-passing fre-
wake observab_le frors/_so=0.0 t°.0'25 and frc_)m 0.61t0 0.9. This uency(see bars with each plotThe shortest time scales, more
may be due to interactions of a given wake with lagged spots fro d more dominant as the flow evolves, reflect a mixture of nomi-

the previous wake as they travel at different speeds. nally laminar and turbulent regions. The following section estab-
Closer to the wall, the interactions between Wake-generatﬁ es a discrimination between them

scales and boundary layer generated scales complicate the map

(Fig. (16a)) for the 5-rod case. The double wake-passing can beDominant Scales: Conditional Sampling. In the construc-
observed at this level. The transition to smaller scales is virtualfipn of the ensemble power spectrum explained above, we can
complete bys/sy~0.8 for this cases/sy~0.55 for the 10-rod elect to include only contributions that meet a combination of
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not very small. Thus, at larg&#s,, the energy content of the long
time-scalg“laminar” ) region is overwhelmed by that of intermit-
tent turbulent patches in the calculation of the unconditional time
scales(Figs. 15 and 1B

The comparison of the results for ensemble-averaged turbu-
lence intensity Figs. 9, 10, the intermittency, Figs. 11, 12 and the
dominant time scale@=igs. 15 and 1pis informative. The turbu-
lence intensity plots indicated an early increase in the random
fluctuations. This is confirmed by inspection of the velocity traces,
in which few quiescent intervals and no locally periodic wave
trains can be observed. In contrast, the intermittency factor re-
mains relatively small, even after the footprint of the wakes has
been mixed into a more uniform flow at largés, . This apparent
contradiction is resolved by examining the respective contents of
the intermittency and turbulence level algorithms. The intermit-
tency algorithm is designed to detect small-scale fluctuations gen-
erated by a spectral transfer of energy. Thus, the longer time
scales coincide with a relatively low intermittency factor, but do
not presume a low energy content for the corresponding fluctua-
tions. The parts of the signal associated with high-turbulence in-
tensities(energy contentalso have weak small-scale content, and
their typical duration is roughly proportional to the intervals be-
tween wake passings. This can be seen from the numerical values
on the scales for Figs. 15—17. Furthermore, an estimation of the
typical sizes of these “eddies” can be obtained as the product of
their time scale and their convection speed, yielding a size larger
than the distance to the wall by at least one order of magnitude.
We conclude that these long-duration events are better character-
ized as the alternance of accelerated and decelerated flow result-
ing from wake passings, than as turbulent eddies. The emerging
picture, to be tested in future studies, is that relatively few turbu-
lent patchegpossibly turbulent spotsvolve primarily due to the
buffeting of the boundary layer by the passing wakes; and that the
wakes and spots, traveling at different speeds, induce large-scale
nonturbulent fluctuations in streamwise velocity.

Conclusions

The effects of periodic unsteady wake-passing frequency on the
boundary layer transition and development along the concave sur-
face of a constant curvature plate at zero pressure gradient was
experimentally investigated. The measurements were carried out
utilizing an unsteady flow research facility with a rotating cascade
of rods positioned upstream of the curved plate. Keeping the ro-
tational speed of the wake generator constant, three different pass-
ing frequencies were investigated by varying the rod spacing. Two
mechanisms were established by this variation: first, an earlier
mixing of the secondary wakes due to the reduction of their spac-
ing that led to higher freestream turbulence. Secondly, increased
impinging frequency of the primary wake strips introduced an
excessive turbulence kinetic energy transport to the boundary
layer. Based on the experimental investigations and their analysis
the following conclusions are drawn:

» The boundary layer transition behavior was significantly af-
fected by the wake-induced unsteady flow. Low&rgenerated

Fig. 17 Ensemble-averaged dominant “laminar” time scales in isolated unsteady wakes with no visible mutual interaction, simu-
temporal-spatial domain at  y=10 mm for (a) 5rods, (b) 10rods, lating the inlet flow condition to the second row of a turboma-
(c) 15 rods chine. The wake-induced unsteady flow significantly affected the

boundary layer transition behavior leading to the formation of a

wake induced boundary layer transition and a primary boundary
criteria, of which phase is only one component. Of most diretayer with a quasi-steady character that was periodically disturbed
interest would be the mapping of turbulent scales. Time scalbg wake strips and the wall. Increasing the parametef)afe-
associated with the nominally laminar regions of flow will besulted in a change of the boundary layer development process,
mapped, to illustrate the feasibility of the concept and the substdorbulence distribution, sport generation, and a shift of the transi-
tial differences with the unconditional statistics presented in th®n onset toward the leading edge.
previous subsection. Figure (8/b,0 presents the results for en- ¢ Further increase of), simulating the unsteady flow through
semble plots of “laminar” scales. Initially comparable to the unthe third and fourth row of a multistage turbine with higher im-
conditional scales in the intervals between wakes, they are notaplpging frequency and smaller wake spacing associated with ear-
larger in all regions of the plots where the intermittency factor ier mixing of the secondary wakes, resulted in higher freestream
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Table 3 Uncertainty in velocity measurement for hot-wire T = wake generator period

probe Tu = reference turbulence intensity
= Tu) = ensemble-averaged reference turbulence intensit
T (9 3 5 P (Tuy g y

u = fluctuation velocity
5.78 2.41 1.40 . .
@UIU (%)req (uy = ensemble-averaged fluctuation velocity
+

u” = nondimensional velocity™ =u/u,

U = time-averaged mean velocity parallel to the surface

turbulence and a significant shift of the transition toward the lead- Uret = reference local velocity at a distance a+10 mm
ing edge as a consequence of the mechanisms discussed above. _ above the plate surface

« Further analysis of intermittency data revealed a universal Y ~ lateral distance from plate su:face
pattern of the relative intermittency factor that follows a Gaussian ¥ = nondimensional wall distancg™ =u,y/v
distribution. The minimum intermittency factot,ymi.), repre- v = kinematic viscosity of air
sented the boundary layer behavior between the turbulent wake P = density of air ]
strips. It was shown to follow the natural transition process as the 7 = One wake-passing period
freestream was almost nonturbulent. On the other hamgl,,) Subscripts
being the value inside the turbulent core, started with a high value
and went through a minimum, which indicates the start of wake
induced transition. This was due to the viscous damping of the
turbulent core by the boundary layer.

« Concerning the wavelet analysis, in some regions of the flow,
the calculated dominant time scales reach the lower limit set g%
the data acquisition rate. These limits reached in regions wheér&erences
small-scale turbulence production within the boundary layer is[1] Evans, R. L., 1978, “Boundary-Layer Development on an Axial-Flow Com-
expected to be significant. The transition from longer to smaller, Pressor Stator Blade,” ASME J. Eng. Pow&0, pp. 287-293.

! . . . . [2] Evans, R. L., 1982, “Boundary Layer Transition and Separation on a Com-
time scales is continuous and smooth. Further studies will exam=" essor Rotor Airfoil,” ASME J. Eng. Powet,04, pp. 251—253.

ine the effect of the sampling rate on the accuracy of turbulencegs] walker, G. J., 1974, “The Unsteady Nature of Boundary Layer Transition on
intensities and time scales. We also note that wavelet methods do_an Axial-Flow Compressor Blade,” ASME Paper No. 74-GT-135.

not introduce further aliasing or harmonics, since they only rely! ‘é\{gg‘:fjfs'&'élggsé:me aoroulent Boundary Layer on an Axial Compressor
on local information(as few as three data points at the smaller [5] Walker, G. J., 1989, “Transitional Flow on Axial Turbomachine Blading,”
scales. AIAA J., 27, pp. 595—602.

» The long time-series are necessary to yield stable statistic&] \é\!alkfzn G. J-zi9§i3, “Thie fgfs?\;éésm?é}?;rbug; Tranzsoit;onzilr; Gas Tur-
presented in this paper. Deta”ed study .Of the high frequenCy[ﬂ V\I/r;'lakerr,]gCI;rTer.‘, andscGuos:tglo’W, J. P, i99u0, ?Thaec Effegtp.of Adversé Pressure
boundary layer turbulence will be the subject of future work. Gradients on the Nature and the Length of Boundary Layer Transition,”

* The effect of the wake-passing frequency on the dominant ASME J. Turbomach.112, pp. 196—205.

(mainly laminajy time scales shows that the flow is not turbulent [8] Schultz, H. D., Gallus, H. E., Lakshminarayana, B., “Three-Dimensional
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A Comparison of Spreading
Angles of Turbulent Wedges in
Velocity and Thermal Boundary

S. Zhong
T. P. Chong Lave IS

School of Engineering, Turbulent wedges induced by a three-dimensional surface roughness placed in a laminar

University of Manchester, boundary layer over a flat plate were visualized for the first time using both shear-
Manchester M13 9PL, UK sensitive and temperature-sensitive liquid crystals. The experiments were carried out at
zero pressure gradient and two different levels of favorable pressure gradients. The pur-
pose of this investigation was to examine the spreading angles of turbulent wedges indi-
H. P. Hodson cated by their associated surface shear stresses and heat transfer characteristics and

Whittle Lab, hence obtain further insight about the difference in the behavior of transitional momen-
Department of Engineering, tum and thermal boundary layers when a streamwise pressure gradient exists. It was
University of Cambridge, found that under a zero pressure gradient the spreading angles indicated by the two types
Cambridge CB3 0DY, UK of liquid crystals are the same, but the difference increases as the level of favorable

pressure gradient increases with the angle indicated by temperature-sensitive liquid crys-
tals being smaller. The results from the present study suggest that the spanwise growth of
a turbulent region is smaller in a thermal boundary layer than in its momentum counter-
part and this seems to be responsible for the inconsistency in transition zone length
indicated by the distribution of heat transfer rate and boundary layer shape factor re-
ported in the literature. This finding would have an important implication to the transition
modeling of thermal boundary layers over gas turbine blad&l: 10.1115/1.1539871

Introduction the presence of a favorable pressure gradient, the fully turbulent

Liquid crystals have been used in heat transfer and aero [uc_ture, which the heat tr_ansfe_r process directly depends upon,
namic tests as a cost-effective full surface flow visualization aj§auires @ longer streamwise distance to develop than the fully
measurement tool for sometinjd,~5]. The coating of liquid crys- turbulent mean velocity profil¢g]. Such a discrepancy questions
tals displays different color upon changes in certain flow pararflle adequacy of the Reynolds analogy, which relates skin friction
eters and gives a vivid visual impression of the characteristics of& heat transfer and has been widely adopted by turbomachine
surface flow. With the improvement in formulation, liquid crystalslesigners for sometime.
that respond solely to changes in a single flow parameter haveSince boundary layer transition starts by formation and growth
become available commercially in 1990s. Currently two types of localized turbulent regions, i.e., turbulent spf8, a better
liquid crystals are commonly used, i.e., shear-sensitive liquithderstanding of the above phenomenon should be achieved by
crystals and temperature-sensitit@ermochromig liquid crys- examining a fundamental issue, i.e., how a turbulent region grows
tals. The former display different color upon changes in surfagg a laminar background under the influence of pressure gradients
shear stress, providing information about the surface shear strggsndicated by wall heat transfer and surface shear stress, respec-
distribution, [2,3]. The latter change color as surface temperatugely. In the present work, such a turbulent region is generated by
varies. Once the su_rface heat flux is determined either by direct face roughness placed on a flat plate along which a laminar
measurements or via the use of heat transfer models, the &Endary layer is developing. The turbulent region diverges in the
transfer rate at the wall can be obtained from the surface tempeéﬁénwise direction as it propagates downstream, forming a turbu-

ture,[4,5].
The availability of both temperature-sensitive and she lent wedge. Turbulent wedges produced by a surface roughness

sensitive liquid crystals offers an effective way of correlating th ave been studied for sometime because they closely resemble the

heat transfer and aerodynamic characteristics of a nonisotherr gpawor _o_f a train of turbulent SPOtS' which are the actl_ve features
flow field, thus providing a means of examining the validity of thd? & transitional boundary layer, in terms of their spanwise growth,
Reynolds analogy. The problem of particular interest to thH&l- It has been found that the turbulent wedge is composed of a
present study is the different effects that pressure gradients exgly turbulent core bounded by a transitior@termittently tur-

on the momentum and heat transfer process in a boundary labglent region, and in a zero pressure gradient boundary layer the
undergoing transition from laminar to turbulent. As reported byedge diverges with a half included angle of about 10 §&d.0].

Blair [6] and Sharm&7], when a favorable pressure gradient ex- In this paper, both temperature-sensitive and shear-sensitive lig-
ists, the transition zone length indicated by the distribution of heatd crystals were used to visualize the development of turbulent
transfer rate along the wall is longer than that indicated by theedges in laminar boundary layers under a zero pressure gradient
boundary layer shape factFhe opposite is true when an adversend two different levels of favorable pressure gradients. The pur-
pressure gradient is presgriBlair suggested that it is because apose of this work is to investigate the different effects of pressure
gradients on the momentum and heat transfer processes involved

Contributed by the Fluids Engineering Division for publication in tl®BNAL i the growth of turbulent region in a laminar boundary |ayer and
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division . . . . :
January 15, 2002; revised manuscript received September 16, 2002. Associate Eo‘im‘l.s obtain further 'nS|ght about the difference in the behavior of

V. Otiigen. transitional momentum and thermal boundary layers. The result
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Fig. 1 Schematic diagram of the test section

from the present study would be expected to have an important Pressure gradient distribution
implication to the modeling of transition in boundary layers over
gas turbine bladefl1]. 157 - Ki
. . K x10° 101 .
Experimental Facility 05 | s
#‘ﬂ

The experiment was conducted in the Farnborough wind tunnel 0.0 - — g
at the Goldstein Laboratory, the Manchester School of Engineer- 0 02 04 06
ing. The wind tunnel has a test section of 460 mAO7 mm. The X, (m)

maximum velocity in the test section is about 28 m/s and the

freestream turbulence intensity is about 0.3%. Both the top apgh 3 velocity and pressure gradient distributions for the mild
two side-walls of the test section are made of glass to allow opti1) and strong (K2) pressure gradient cases

cal access. A test plate 25 mm thick and 625 mm long was

mounted horizontally across the entire width of the test section.

The plate has a 1:3 superelliptical leading edge, which according

to Narasimha and Prasai2], helps to minimize flow separation periment produced accelerating flows with a constant pressure
and premature transition at the leading edge. A schematic skelgh yiant parameter ¥0.25< 10" ° and 1.0< 107, respectively
of the test section is shown in Fig. 1. In the present experime ' : X '

tests. It was found that by setting the plate at a one-degree nega;,
tive incidence and the trailing edge flap at 20 deg a fully attachg e data for comparison.

laminar boundary layer around the leading edge was obtaine The turbulent wedge was generated by a 1.1 mm diameter

Spanwise surface pressure measurements also con(])‘irmed that iR | sphere, which was glued on the test surface at a distance of
boundary layer flow was two-dimensional over 75% spanwisgsz mm from the leading edge. The local boundary layer thick-

width of the plate_. T ness was about 2 mm and the Reynolds number based on the local
For the tests with shear-sensitive liquid crystals, the transparep mentum thickness ranged from 200 to 450 for the three test

the_rmoplastic test _sur_face was coat(_ad with water-_based matt bl%(é es. According to Haltl3], a critical Reynolds number Ref
paint before the liquid crystal coating was applied. The wategn, has to be reached in order to initiate a turbulent wedge im-
based blac_k paint is _fre(_e of chemical contaminants and thus p 2diately downstream to the roughness. Herg=Ree/v, d is the
longs _the life of the liquid crystals. In order to track_ the thermi;ight of the roughness which is the diameter of the spheraiand
footprint of the turbulent wedge, another plate consisting of mus 1o velocity in the undisturbed boundary layer at the height of

tiple layers (see Fig. 2 was constructed. The test surface Wag,e 1o ghness. In the present experiment, this Reynolds number
heated uniformly with a 0.1 mm thick metalized film, which wa s estimated to be at least 1000 for all the test cases and is

connected to a DC power supply through metal foil strips adher ; o
along the edges of the film. A 14 mm thick Styrofoam sheet Wags bstantially greater than the critical Reynolds number.

glued to the back of the test plate to reduce the heat loss by
conduction.
The favorable streamwise pressure gradients were achievedTdye Liquid Crystal Techniques
attaching a flat transparent thermoplastic sheet at different angles . o . )
to the ceiling of the test sectiofsee Fig. 1 At the maximum Shear-Sensitive Liquid Crystals. Shear-sensitive (chiral

operating velocity, the two wedge angles used in the present dematig liquid crystals are capable of responding to different lev-
els of surface shear stress by color chang@g, As the shear

stress increases, the color of the liquid crystals coating will shift
from rusty red through the visible spectrum to violet. Since at the
same Reynolds number, the surface shear stress underneath a tur-
L bulent boundary layer is considerably higher than that in its lami-
iquid crystals nar counterpart, the color variations displayed by the crystals can

Conducting strips

Matt black paint be used to differentiate a turbulent region from its laminar back-
e ground thus providing the information about the growth of a tur-
a— NMetalized foil bulent wedge.

w ; The shear-sensitive liquid crystal slurry used in the tests was
W ble-sided adhesive  sypplied by Hallcrest Ltd. and it is formulated for tests at a
Perspex Plate freeestream velocity up to 30 m/s. To apply shear-sensitive liquid

crystals to the test surface, the slurry was first heated to its clear-

ing point at about 50°C and then brushed along the surface using

Styrofoam sheet an artist paintbrush. The crystals form a sticky wet film over the
surface with an estimated thickness of aboutu30 based on the
Fig. 2 Schematic diagram of the heated plate used with amount of crystals used and area of coverage. The film will be
temperature-sensitive liquid crystals sheared slightly and reach a dynamic equilibrium under the im-
268 / Vol. 125, MARCH 2003 Transactions of the ASME
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Fig. 4 Schematic diagrams showing the lighting and recording arrangement in (a) shear-sensitive

and (b) temperature-sensitive liquid crystal tests

pact of the local time-averaged surface shear stress. But it is tiguid crystal temperature and is independent of the local illumi-
lieved that the displacement of the crystal top layer is small amétion strengti14]. The calibrated relation between temperature
does not alter the no-slip condition at the wall. and hue for the crystal coating used in the present experiment is
Two 1 KW halogen lights were found to give desirable illumishown in Fig. 5.

nation of the liquid crystals when projected from downstream at The electrical power used to heat the surface was controlled by
each side of the test section. The liquid crystal color changasDC power supply with digital display of current and voltage
produced by the turbulent wedge were recorded at an anglesettings. In order to maximize the color variations shown by the
54.5 deg to the horizontal plane through the top glass windoevystals, the power was adjusted to a level that the surface under a
from a downstream viewpointsee Fig. 4a)). No attempt was laminar boundary layer began to show blue color. The magnitudes
made to calibrate the crystal color play against shear stress in tiecurrent and voltage were recorded for each test case, allowing
present tests. the heat flux applied to the surface to be calculated.

Temperature-Sensitive  Liquid  Crystals. Temperature- Flow Visualization Results
sensitive(encapsulated cholesterioquid crystals show variations
of color from red through the visible spectrum to blue as tempera-
ture increases. Since at the same Reynolds number a turbufenli
boundary layer exhibits a higher heat transfer rate than a lami
boundary layer, under the same surface heat flux the surface t
perature beneath a turbulent boundary layer will be lower than

In the present experiment, all the color information was re-
ed using a digital video camera. Figures 6 and 7 show the
ace color variationgraw data displayed by both shear-
a%r_\sitive and temperature-sensitive liquid crystals at zero, mild
d strong favorable pressure gradients, respectively. In Fig. 6, the

laminar counterpart, making the thermal footprint of a turbule §m|nartr%gloqhaﬁp?‘ars 'E rustyhred whereas tlhe turblglenttr:egtlon
region visible. This method has been used successfully by Zho@ oclated wi Igher snear Shows green color, making the tur-

et al. [5] to visualize the growth and development of individua lent wedge clearly visible. Distinct color variations were also
artificially created spots in a water tunnel experiment. observed from the temperature-sensitive liquid crys(glg. 7)

The temperature-sensitive liquid crystal slurry used in this e vhich showed reddish color in the turbulent region and blue in the

periment was supplied by Thermographic Measurements Ltd. inar region respectively. It can be seen that the spreading an_gle
has an active color bandwidth of 5°C, showing red at 22°C a the wedge decreases as the level of favorable pressure gradient
blue at 27°C. The slurry was mixed with adequate amount of
binder and sprayed on to the test surface using an artistic airbrus” s - = — —
The crystals form a dry surface coating with a thickness not
exceeding 3Qum. Two 60 W fluorescent strip lights were clamped 2.7 1
at each side of the test section to provide a uniform illumination
to the crystal coatingsee Fig. 4b)). The liquid crystal images
were recorded with the axis of a video camera normal to the tes g |
surface. o

The calibration of temperature-sensitive liquid crystals color=2 0.4 -

¥

play followed a standard procedure. The crystal color play was
calibrated against the temperature reading from a thermocoupl
glued on the surface with the same lighting and recording arrange
ment in the experiment. The color information was recorded using
a digital video camera and was subsequently processed in Matla 4 -
Upon loading into the Matlab, the color signals at each pixel were
represented in form of red, green, and blue color componen 0+ '
(RGB). The RGB signals can be further converted into color sig- 20 22 24 26 28
nals represented in form of hue, saturation, and intensi$l Temperature (°C)
signalg. Among the HSI signals, hue signal alone is commonly
used as the color index in processing temperature-sensitive liqeig. 5 Typical hue-temperature calibration curve for
crystal images since it is a simple and monotonic function eémperature-sensitive liquid crystals

06 -

0.3 4

0.2 4

T T
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Fig. 6 Turbulent wedge shown by shear-sensitive liquid crys- Fig. 7 Turbulent wedge shown by temperature-sensitive liquid
tals (raw data) crystals (raw data)

increases, which is consistent with the observations made by otifi-this method was given in Clark et @lL0]. For the images from
ers researchers on turbulent spots using other experimental matiear-sensitive liquid crystals, since the color calibration was not
ods such as hot-wiref15,16. The side-wall contamination zonescarried out, the color intensity was used directly to obtain the
on each side of the plate are also clearly visible. It is seen thgireading angle of turbulent wedges. Here the color intensity is
the side-wall contamination zone is smaller at the mild pressunsed instead of hue, since the intensity signal shows more pro-
gradient than that to the zero pressure gradient case andnatinced variations across the turbulent wedge. It is known that
the strong favorable pressure gradient it almost disappeaing color changes in shear-sensitive liquid crystals depend on both
completely. the magnitude of shear stress and angle between the shear vector
It should be noted that the images obtained with shear-sensitased the viewing direction|3]. However, the direction effect is
liquid crystals were taken at an oblique angle from a downstreatonsidered to be small in the present test since in an averaged
viewpoint(see Fig. 4a)). Hence the lateral spreading angle of theense its variation is not greater than 10 deg which is the spot
turbulent wedge obtained directly from the original images is expreading angle for the zero-pressure-gradient case. The contours
pected to be larger than its actual value. Therefore a perspectdfecolor intensity (shear stregsand heat transfer coefficient de-
transformation of the images is necessary to correct this ermuwced from the liquid crystal images are shown in Fig. 8 and 9,
before the results can be compared with those from thespectively.
temperature-sensitive liquid crystal images which were taken with Typical spanwise distributions of heat transfer rate and color
the camera axis normal to the test surface. The transformation viaensity obtained from the two types of liquid crystals are given
performed in Matlab by taking into account the camera positidn Fig. 10. It can be seen that the heat transfer rate stays at a
relative to the plate and the camera settings with the algorithconstant level in the laminar flow region and increases dramati-
documented by Goniex [17]. cally to the turbulent level inside the core of the turbulent wedge
In order to determine the lateral spreading angle of the turbuleifig. 10(a)). In contrast, the color intensity shown by the shear-
wedge more accurately, the color information of the images waensitive liquid crystals is high in the laminar region and is con-
represented in form of hue, saturation and intensity signals. Fsiderably lower inside the wedg&ig. 1Qb)). Note the fluctua-
the images from temperature-sensitive liquid crystals, hue wsns in the color intensity were caused by the strokes of the brush
further converted into temperature using the color calibratiamsed to apply the crystal coating.
curve shown in Fig. 5. In the present test, since the total heat fluxThe boundary of the turbulent wedge can be determined by
required to heat the surface was known, the convective heat flimking the intersection point of the line representing the nearly
can be calculated by subtracting the heat losses radiation from tdumstant heat transfer rate/color intensity in the laminar region to
top surface and conduction from the back of the model. The coifte line that depicts the steep change near the boundary of the
vective heat transfer rate from the surface can then be determimeetlge as shown in Fig. 10. It can be seen that the edge at
by dividing the convective heat flux by the temperature difference 162.5 mm is located at abomt=25 mm for both types of crys-
between the surface and freestream. A more detailed descripttals at the zero pressure gradient. This process was repeated on
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finding from the present study appears to be consistent with the
finding of Blair [6], i.e., in a transitional flow subject to a favor-
able pressure gradient, the thermal boundary layer establishes the
fully turbulent flow state more slowly than its momentum coun-
terpart. The difference in the spreading angle observed in the
present experiment seems to provide an explanation for the incon-
sistency in transition zone length indicated by the distribution of
heat transfer rate and boundary layer shape factor reported by
Blair [6] and Sharma7].

In the present experiment, turbulent wedges were found to
spread at an average angle of 6.4 deg in a zero-pressure-gradient
boundary layer. This result is consistent with that of Zhong et al.
[5] who obtained a 6.5 deg angle for turbulent spots in zero-
pressure-gradient flow using temperature-sensitive liquid crystals.
However, this value is smaller than the widely reported values of
10 deg,[9,16,14. Since the local Reynolds number based on the
momentum thickness at the roughness is about 450 which is rea-
sonably large, it is unlikely that the smaller angle is due to the low
Reynolds number effect. In order to identify the cause for the
smaller spreading angle obtained, a series of supplementary mea-
surements were carried out using hot wires and an array of
surface-mounted hot films for the zero-pressure-gradient case.

It is known that a turbulent wedge contains a fully turbulent
core bounded by an intermittently turbulent region as shown in
Fig. 11. Therefore it is worth checking if the smaller spreading
0 005 0410 015 020 025 angle obtained is because the liquid crystals only responded to the
fully turbulent region in the turbulent wedge. A spanwise array of
DANTEC surface-mounted hot films were consequently fixed
across the edge of the turbulent wedage-@5 mm) detected by

x(m)

04 05 1 the liquid crystals at a streamwise location 162.5 mm downstream
of the surface roughness. The spacing between consecutive sen-
Fig. 8 Contours of color intensity obtained from shear- sors was about 7 mm and the signals were sampled simulta-
sensitive liquid crystals, (a) K=0, (b) K=0.25X10"° (c) K neously at5 KHz. Itis clear from the signals shown in Fig. 12 that
=1.0x10"° atz=12.3 mm from wedge centerline the flow was fully turbulent

suggesting that the measurement point was inside the turbulent
core, whereas &= 33.3 mm the flow was laminar indicating that

both sides of the turbulent wedge at several streamwise locatioh’ as_t(:utstlldet thbe ;lve?g(‘ez.ltlga; also bz seen t?at trt1e| flow was
Finally the wedge spreading angle was taken as the half includ® thrml ently turbu elnb a t_ f t. tr)nrln an H‘t’:"gg gmos Tf;\]mlnar
angle between two straight lines that depict the envelope of t th very occasional burst of turbuience ->Mmm. There-
wedge(see Fig. 1L A summary of the spreading angles found fof°® the edge of the turbulent wedge detected by the liquid crys-
all of the test cases is given in Table 1 tals (z=25mm) is located in the outer part of the transitional
The main sources of errors in determining the relative values §9ion- This suggests that the sensitivity of the crystals is suffi-
spreading angle obtained from the two types of liquid crystals afient to respond to the |nterm_|ttently turbulent flow and is not the
the spatial resolution of liquid crystal images and the uncertainf?USe for the smaller spreading angle found. Furthermore, it can
associated with perspective transformation of the images frgfff S€€n that the region associated with the rapid changes in heat
shear-sensitive liquid crystals. For the present experimental Seggnsfer and shear stress from the laminar level to turbulent level

the spatial resolution is 0.5 mm/pixel and the error due to persp&tlOWn in Fig. 10 actually corresponds in location to the transi-
tive transformation is 0.2, 0.14, and 0.05 deg for=0, 0.25 tonal region in Fig. 11. o )

x ~6 and 1x 10°%, respectively. Therefore for the above three test _Now that the sensitivity issue of the liquid crysta_ls is excluded,
cases, the total error in the spreading angles is estimated to'dg felt that the only reason for the smaller spreading angle found
+0.6, +0.4, and+0.3 deg, respectively, for temperature-sensitivg1USt be that the spanwise cross section of the wedge has a three-
liquid crystals and+0.7, +0.5, and+0.3 deg, respectively, for |menS|ona_I shape and thus a smaller width at th_e wall thar_l fl_Jr-
shear-sensitive liquid crystals. ther away in the boundary layer as shown in Fig. 13. This is

similar to the “overhang” observed by Gad-el-Hak et 9] at
. . the leading edge of a turbulent spot. In order to verify this hypoth-
Discussion of Results esis, simultaneous measurements were carried out using surface-
Comparing the results shown in Table 1, one can see that th@unted hot films and a hot wire at=162.5 mm from the rough-
spreading angle indicated by the temperature-sensitive liquid cryss. The hot wire was fixed at 0.6 mm above the surface and at a
tals was nearly the same as that by the shear-sensitive liquid crgganwise location Z=26.3 mm) slightly outside the edge de-
tals in the zero pressure gradient case. However, at the mild facted by the crystal coatings. The signals obtained from the hot
vorable pressure gradient, the spreading angle of the thermate and two film gauges are shown in Fig. 13. It can be seen that
footprint was about 20% smaller than that of the shear stress foatthough the hot wire clearly picked up the turbulent flow as the
print of the turbulent wedges. The difference is more pronouncéitm gauge located ar=19.3 mm did, the film gauge directly
at the strong pressure gradient where a difference of 31% waaneath the hot wire saw an essentially laminar flow. This obser-
found. These results suggest that a turbulent region grows in tration confirms the presence of an overhang in the spanwise di-
spanwise direction at different rates in momentum and thernraiction. Being such, the spreading angle of the wedge in the outer
boundary layers. In a transitional boundary layer, a smallgart of the boundary layer has to be larger than that at the wall in
spreading angle corresponds to a slower spanwise growth of tarder to acquire a larger spanwise width. Therefore a smaller
bulent spots and a longer transition zone length thus results. T8@eading angle measured at the wall with liquid crystals is not
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Fig. 11 Linear best-fit of the boundaries of a turbulent wedge
(x=162.5 mm, K=0). The symbols represent the edge of the
wedge found from the liquid crystal images at a number of
streamwise locations.

Table 1 Summary of spreading angles of turbulent wedges

K 0 0.25x10°© 1.0x10°8
SSLA®) 6.4 55 3.4
TSLC(°) 6.3 4.4 2.4

Difference (%) 0.3 20 31

unexpected. It is also worth noting that almost all the researchers
who obtained a larger spreading angle used hot wires as the key
experimental apparatus for their measurement. Because of the
physical size of a hot wire, the measurement has to be carried out
at a certain distance away from the wall where the edge of the
turbulent wedge stretches further outwards than at the wall in the
spanwise direction.

Based on the above results from the supplementary measure-
ments with surface-mounted hot films and a hot wire, the reason
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for the smaller spreading angle obtained with liquid crystal coapirical relations for the spot growth rate have to be used in order
ings becomes clear. It is because the spanwise cross section oftthebtain the correct transition zone length for momentum and
wedge has a smaller width at the wall than further away in thteermal boundary layers, respectively. This study also showed that
boundary layer rather than the insensitivity of the crystal coatinthe spreading angle of a turbulent spot/turbulent wedge at the wall

Therefore the results from the present study are valid. is different from that further away in the boundary layer due to its
) three-dimensional cross-sectional shape. Therefore for more accu-
Conclusion rate prediction of both surface shear stress and heat transfer rate

Turbulent wedges induced by a three-dimensional surfalle® Spot characteristics measured at the wall should be used.

roughness placed in a laminar boundary layer over a flat plate
were studied for the first time using both shear-sensitive anttknowledgments
temperature-sensitive liquid crystals. The experiments were car- . . .
ried out at a zero pressure gradient and two favorable pressurd € WOrk reported in this paper is sponsored by the Engineer-
gradients. The purpose of this investigation was to examine thd @nd Physics Science Research Council in the UK.
spreading angles of turbulent wedges as indicated by their associ-
ated surface shear stresses and heat transfer characteristicsN@ienclature
hence obtain further insight about the difference in the behavior of | _ o ive heat transfer coefficient. Wi
transitional momentum and thermal boundary layers when a K = pressure gradient parametir— v/UZ’(dU/dx)
streamwise pressure gradient exists. Re — pRe noldsgnumber P ’ 0

It was found that under a zero pressure gradient the spreading T sur¥ace temperature. °C
angles indicated by the two types of liquid crystals are the same, U = freestream \?elocit ’m‘§
but the difference increases as the level of favorable pressure gra- =~ . locity, .
dient increases with the angles indicated by temperature-sensitive Xo = streamwise distance from leading edge of test plate,
liquid crystals being smaller. Since in a transitional boundary " = rs?reamwise distance from surface roughness, m

layer a smaller spreading angle corresponds to a slower spanwise ~ . . .

growth of turbulent spots and thus a longer transition zone length, z = spanwise distance from centerline of turbulent wedge,

the result from the present study implies that under a favorable _ Ln L ity rhs—1

pressure gradient the thermal boundary layer will reach a fully v = Kinematic viscosity, ms

turbulent state more slowly than its momentum counterpart. This

finding seems to provide an explanation for the inconsistency References
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e-mail: naughton@uwyo.edu Impulsively started impinging jets were experimentally investigated in a water tank uti-
lizing a fluorescent dye technique. The jets were examined prior to and subsequent to
William R. Lindberg impingement. The impingement surfaces included a flat surface and a two-dimensional
Professor semicircular concave surface. The normalized jet-to-surface distance and the jet Reynolds
e-mail: lindberg@uwyo.edu number were varied in this study. Using digitized flow visualization images, the jet tra-
jectories, front velocities, growth rates, and convective velocities of large-scale turbulent
Department of Mechanical Engineering, structures were quantified. A central conclusion of this investigation is that, for all cases
University of Wyoming, studied, the jet-front velocity varies with the square root of time. These results are impor-
Laramie, WY 82071 tant to applications that might use starting or pulsed jets for heat transfer enhancement

and in combustion processg9OI: 10.1115/1.1537255

Introduction path length is of the same form in both the steady free jet and the
. . steady wall jet[8]. The front velocity of a wall jet developing on

. Th's paper reports the_resqlts .Of an e>_<per|mental _study Of.Staé{'surface with curvature also exhibits the same functional behav-

ing impinging jets. Starting impinging jets are of interest in

for as normally impinging and free starting jets. It is concluded

variety of applications, including enhanced heat transter, MIXINEhat all of these physical similarities occur because these flows are

and cor_nbus_ti_on processes. This interest results from potential fH'rtiaIIy dominated, with wall shear playing only a minor role in
crease in mixing, surface shear stress, and heat transfer rates Y&nitial transient f,Iow dynamics

tive to steady impinging jets. A starting impinging jet can be
treated as a starting free jet before impingement and a starting
wall jet thereafter. Although steady wall jets have been studied Experimental Setup

detail (see Refs_[l] _and_[z] for reviews, the starting wall jet that The experimental system is shown in Fig. 1, where a schematic

. et L im Ace & the starting jet is shown ina), and the flow visualization
tion. Prior investigations of free starting jetsee, for example,

o . ystem is shown ink). The experiments are carried out in a
Refs.[3-5]) have revealed that the front velocity is proportion: lexiglas tank of 1.2 1.2 m cross section and 0.7 m deep. A

- . . : "émaller tank is filled with fluorescein sodium dyed water and is
velocity in a steady jet at the same location. Lahbabi ef&l. sjtioned above the large tank. The apparatus provides a water
point out that the advancing jet width is proportional to the d'si%t that impulsively issues from a nozzle into a large tank of qui-
tance from the jet exit. Steady radial wall jets have been ext€fscent water and impinges on a surface. The nozzle has an exit
sively studied using both similarity analysis and experimést®, yiameterd, of 3.18 mm, and an upstream contraction ratio of 8
for example, Refs[6—8]). These studies have shown that theyoyides a uniformly distributed velocity profile at the jet exit.
maximum velocity is inversely proportional to the radial lengthne jet velocity, which is calculated from the flow rate and the
scale, and the jet width is proportional to the same length scajgyzzle diameter, is controlled by the water level difference be-
One study has considered the impingement of an unst@ady yyeen the two tanks. A solenoid valve is used to start the jet
sating jet on a surface, with the objective of studying the enym,isively so that no significant amount of dyed water is re-
hanced heat transfer characteristi®], To the authors’ knowl- |aased prior to starting the jet.

gdgfe, the trajectory and front. velogltles of a starting wall jet after g, the majority of the plane wall impingement studies, the
impingement have not been investigated. ) water surface in the tank is used as the impingement surface,
' In_ the present study, |ncompre$S|bIe, homogenOUS, am_symmg,trmar”y for the ease of adjusting the jet-exit-to-impingement-
ric, impulsively started turbulent jets are experimentally investisoint distance ). The surface tension of tap water is sufficient
gated using quantitative flow visualization. Flow visualization hag, suppress any disturbances, and, although there may be some
been eﬁectlvely.used in the past to characterize unsteady jet ﬂo‘%undary slip, it can be shown that boundary shear is not impor-
particularly the jet front propagatiofsee, for example, Reff3],  tant to the propagation of the wall jéhis point is discussed in the
[5]). Both the starting free jet and starting wall-jet flows have beegy,nendiy. To investigate the effect of curvature on impingement,
studied with an emphasis on the measurement of jet trajectorigiss plane surface is replaced by a solid curved surface. A fluores-
front velocities, growth rates, and convective velocities of turbysapt dye technique is used to visualize the flow. Fluorescein so-
lent structures. In_addltlon to investigating jet impingement on flgfi,;m dyed water fills the tubing leading to the jet exit before an
surfaces, jet impingement on one curved surface has also b@gReriment begins. To observe the jet, the test section is illumi-
studied to investigate the effect of surface curvature on the wallated from either the sides or the bottom of the tank using two
jet development. _ _ focused filament lights that produce a light sheet approximately
_ The results from this study suggest that, when nondimensiongls ¢y thick. The time-dependent jet-flow behavior is recorded
ized using the appropriate variables, the front velocity of the Sta[}‘sing a 768 484 pixel CCD camera with a zoom lefs2.5—75

ing wall jet behaves in the same manner as a starting free jet. Thi;) "that is mounted perpendicularly to the illumination plane.
similarity complements previous research that showed that e camera is computer controlled using an image capture board
functional variation of the mean jet velocity with the trajectoryq imaging software. Digital images are first buffered in the im-
age capture board and then are transferred to the computer for
“To whom correspondence should be addressed. storage and analysis. By storing a series of images during a test, a

Contributed by the Fluids Engineering Division for publication in tiee/BNAL ; ; : ; :
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisiondynamlc picture of starting jet develOpment IS Captured'

December 20, 2001; revised manuscript received September 19, 2002. Associatg—he experimental Conditions for eaCh.teSt are summarized in
Editor: V. Otligen. Table 1, and the coordinate frame and important parameters for
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Fig. 1 Schematic of experimental setup: ~ (a) starting jet test apparatus, and  (b) flow visualization

arrangement

free and impinging jets are shown in Fig. 2. Cases 1-5 wedéferent times during its evolution. These series of images dem-
selected to cover a range of impingement heights and a smatistrate the ability of this analysis procedure to highlight the jet
range of Reynolds numbers for jet impingement on a flat surfadeont and other large-scale features of the flow. Note that the lower
Past experimental results have shown that the free jet behaviob@indary of the wall jet in Fig. 3 is not visible due to the lack of
a weak function of Reynolds numb¢B,4], and impinging jets are scattered light in this region caused by low dye concentration and
independent of impingement height whenis greater than sev- partial blockage of the illuminating source by the jet front. In Fig.
eral jet diameterd,7]. Results from the free jet portions of theses, the jet boundary that appears to intersect the wall is an artifact
tests validated the quantitative visualization technique used hedag to light reflection from the wall.

whereas the wall-jet portions of these experiments established th&everal qualitative observations can be made from these im-
appropriate scaling for wall jets in the absence of curvature. Casges. First, both figures display an initial free jet that impacts on
6 was then used to compare the scaling for the wall jet witihe wall and, after a transition period, evolves into a wall jet. In
curvature with the more detailed results for the wall jet withouboth cases, it is evident that the macroscopic motion contains fine
curvature.

Image Analysis Approach

The digital images that captured jet development were exam-
ined quantitatively and qualitatively. For example, the edge-
enhanced images were analyzed to determine the jet-front position
of both the free and impinging jets. In addition, analysis of the
steady portion of the jet allowed for the determination of the jet
width and convective velocities. A brief description of these quan-
titative methods used is given below, but a complete description
can be found in Lai et al[10]. In addition, digitally enhanced
sequential images were examined in slow motion in order to ob-
serve many of the details of the evolving flow.

(@

Jet-Front Analysis. To ensure consistency and reduce subjec-
tivity in determining the jet-front location, an automatic image-
processing procedure was developed and applied to the sequence
of images in each experiment. First, the background image was
subtracted from all jet images. Next, an edge detection algorithm
based on local derivative operatof4l], was applied to the im-
ages. This analysis yielded a sequence of images in which the jet
edge was highlighted.

Sequences of edge-enhanced images are shown in Figet 3
impinging on a horizontal free surfacand 4(jet impinging on a
curved surface These images show the starting jet at several

(b)

Table 1 Details of experimental conditions

Impingement
Case # of Tests Re H/d, Surface
1 1 7550 114 horizontal free
2 1 6600 147 horizontal free
3 1 6700 109 horizontal free
4 3 5400 115 horizontal free )
5 10 7800 83 horizontal free
6 5 4200 63 curved Fig. 2 Edge-enhanced images with important parameters: (a)
starting free jet and (b) wall jet
276 / Vol. 125, MARCH 2003 Transactions of the ASME
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Fig. 3 Edge enhanced images of a starting jet impinging on a
flat surface (case 4). The images shown were captured at (a)
2070, (b) 3670, (c) 6530, (d) 10620, (e) 15980, and (f) 21470

Uotl dy.

2 g Y
detail that varies from image to image. In particular, the structure Y
that makes up the jet front is strongly vortical, with embedded
turbulent structure. Another observation is that the wall jet along .t (f)

the curved surface travels at a higher rate than the wall jet on the ) L
flat surface. This occurs because the initial jet momentum in t lé%/: f slzlﬂg:csnh(igggdé?w}lgﬁs i?;;gz;arstwg Vdﬁtv'vn;‘rjéngénp%u?g daat
curved wall_Jet deflects prl_marlly in one (_Jllrecnon, whereas th 2) 730, (b) 1480, (c) 2230, (d) 3740, (€) 5260, and (f) 7920
momentum in the flat wall jet spreads radially. Ust/dy.

The location on the jet edge farthest from the oridime jet-
front position was determined in each image. To avoid picking an
isolated point, a front point was not considered valid unless there
were other edge points in thex® pixel neighborhood surround-  Jet Width Determination. In addition to identifying the jet-
ing it. Once a front point was identified, its location was storeffont position, the width of the jet could also be estimated. Since
along with the time of the image. By determining the distancine fluorescent dye acted as a passive scalar, its signal was used as
traveled by the jet front between several frames, the jet-front van indicator of the mixing between the jet and the ambient fluid.
locity was determined. Regions of high intensity existed at the jet exit, but the intensity
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decreased as the unseeded ambient fluid mixed with the jet. Gray 200
level values of certain points inside the steady wall-jet region

were retrieved from the images, and, by determining the location

of a specified gray level value, the wall-jet width was determined

at various distances from the impingement point.

150
Convective Velocity. Observations of the time evolution of

these impinging radial flows clearly revealed the advection of tur-
bulent structuregwhose origins were difficult to identijy It was
concluded that these structures were significant elements in the _
flow and should be investigated. The experimental methodology ¥ 100 F
involved examining the time variation of the image gray levels at &

fixed locations. Analyzing these intensity signals at several points
revealed the passage of turbulent structures. By determining the
time it took for these structures to traverse the distance between
consecutive points, the convective velocity was determined. 50 r

Uncertainty. The uncertainties of the measurements made in
this study are discussed in this section. The uncertainties in jet-
front position are+0.8d, in space and-1.2d,/U in time. The

uncertainty on Reynolds number is related to the uncertainty of a 0 : L ! : :

flow meter, which results in a 5% error in RéWVhere ensemble 0 20 40 60
averaging has been usédr example: to determine the mean jet (tUyd )1/2

front position, the run-to-run variations significantly exceed the oo

measurement uncertainty. Thus a 95% confidence interval around Fig. 5 Free-jet front trajectory

the mean value is used in those cases. Details of the uncertainty
analysis can be found in Rf12].

pingemenkt Based on these parameters, it is suggested that the
appropriate scales for these wall-jet flows &teand H?/(doU,)
Results for length and time, respectively.

In Fig. 6, the nondimensional wall-jet front trajectories mea-
ured for two Reynolds numbers are plotted versus the square root
if nondimensional time. The data points for case 5 are the en-
sethble average of 10 runs, whereas those for case 4 are the en-
Se(?’nble average of 3 runs.

Ithough the wall jet originates from the impingement of the
e jet on the surface, data in the impingement region are not
hown in Fig. 6 because the jet transitions from a free jet to a wall
jet in this region. Outside this impingement region, the wall jet
Jet Trajectory. The propagation of the starting free jet haglevelops as if it originates from a location within the impingement
been studied previouslisee, for example, Ref$3-5]). Using region (defined as the virtual origin of the wall jetFor conve-
appropriate nondimensionalization, the jet-front positiop d,)  nience, a new time coordinatg, is defined, where,, =0 corre-

the starting free jet and impinging wall jet. The results for startin
free jets, determined from enhanced images such as those in

2, are presented and compared with previous studies to valid
the quantitative flow visualization approach used here. Next, t
results are presented for starting jets impinging on flat and curvg

The focus of this study is the trajectory and the front velocity oé

surfaces. Finally, the width and convective velocities in the stea
wall-jet region are discussed.

can be expressed as sponds to the time at which the jet impinges on the surface.
1 The collapse of the data in Fig. 6 supports the chosen nondi-
Zj1 /do= a(tUg/dg) "+ 8. (1) mensional parameters. The data are fit closely by a line indicating

The experimentally determined jet-front position and linear least-
squares fits using Edq1) for cases 1-4 are plotted in Fig. 5. The
data for Rg=5400 are the ensemble average of three runs. The 1.5

virtual origin effects, reflected by the tergin Eq. (1), are often Re.. H/d
neglected becausgis close to zero. The lines included in Fig. 5 | d> P17 €0
have slopesy of 2.3 and 2.6. The latter value has been found 07800, 83

using an experimental method similar to that used Hé&ileAs in A 5400, 115
previous studiesq does not appear to depend strongly ony Re 1.0 F
[3-5]. These results indicate that the methods used in the prese
experiment to determine advancing jet front location yield values

similar to those found in other studies. % i
After impingement on a flat surface, the jet propagates alon¢s™
the surface as a wall jet. As with the starting free jet, two param-
eters can be used to characterize a wall jet: the initial wall-jet 0.5
momentum flux and the initial wall-jet diameter. These quantities
scale as follows: X
M; )
?NUOd ’ (2) 0.0 . ) 2 i !
D.~H 3) 0.0 0.5 1.0 1.5
w )

25172
. - . (twdoUyH")
whereM; is the initial momentum flux per unit magsonserva-
tion of momentum prior to and following impingemegiaindD,, is  Fig. 6 Radial wall-jet front trajectory with linear least-squares
the diameter of the initial wall jetimmediately following im- fit of the data (solid line ) shown
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Fig. 7 Important parameters for a jet impinging on a curved
surface 0.0

0.0 1.0 2.0

2,12
that the normalized jet front of the radial wall jet increases lin- (t,dyUy/H")

early with the square root of normalized time. The equation of th

line may be written as El'g. 8 Jet-front trajectory of the wall jet along a circular-arc

surface for case 6 with a linear least-squares fit of the data
(solid line ) shown

rit/H=a(t,doUo/H?) 2+ B, (4)

where 8~ 0. For this case, the slopeis 0.87. curvature is of the same order as the induced rotation of the vor-
A further objective of this study is to determine if jets impingtex, in contrast to the vortex structure of the flat plate impinge-
ing on a circular surface behave in a manner similar to jets inment flow.
pinging on a flat surface. To investigate curvature effects, a solidThe wall jet starting vortex is apparently unrelated to the start-
circular-arc surface with a diameter of 190 jet diametddg/@, ing vortex of the impulsively started free jet, as has been dis-
=190) is placed in the large tank. The jet origin is located at 6qussed by Gharib et gl13]. At the time of impingement; , the
jet diameters from the center of curvatune/d,=67). At this “formation number” (Uot; /d) for the present free jet flows is of
x/dg location, the jet axis intersects the solid curved surface attlze order of 50, and the formation number of the first image ac-
distance of 63 jet diameters from the jet exit/d,=63). A sche- quired following startup of the free jet is of the order of 10.
matic of the experimental setup and the important parameters faharib et al[13] conclude that the free jet initial vortex is over-
this case are shown in Fig. 7. A new coordinkig defined for the taken by the free jet for formation numbers greater than 4. Thus,
wall jet impinging on a semicircle surface, whelrgs the arc the starting vortex of the free jet should not have a significant
length from the impingement point to the projected jet-front poirgffect on the wall jet flows discussed here.

on the semicircular surface. Steady Jet Width. After the propagating jet front passes, the

The jet-front trajectory of the wall jet impinging on the curvedf . L .
: A = . "flgw behind the front approaches a steady flow with increasin
surface determined by ensemble averaging is plotted in Fig. '%e. In the present exggriments the run-i/ime limit imposed bg

using the same scaling that is used for the flat impingement ca € size of the tank is insufficient to determine the steady flow
The data again show that the nondimensional jet-front locatiQrl - .= "0 e o0 oo Lo oo ne  Therefore. the valuesydeter-
(I;s/H) increases proportionally to the square root of nondimer- y 9ing ' ’

sional time. Although similarities exist between flat impingemerﬂ1Ineci from images from several runs are averaged. The region

and curved impingement, the jet-front propagation rate of tﬁ%ithin the dashed linegindicated by(1) in Fig. 9 is the steady

curved wall jet @=1.94) is more than double that of the ﬂatwall-jet region. This region must be carefully chosen to avoid the

impingement casea=0.87). As suggested by Figs. 3 and 4, this
difference in propagation rate is most likely due to the radial
spread of momentum flux in the flat impingement case, where: €)) 2 3
the curved wall jet is spreading primarily in one direction. The
sensitivity of this result to curvature can only be assessed wil
additional tests in which the curvature is varied. q,
3

Jet Structure. Careful observation of sequences of flow visu-
alization frames provides insight into the difference in the growtt
rates observed for the normal impingement on a flat surface ai “‘3
the curved surface impingement case. In the normally impingin
jet, a vortex forms at the jet front upon impingement. This vorte»
grows in size(radially and normally to the wallas the jet spreads
such that its size scales with the impingement-point-to- jet-fror
distance. High momentum wall-jet fluid that overtakes this vorte;
is entrained. In contrast, a much smaller, flatter vortex forms whe
the impingement occurs on the curved surface. This vortea
qu'Ck.ly moves away fr_om the 'mp'“gemem point and_ grOWth. I%ig. 9 Definitions of coordinate system and normalized inten-
the size of the vortex is slow. Although this vortex still entraln§ity level profile: (1) the “steady” wall-jet region:  (2) a scan line:
h|gher momentum Wa”'Jet ﬂUId that Overtakes |t, |t doeS so at &]d (3) a normalized |ntens|ty prof"e on the scan line. The im-
much slower rate than the normally impinging jet. Observations @fje is the negative of an instantaneous result and is shown
the evolving flow indicate that the rotation induced by the walbnly for location reference.
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influence of the impingement region and the leading vortex rgt,8]. In the present research, the jet width is defined using the
gion, where strong mixing and three-dimensional flow occur. Noteormalized image intensity profil¢14], as shown in Fig. 9. In
that the points in this region are steady only after the leadinbis figure, the normalized intensity is the bold line indicated by
vortex has passed, which occurs at different times for differe(®). Averaged, normalized-intensity profilés,(r,y) at nine lo-

locations.
Scan lines(such as the one indicated 68) in Fig. 9) at nine

cations are shown in Fig. 10. Although there is only an inexact
connection between intensity and dye concentration due to non-

radial locations spaced approximately 15 mm apart are selectediitiform illumination, camera sensitivity, and scattering effects,
the steady wall-jet region. The normalized average image intensihe normalized intensity is used to determine a concentration

I normj @long each scan line is calculated for a given juf case
5 as follows. First, the intensity at each locatiany() along a

thickness.
In this study, the steady jet width has been determined for three

scan line is summed fa¥; images. These values are then normahkormalized-intensity levele).8, 0.5, and 0.2 as shown in Fig. 9.

ized by the maximum summed intensity along that scan line:

B =40LY)
Form, (F.Y) = max( =7, 1,(r.y))

i=1'1

®)

where Ii(r,y) is the intensity in a given image an; is the

The lower the intensity level, the closer the points are to the jet
edge(see Fig. 10 The jet width, as defined by these normalized-
intensity levels, changes linearly with increasing radius as shown
in Fig. 11. Thel ,o;mv= 0.2 width seems to exhibit the largest de-
viation from a line, but this deviation is likely due to the greater
sensitivity of this normalized-intensity level to the sample size

number of images in that given run. Next, the normalized averaggeq here. The |a9’_t]0rm:0_2 point may also be affected by the
intensity | o(1,y) (see the line labele) in Fig. 9) for the case |eading vortex structure. The plot shows that the choice of inten-

is determined by averaging over all runs for a given case:

N —
jzllnorm,j(r:y)

_ >
lnorm(r7y)=T7 (6)

whereN is the number of runs.

sity level does not affect the linear relationship between the width
and the radius. This conclusion is consistent with the previous
research by Poreh et &lL5]. The three wall-jet widths in Fig. 11
appear to intersect when extrapolated to a point orr thgis. To
verify this intersection, the experimental data are fit using the

The width of a steady wall jet is usually defined as the distané%”owmg linear equation:

from the wall where the velocity is half of the maximum velocity, h ( r )

190.7 mm

y (mm)

Fig. 10 Normalized intensity profiles at nine radial locations
for case 5 (horizontal dashed lines denote the base lines for the
subsequent radial locations )
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— =K

M

L (7
wherer,, is the intersection of the line on theaxis, andk is the
slope. The values af,, andk are tabulated in Table 2 for each of
the jet boundaries indicated in Fig. 11. The three values,aire
close to one another, which suggests thais the virtual origin of

the steady wall jet. The values kfbracket the accepted value of
0.09 for the spreading rate based on the point where the velocity
has dropped to half the maximum velocifyi]. Assuming the
same virtual origin indicated by the concentration thickness, the
predicted wall-jet width using the 0.09 value is indicated in Fig.
11 and lies close to the 0.5 concentration thickness value.

Convective Velocity of Coherent Structures. Large-scale
structures that convect in the direction of the mean velocity are
the primary mechanisms for the transport of mass and momentum
in the jet. These structures are not always evident in the images,
but their existence is suggested by intensity changes at locations
along the jet that indicate their passage.

40 =
Inorm
[ o 0.2 o
30 F gos
L A 0.8
E o |— — dyiardr
g£20 } Y12
= 1
10
0
50 100 150 200

¥ (mm)

Fig. 11 Radial wall-jet width at three normalized-intensity lev-
els for case 5
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Table 2 Linear fit parameters for the wall-jet width ~ (case 5)  using intensity variations from locations where the normalized
= intensities are 0.5 and 1.0. The calculated convective velocities at

I norm k Fw (Mm) these locations are equal to or greater than the jet-front velocity
0.2 0.251 66.5 for 1.0<r/r,,<3.0, the range in which these velocities have been
0.5 0.147 62.5 determined.

0.8 0.093 64.3

Certain patterns are evident in Fig. 12 where intensities agonclusions

g - h it rmed in a water tank. The transient, impinging jet studies have
maximum normalized average intensitie., I om=1.0). The peen directed toward further understanding the dynamics of start-
slanted solid lines identify disturbances indicative of Iarge-scajﬁg jets impinging on flat and curved surfaces. The quantitative
structures as they move radially outward. Flow disturbances &g visualization results from the starting free jet and steady wall
revealed by intensity variations evident at each of the locationsig compare favorably to prior studies.

Fig. 12. By following the peaks or troughs of these disturbancés\ynen starting jets impinge normally to a flat surface, the jet
as they travel radially outward, their radial propagation velocity igont propagates radially along the surface at a rate proportional to
determined. By repeating such calculations for many structur@g square root of time. The same functional behavior is found for
over ten runs, the average convective velocity of these cohergndtarting jet impinging at an angle to a curved surface. However,
structures at several radial locations can be determined. ConVggs curved wall jet front propagates at a faster rate than the front
tive velocities have been calculated from plots such as Fig. %Iocity of a comparable radial wall jet that forms when a jet
impinges normally on a flat surface. This result is attributed to the
constrained growth direction of the curved wall jet and not to
curvature effects. It is important to note that the jet-front velocity
of all of the impinged wall jets behaves similarly to that of the
starting free jet.

In the steady region of the jet impinging on the flat surfaee,
following passage of the initial vortical frontboth the growth
rate and the convective velocities have been investigated. As
found in previous studies, the steady wall jet appears to grow
linearly from a virtual origin. In addition, the convective velocity
of observed coherent structures propagates at a velocity equal to
or greater than the local mean velocity of the steady wall-jet flow.

This study provides jet propagation rates that could be impor-
tant in the development of combustion or heat transfer systems
based on unsteady injection. In a combustion application, the
propagation of the wall jet front indicates the penetration of an
injected fuel in gasoline direct injection process. In heat transfer
applications, the jet front dictates the onset of transient heat trans-
fer. The leading front vortex is observed to provide very strong
entrainment, so enhanced mixing could be accomplished by peri-
odic jet flows in many applications.

The implications of transient impinging jets to mixing/
entraining flows suggest the need for further study. The impor-
tance of these flows in a variety of applications together with the
need for understanding the basic mechanisms of these flows have
stimulated further work in this area, which will be reported at a
later date. For example, impingement surfaces with other curva-
tures should be studied to determine the effects of wall curvature.
Repeating similar experiments on flat inclined plates should pro-
vide clarification of the roles of curvature and inclined impinge-
ment in governing the jet front velocity. Finally, this study has
pointed out the striking similarity in the jet-front velocity in start-
ing free jets and impinged wall jets. Such similarity suggests a
physical equivalence in these various cases, where inertial and
free shear effects are dominant over wall stresses.

100
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Appendix tt_

A brief scaling argument is presented in this appendix to dem- t\,lv

onstrate that the wall shear stress plays only a minor role in the x
dynamics of impinging jet behavior. After impingement, a mean

radial velocity U,(r) and a jet thicknes$i(r) characterize the z
spreading radial wall jet. At any radial location, the radial momen-

radial force due to shear stress
jet-exit-to-impingement-point distance

pixel intensity value in gray level scalé8—255
normalized average image intensity for run
normalized average image intensity for a case
radial momentum flux of wall jet

initial momentum flux per unit mass

number of images

number of runs

radius limit of integration

jet Reynolds numbetUqdg /v

jet-exit velocity

mean radial velocity of wall jet

diameter of the nozzle

wall-jet width

index for an image in a particular run

index for a run in a particular case

steady wall jet growth rate

coordinate along the semicircular surface
jet-front position for jet impinging on semicircular
surface

= radial and wall-normal coordinates in the wall jet

wall-jet front location

virtual origin of wall jet

time

time of jet impingement

time associated with wall jet origin

the orthogonal distance from the semicircle center to
the jet centerline

axial coordinate in the free jet

zj; = free-jet front location
tum flux J(r) may be scaled as « = starting jet propagation coefficient
o 2A 12 B = virtual origin of starting jet
where A,(r) is the radial jet flow area (2rh). The net radial v = kinematic viscosity
force, from a radius beyond the initial jet impact zorie,$r,,) 0 = exit conditions
out to a radius ofR, resulting from wall shear stress may be 1 = first point of integration in wall jet
written as
R[1 R1 J(r) References
FD(R)f EpUrz(r) Cf(ZTFFdr)NJ chmdr, 9) [1] Launder, B. E., and Rodi, W., 1983, “The Turbulent Wall Jet—Measurements
Ry Ry and Modeling,” Annu. Rev. Fluid Mech15, pp. 429—-459.

whereC; is a local wall skin-friction coefficient¢10%). Be-
yond the initial transition region, the radiugs much larger than
R, and, behind the leading jet front, the radial momentum flux is
constant J(r)~J,) in the absence of wall friction. Thus, one may
write the above expression as

Fo ( cf)l RIr,—1
3\ 2k " Rifra—1
where Eq.(8) has been employed fdr(r). This scaling indicates
that the contribution of the wall shear stress to the radial momen-
tum flux J; is small(less than 1%, foR/r,,<150). For the initial
advancing front, the inviscid displacement of surrounding fluid is
the dominant mechanism controlling the flow dynamics, rather
than the wall stresses. The similarity of the frontal velocities for g
all of the cases studietWith and without wall shearis further
justification for this conclusion.

To demonstrate the validity of the argument given above, th
propagation of a jet impinging on a wall is compared to a jet

, (10)
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This study investigates the unsteady dynamics and inherent instabilities of a cavitating
propeller operating in a water tunnel. First, the steady characteristics of the cavitating
propeller such as the thrust coefficient are obtained by applying continuity and momentum
equations to a simple one-dimensional flow tube model. The effects of the tunnel walls as
well as those of the propeller operating conditions (advance ratio and cavitation number)
are explored. Then the transfer matrix of the cavitating propeller (considered to be the
most appropriate way to describe the dynamics of propeller) is obtained by combining the
simple stream tube model with the conventional cavity model using the quasi-static cavi-
tation compliance and mass flow gain factor representation. Finally, the surge instability
Division of Enginering and Applied Science of a pavitating propeller observed by. DL_JtnNei]er and Brepnen (2001) is examined by

California Institute of Technology’ cogpllng thg present model of the cavitation with a dynamic model for the water _tL_mneI.

Pasadena CA 91125' This analysis shows that the effect of tunnel walls is to promote the surge instability.
’ [DOI: 10.1115/1.1524588

Christopher E. Brennen

1 Introduction to model the dynamics of the cavitating propeller, and calculations
: : . are made for several cases with assumed cavitation characteristics.
In devices such as pumps, turbines, and mavine propellers, C‘?{'ally, we examine the stability of these cavitating flows by cou-

tation has many adverse effects including material erosion an : ;
performance degradation. In addition, it can give rise to instabift: "9 the propeller model with the dynamics of the water tunnel.

ties that do not occur in single phase flow. For example, high-
speed turbopumps often suffer from severe shaft vibrations dueato . A . :
cavitation instabilities such as cavitation surge and rotating cavi- Outline of the One-dimensional Flow Tube Analysis
tation. With ship’s propellers, the fluctuating cavity volume due to 2.1 Formulation of the Problem. Consider the one-
the interaction between the propeller and the wake of ship hull cgiimensional flow through a cavitating propeller in a water tunnel
be a significant source of noise and even severe structural vibga- shown in Fig. 1. The propelldcross-sectional area,) is
tion of the ship. The large body of work on propeller-hull interiocated on the centerline of the tunnel whose cross-sectional area
actions has been summarized by Weitendaif is A. We consider a stream tube containing the propeller whose
Recently, a surge instability, which had not been previouslyolumetric flow rate is denoted bg. For simplicity, it will be
reported, was observed by Duttweiler and Brenfizhin their  assumed that the flow is uniformly distributed across the propeller
experimental work on a cavitating propeller operated in a watgfream tube and is one-dimensional. Friction and mixing losses
tunnel. The phenomenon seems to be Similar to the We”-kno%tween the inner and outer flows are neg|ected' The low-
cavitation surge in pumpgBrennen[3]). This suggests that the frequency unsteady characteristics of the cavitating propeller will
dynamics of a cavitating propeller are system-dependent, wherggsanalyzed under the assumption that the flow can be represented
many investigators have implicitly assumed that propellers in WBy a series of quasi-static states.
ter tunnels have dynamic characteristics similar to those operatin@Referring to the propeller stream tube, the incoming and outgo-
in open conditions. In the past, studies of the cavitation dynamigfy volumetric flow rates are different due to the rate of change of
of pumps developed the concept of a transfer matrix, which chafe cavity volumedV,/dt, whereV, is the total cavity volume

acterizes the relationship between the fluctuating pressure ajiflthe propeller blades. The continuity relation yields
mass flow rate at inlet and outléBrennen and Acost@4]). In

determining the elements of transfer matrix, two important param- — 0 ga

eters were introduced, namely the cavitation compliance and the Uy —Up 8p=— _wﬁdx @)
mass flow gain factor. The cavitation compliance models the ef-

fective compressibility of a cavitating flow. The mass flow gain N * da

factor represents the response of the cavity volume to incoming Uza— Uy ap:J- de (2
mass flow rate variations. Later, this modeling of cavitating 0

pumps led to the important conclusion that cavitation surge and ufa,—usa,=dV,/dt 3)
rotating cavitation of pumps are caused by a positive mass flow pTP TR R

gain factor (Brennen[5] and Tsujimoto et al{6]). The above usa,+Uy(A—ay) —u;A=dV, /dt 4

background suggests that it is qseful to use th_e transfer m.at\%ereu and U denote velocities in the inner and outer flovas
\?vg%??ﬁgr:gl i?]fjczg)istgeth?ngg:ﬁisqgfe ?ch;/g%'rggtﬁerogzﬁg&ng%notes cross-sectional area of the inner tube, and the subscripts 1,
these flows. In the present study, we construct a one-dimensiog@?ndp’ respectively, denote quantities far upstream, far down-

f eam, and at the propeller. Superscriptand —, respectively,
flow tube model that includes the effects of the tunnel walls Fenote the outlet from and the inlet to the propeller. It has been

\évr?alllr:st:r?;/tlitégsir?crllut(?i?lgp;ﬁgetl:\%slt::g:ég?n S;lrjggr tgeesiggﬁ%eﬂ?#sumed that the velocities in the inner and the outer flows are the
effects of tunnel walls. Then, the transfer matrix approach is us§ me far upstream. The right-hand sides of E#jsand (2) rep-

sent the volume change of the stream tube upstream and down-
stream of the propeller; later these will be ignored for simplicity.

Contributed by the Fluids Engineering Division for publication in ticeJBNAL : _
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division The relation between the pressures far upstream and far down

February 1, 2002; revised manuscript received August 15, 2002. Associate EditorS§€am is obtained by applying Bernoulli's equation in the outer
L. Ceccio. flow as follows:
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Fig. 1 Propeller being operated at the center of axis
1 2 2 * dU 1 ) 1 . 0 du
Pz_Plzzp(Ul_Uz)_P de ®) pin:P1+§PU1_ SPUp P de

where the last term of the right-hand side is the inertia effect in théhere the last term is the inertance in the stream tube. Applying

control volume. Bernoulli's equation between the outlet of the propeller and far
Now, we calculate the thrust forde produced by the propeller downstream, we obtain

in three ways. First, applying the momentum theorem to a control

volume containing all the tunnel flow, we obtain 1
9 —5p(Ug* vt

&ud
——ax
ot

+2@

2
ux+ug a,

1 )
Pou= P2+§P
pUA+ P A+F=pU3(A—ay,)+ pusa,+ P,A+dM/dt. 0
1 1 1 a
_ o2 o +2, = ot 2( P _
Py+ 2pU2 2pu,D + 2p(U-|— u, cotpg) (a2 1)

The last term in the right-hand side is rate of the change of the
momentum in the control volume, represented by

dM  d

* *du
aPa Jim[ua+ U(A—a)]dx

—dx.

+p
o ot

d * * Then the thrust forc& follows as
BT [ua+U(A—a)—u;Aldx+ u;Adx
o o F=(Pour— pin)ap+P(u;2_u;2)ap
= i w%dx+A . u,dx 1 2_ )2 + o[ @
Pat o dt e =5p (u3—U3)+(Ur—u, cotB) a_2_1 a,
» d2V, » duy 1 dv, = g(u—U)
= —° —— — o(ut+uT) —= - =7
pfo a2 dx+pAf,x T 2 P(Up TUp) +pa”f_x a @
which yields For the purpose of the general discussion, we have considered
1 Vv all possible unsteady effects in the above formulation, namely the
F==p(u;—U)A(2uy+Uy—Up) + p(Up+ Uy) —— effects of volume change of the stream tubes in Efjsand(2),
2 dt the inertia effects upstream and downstream of the propeller in

Egs.(5), (6), and(8), and the inertia effect in the propeller in Eq.

(7) as well as the effects of the cavity volume chamé /dt in

Egs. (3) and (4). To evaluate many of these terms, we need to

. . know the shape of the stream tube, which is beyond the scope of
Second, we obtain the total pressure difference across the propgk present one-dimensional stream tube analysis. Consequently,

ler from the Euler head, some compromises are needed in order to proceed. First we ne-

+ ijw de . (6)

—®

deVCd
P o dt2 X

c dut glect the stream tube volume changes in E@s.and(2) on the
ADT=PUTvp=PUT(UT— u; cotB)—p— —_r basis that these cancel and thus produce no net perturbation within
sing dt the water tunnel. We note, however, that this superficial argument

where 3 andc, respectively, denote the discharge flow angle arf#ay n_eed further examination. Second, we neglect th_e inertance
the chord length of the blade. The last term in this equation ref'Ms in Eqs(5), (6), and(8) on the basis that past experience has

resents the inertia effect of the fluid in the blade passage. Since gyggested that we can consider these contributions to be lumped
static pressure differengg,,— p;, is given by into the other inertance contributions in the tunnel circuit. Again

this may need additional examination in the future. In summary,
we choose to examine only the unsteady effects associated with
dV./dt in Egs.(3) and (4).

Summarizing, we note that the eight equatigbsthrough(8)
contain eight unknownsJ,, u,, u;, Uy, 8, &, F, andP,
assuming that the propeller operating parameigrsP,, u;, the

+
C Up

1
— 2
Pour Pin=7 p(U7— U * cOP ﬁ)—Pm at

and the thrust force can be computed as

F:(pout_pin)ap+P(U;2_ng)ap

dV,  a,c du,

dt Psing dt -
7

1 _
= Ep(U%—u;Zcot2 B)ay+p(ug +uy)

discharge flow angleps, and the rate of change of the cavity

volume, dV,./dt, are given. Information on the discharge flow

angle B8 especially for cavitating conditions will be discussed in

the following subsection. The rate of change of the cavity volume,
dV./dt, will be modeled in Section 2.3.

Third, the pressurep;, and p,,; may be related to the upstream 2.2 Discharge Flow Angle. To quantify the discharge flow

and downstream conditions using Bernoulli’s equation:

284 | Vol. 125, MARCH 2003

angleB, we resort to an empirical model for the deviation angle,

Transactions of the ASME

Downloaded 03 Jun 2010 to 171.66.16.152. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



(the difference between the discharge blade aggland the dis- C-=F/LpU2a
charge flow angled), which takes into account the fact that the T 2P
deviation will be increased by the presence of cavities on the

propeller blades. .Specifically, we adopt the following empiricqhhereqs is the propeller flow coefficientalso used in describing
model for the deviation angle: pump flows. As shown later, if we decrease the incoming velocity
=0 for A>\g, u, the inner flow tube expands far upstream and its cross-
sectional area, reaches that of the tunné, at a certain value of
_, Up N u; . When the incoming velocity is smaller than this value, &).
Bz—tan U, 1=5—) for A>he (9  no longer applies. In such cases, the steady solution is obtained by
_ o settinga; =A andU,=0, and eliminating Eq(4), because it be-
where we have introduced the parameler o/2a, where o comes identical to the combination of Eqs)—(3).
=2(Pin— pv)/pU$ is the operating cavitation number of the pro-
peller anda:,Bl—tan‘l(up/uT) is the incidence angle on the pro-
peller blades. The argument for this single parameter represe
tion, 8(\), is that classical linear theorfulin [7] and Brennen
[8]) shows that the cavity length to chord ratio is a function onl

of N\ and consequently the expected deviation should similarl
q y p Y ump, because all the flow from upstream proceeds through the

a function of\. Though nonlinear and three-dimensional effect! i | i leak flow for simolicitand th
may generate departures from this simple functional dependerﬂ@pe er(assuming no tip lea age flow for simp icjtpn there
ho outer flow. For the cases witwWa,=2 and 10, a critical

. X th this simplification in thi i _ o
gp?)(arg)rg;;gp;gg:’)l/&;tigto proceed with this simplification in ¢ Igdvance ratiqapproximately 0.58 and 0.12 fé¥/a,=2 and 10,

Equation(9) has the properties that, if the cavity is smallis respectively exists at which the cross-sectional area of stream

large, the flow discharges from the propeller parallel to the blad&‘.b_e far upstreana, equals to that of thg duoh. l_3e|ow the
At the other extreme, when the cavity is very long—60), the critical advance ratio, the propeller works like an axial flow pump

propeller performance will be degraded and the flow turning angféth all fluid flowing through the propeller. The resuits féra,

through the propeller diminishehere may be a certain small =10 have been found to adequately represent the open condition

at which the propeller breaks down but this detail is neglected fg%/aﬁzéo) eX(f:ept at very IdO.W advagc? ratiﬁs, where the analysis
simplicity) The critical value,\.,, below which the deviation P'€aKS dOWnN Tor réasons discussed eisewnere.

begins, could be determined theoretically or empirically. This Ffilguresz(faf.)—.(c)‘]preserét tﬂe thrust coefficiefliIT, the prope(lj—
study will use a typical value ofg,— 1. er flow coefficientJ,, and the cross-sectional areas/a, an

a,/a, plotted against the advance raflp. For A/a,=2 and 10,

2.3 Cavity Volume Change. We assume that the cavity vol- as the advance ratio decreases, the flow coefficient decreases
umeV(Pin ,u’;) is a function of the inlet pressugg, and inflow gradually and the thrust cogffi_cient increases gradually. This i§
velocity u, . Then, the rate of change of the cavity volume can p@ecause, as the advance ratio is decreased, the propeller is taking
expressed as fluid from a wider upstream stream tube. The variations of the

thrust coefficient and the flow coefficient are more gradual than
dVv. dpi, du,; those for A/a,=1. However, below the critical advance ratio
ar KW’ dt (10)  where the propeller works like an axial flow pump, the flow co-
efficient rapidly decreases and the thrust coefficient rapidly in-
whereK=—dV./dp;, andM = —dV./du, are, respectively, the creases, and these variations are more significant thaA/
cavitation compliance and the mass flow gain fa¢Brennen and =1. The decrease in the flow coefficient is related directly to the
Acosta[4]). These important parameters are nondimensionalizedvance ratio, so that the slope of the flow coefficient in Fig) 2
as follows: gets steeper as the duct gets wider.
2 Given these steady operating characteristics, it is valuable to

ﬁ —— VelaR = pPUT2 Ve = pREQ? = i p_Qz consider the quasi-static response to low frequency fluctuations of
2 do a,R dp, 27R 27 R the incoming flow velocityu, . For illustrative purposes, we com-

pare the case oi/a,=2 with that for a pump A/a,=1). Con-
*_ _ —ﬁVC/aPR - _ i ‘9_\/‘"' - & M= i M sider first the case vr\)/hen the advance ratio is Iargepr than the critical
duy /Uy aR gu, 7R’ 7R? advance ratio. As the upstream flow velocity varies, the flow rate
. . through the propeller varies less whawha,=2 than whenA/a
where() is the rotational frequency of the propeller, akd and =1 (Fig. 2(b)). However, when the advaFr)\ce ratio is smallerpthan

i ; : . :
Mh are n(f)lndlmens;onal valuzsbof [t)he ca\lllltatlonch(;)mpllanlce a'ﬁqe critical value, this trend is reversed. If the propeller were cavi-
the mass flow gain factor used by Duttweiler and Brenf@nin a0 “these results would suggest that, at larger advance ratios,

this study, the values dt andM are estimated using free streamye mass flow gain factor will be smaller féva,=2 than that for

line theory(Otsuka et al[9] and Watanabe et gl10]). Ala,=1, whereas at smaller advance ratios, the mass flow gain
factor will be larger forA/a,=2. This is important since the mass
3 Steady Calculation flow gain factor is responsible for cavitation instabilities of turbo-
machinery and a large mass flow gain factor implies a more un-
stable system.
The surge instability of a cavitating propeller, reported by Dut-
discharge flow angleg, are specified. For the purposes of iIIus-tCV;ﬁiird abnyd aB;;%ZHﬁ/rEZJr}];Zsaﬂosc(zrgialtafa%ftocr?\#ﬁy g)ggrsrfﬁggt);wo

tration, we choose to present results for typical blade angles, di . . : :
different configurations of the propeller, one in which the propel-
andp,, of 25 deg. Moreover, the results are best presented us| is operated in front of a support fairing, and the other in which

the follllow;lng nondflfr_ngnst,]lonal dpa([?]metters; tﬁbe_ adtv afntcrf talia | the propeller is operated downstream of that fairing, and observed
lproge grf. OV\(/jcoef ul:Ilen p and a thrust coetficient ot the propet- yjiolent surge instability only for the latter case. The explanation
er Ly defined as follows: for this difference is unknown, but one explanation might be as

2
0=

3.1 Noncavitating Results. Results for the noncavitating
se(no deviation angleare shown in Fig. 2. Various values of
the cross-sectional area ratid/a,, were selected in order to
xamine the effect of the presence of the tunnel walls. The case
ith A/a,=1 corresponds closely to that of a typical axial flow

In this section, we discuss the steady flow solutions of Efs.
to (8) by eliminating the unsteady terms. Then, Ed3—(10) can
be solved provided the operating conditians P, Ut and the

J;=mu, /Ut follows. The presence of the fairing can be considered to be the
blockage, so that the effective flow path upstream of the propeller
Jp=md=muy/Us is smaller for the case with the propeller operated downstream of
Journal of Fluids Engineering MARCH 2003, Vol. 125 / 285
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Fig. 2 Steady characteristics of noncavitating propeller with the constant exit flow
angle of B=25deg. The propeller is located at the center of the duct with cross-
sectional areas of A/a,=1, 2, and 10.

the fairing. Figure o) indicates that the critical value of the 3.2 The Case With Cavitation. Figures 3a) and (b)
advance ratio is larger when the propeller is operated in the naresent the thrust coefficie@; and the flow coefficiend, plot-
rower duct. So, as the advance ratio decreases, the propeller caattlagainst the advance raflp for various cavitation numbers.
readily shift into operation as a pump. The result would be that tiecall that in this model the presence of the cavitation affects the
mass flow gain factor is larger for the propeller operated dowresults only by altering the exit flow anglg&q. (9)). Figure 4

stream of the fairing. shows the thrust coefficie; plotted against the cavitation num-
1 1.5
Non-cavitating

-
: ; i
- - U
c - 1 F
% Non-cavitating §
& 3]
[)]
g %% % =0.01

0.1 Q
77" > 05
2 z "
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Advance ratio, J, Advance ratio, J,
(a) Thrust coefficient, C;, (b) Propeller flow coefficient, J,

Fig. 3 Effect of cavitation number on thrust coefficient C and propeller flow coeffi-

cient Jp. The presence of cavitation is taken into account through the deviation angle
of the flow exiting from the propeller  [A/a,=2].
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ventional transfer function methodology, we linearize the
problem. For example, the upstream flow velocity is expressed by

U;=u; + R Ty exp(jwt)].

After substituting similar expressions for all the unknowns, Egs.
(1)—(8) are then divided into steady and unsteady parts and lin-
earized under the assumption of small fluctuations. The unsteady
parts of the equations consist of linear equations for the unsteady
components, the eight unknowhsk,, u,, ug, Uy , a1, @, F,
and P, as well as the quantitiesi;, P,, B, anddV,./dt. The
unsteady component @ is obtained by the linearized version of
Eq. (9), which diminishes for larger values of. The rate of the
change of cavity volumeV,/dt is given by Eq.(10).

The total mass flow rate and static pressure downst ream of the
propeller are defined downstream of the mixing of the flows in the

inner and outer stream tubes. The mass flow rate and pressure
after the mixingm, andP;, are obtained by applying continuity
and momentum conservation as follows:

Fig. 4 Thrust coefficient C; versus cavitation number o for
various advance ratios J,. The effects of cavitation are taken
into account through the deviation angle of the exit flow.

mMy=p[Uza;+Us(A—az)]=pusA

P,A+ pusa,+ pU5(A—a,) = P,A+ puj?A.

Tll
T21

T12
T22

ber ¢ for various advance ratiak, . Note that the deterioration of
the thrust coefficient as a result of cavitation is well simulated by
introducing the deviation angle due to the presence of cavitatiblsing these equations, we can relate the downstream fluctuations
modeled by Eq(9). to the inlet fluctuations using the conventional transfer matrix

Note also that the flow coefficient has a steeper slope agaiftennen[3]):
the advance ratio for smaller cavitation numbers as shown in Fig. T T
3(b). This is because, as the cavitation number is decreased, the { pz] _ { pl]
thrust coefficient decreases because of the losses through the de- m, my
viation angle associated with the presence of cavitation on the T
propeller blades. Then the flow rate through the propeller mu&pere p° and m are total pressure and mass flow rate,
decrease to compensate for the decreased thrust. The steeper SRERECtively.
of the flow coefficient against t_he advance _re_ltio means that they 1 Example Calculations. Figure 5 presents a typical cal-
flow rate through the propeller is more sensitive to the upstreajjation of the transfer matrix for an advance ratiaJgf 1.0 and
flow variation and the mass flow gain factor is larger becauseggct cross-sectional areas Afa,=1, 2 and 10. For illustrative
small advance ratio change makes a large propeller flow rgi§ynoses, values of the compliance and mass flow gain factor
change. This will tend to promote a surge instability. (K*/27,M*) of (0.1,1.0 are selected since these values are typi-

. . cal of those obtained by previous researchg8s5]. The change

4 Quasi-Steady Analysis of the exit flow angleg )i/spneglected for simplicity, assuming

In this section, we analyze the low-frequency unsteady charac<. Note thatT,, takes a similar value for all cases while there
teristics of the cavitating propeller. The system of equations coare large differences in the other elements of transfer matrix. If we
sists of nonlinear equations. However, in order to utilize the corensider the case with no discharge mass flow fluctuations, the
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Fig. 5 Calculated transfer matrices of the cavitating propeller for an advance ratio, J;=1.0, and (K*/2#,M*)=(0.1,1.0) and for
various values of A/a,=1(0 @), 2(A A), and 10(CJ M), where open and closed symbols denote real and imaginary parts of
matrix elements, respectively. The change of the exit flow angle of B is neglected.
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Fig. 6 Calculated transfer matrices of the cavitating propeller with Ala,=2 and an advance ratio, J;=1.0, for the various

cavitation numbers o=»(O @), 0.05(A A), and 0.01 (C] W), where open and closed symbols denote real and imaginary parts of
matrix elements, respectively

propeller operated in a wider dugfor exampleA/a,=10) might obtained by those investigations are shown in Fig. 7 for typical
be the most stable because of the large negative impedance walkues for the solidity(1.0), the stagger angled=25.0 deg) and
the small imaginary part of ,, and the large imaginary part of the number of bladeszZ(=5). Because Otsuka et al. and Wa-
Ty tanabe et al. examine only two-dimensional flows around foils,
Figure 6 shows the transfer matrix for an advance ratid;of the cavity size per blade is treated as a cross-sectionaMaga
=1.0, a duct cross-sectional areaffa,=2 and various cavita- (not a volumé and the scaling a8.=ZyRV, /2 is used as a best
tion numbers. The values oK('/2m,M*) are again set to be estimate. Note that*/27,M*) are functions of the parameter
(0.1,1.0 for all cases. Head deterioration due to the presence Pk /24, wherec is cavitation number at inlet to the propeller.

cavitation is implicitly included through the assumed changes in Now. rather than use the fixed valueskof and M* . we cal-

the deviation angle. All elements are affected by the head detegate the transfer function using the above relations between
rioration, but the stability does not seem to be significantl

: ; X %’K*/zw,M*) and\ = o/2«. Results are shown in Figs. 8 and 9
changed. The Imaginary parts of balthy andT,, are increased by for Ala,=2 and 10, respectively. Three cases with different up-
the head deterioration. G o .

stream cavitation numbets,,=0.15, 0.20, and 0.5 are examined.
4.2 Coupling With Streamline Theory. Otsuka et al[9] The advance ratid, is 1.0, which is larger than the critical value.
and Watanabe et gl10] have obtained the cavitation complianceNote that, only for the case with,=0.15, is the parametex
and mass flow gain factor of cavitating cascades by a free streame/2« less than unity and therefore only in this case is there head
line theory. Here, we utilize their results in order to assess appieterioration with increasing deviation angle. The cavitation com-
priately values ofK*/27 and M*. The values of K*/27,M*)  plianceK* /27 varies from 0.018 to 0.172 fok/a,=2 and from

1 1
S M
1)
S 5 o1}
- °
2 c
> 0.5+ o
g8~ & K*12r
3 *
o X 001}
L
n
L 1 L L I I L n n i I n 1 I I L n
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ol2a ol2a
(a) Steady cavity length (b) Quasi-static cavitation compliance

and mass flow gain factor

Fig. 7 Steady cavity length and the quasi-static cavitation compliance and mass
flow gain factor plotted against  o/2« obtained by a free streamline theory  (Watanabe
et al. [10]). [solidity =1.0, stagger angle B=25.0 deg, Z,=5].
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Fig. 8 Calculated transfer matrices of the cavitating propeller with Alap,=2 and an advance ratio, J;=1.0, for the various

cavitation numbers ¢ ,,=0.15(O @), 0.20(A A), and 0.50(CJ W), where open and closed symbols denote real and imaginary parts
of matrix elements, respectively. The values of cavitation compliance and mass flow gain factor are obtained from Fig. 7.

0.009 to 0.143 fo\/a,=10. The mass flow gain factdl™ var- The advance ratid, is also an important parameter, because
ies from 0.231 to 0.831 foA/a,=2 and from 0.140 to 0.777 for there is a critical value which separates normal operation from
Ala,=10. These values are slightly smaller for the case withump-like operation. It would be interesting to compare the trans-
Ala,=10. This is because, as shown in Figb2,(the flow coef- fer matrices for normal and pump-like operations, but unfortu-
ficient is slightly larger for the case with/a,= 10, and this re- nately the free streamline theory is only applicable to high flow

sults in a smaller incidence angle. rates and high advance ratios.
From Figs. 8 and 9, it is seen tha}, takes similar values for . oo . )
all the cavitation numbers, while the other elements of the transfer®-3 Facility and Cavitation Dynamics. We now consider

matrix are much affected by the presence of cavitation. Note tHig dynamics of the whole system of the water tunnel, taking the

the elementd;;— 1, T;,andT,,— 1 are much smaller for the caseexperimental arrangement used by Duttweiler and Bref2gas

with A/a,=10, whereas the elemefiy, is the same order for an example. Figure 10 shows the schematic of the facility and
both cases. This implies that the propeller witha,,= 10 is more ~cavitation dynamics used by Duttweiler and Brennen. The facility

stable since the imaginary part @, is smaller; in other words dynamics are characterized tiy the complianceC,[ =405], of

the effective mass flow gain factor is smaller. the overflow tank that allows control of the pressure within the
0.004 0.002 0.05 0.005
[ l - b
L . L L N
0.003[ o PRI 1o IE 2k | | ]
i . \‘\“\ b - - . 4.
b [ ] A A i
0.002 -0.002[ | - .
A ~ - - S A . la L N A
'_" - ,_“-0.05- ‘. N A = .0.005} .\\‘
] ) R A
-0.004 . A T
| L ® \A | ‘\\ A\
o—a—a—a—a—4a ©0.1}f . ©0.01F oyl
’ . A
-0.006 - - [ - ‘\\
x - \\\ 3
-...l..l...l...l... _ooo ....l.-nl...ln-.l... _01:r...l.1.|...|...l...? _°'°1=.IALIIII|ll‘llll'lllT
00046701 02 03 04 05 0030 0.1 02 03 04 05 00 01 02 03 04 05 9o 01 02 03 04 05
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@ 7Tyl QX OF¥ @ Tyl
Fig. 9 Calculated transfer matrices of the cavitating propeller with Ala,=10 and an advance ratio, J,=1.0, for the various

cavitation numbers ¢ ,,=0.15(O @), 0.20(A A), and 0.50(CJ W), where open and closed symbols denote real and imaginary parts
of matrix elements, respectively. The values of cavitation compliance and mass flow gain factor are obtained from Fig. 7.

Journal of Fluids Engineering MARCH 2003, Vol. 125 / 289

Downloaded 03 Jun 2010 to 171.66.16.152. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Overflow tank with 5
connecting pipe ) [
R L e
C C o
Cor 8 1r
| Q L
e b £ 3
Cavitating = S 2
propeller g :
& 3|
a i
L 8 sl aaanred aagaaenl gk
tu o 001 0.1 1 10 100
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I Fig. 12 Real part of the system impedance for various up-
I stream cavitation numbers, o,. [J;=0.64. K* and M* are
— evaluated from Fig. 7. ]

Fig. 10 Schematic of facility and cavitation dynamics
/=3 might indicate the existence of surge instability, but the
frequency is much higher than the value«f() = 0.2 observed in
facility and therefore has the only deliberate free surféicethe the experiments of Duttweiler and Brenng2]. Moreover, if we
resistanceR.[ =0.0295, and inertancel. [ =57.3], of the pipe Compare the present result with the system impedance obtained by
connecting the tunnel with the overflow tarfli) the compliance, Duttweiler and Brennen, we find that the frequency obtained by
C,[=1970], associated with the expansion and contraction of tHBe present analysis is still much higher than the experimental
walls of the tunnel, andiv) the resistancesR, [ =0.0] and Ry values and the peak is much shallower. The explanation for this
[=0.0], and inertanced, [ =0.953 andL [ =2.10], associated discrepancy is unknown, but the following may be pertinent. In
with the typical flow paths upstream and downstream of the cafhe pump cases, the elemeffits andT,,— 1 are purely imaginary
tating propeller. The parameters used by Duttweiler and Brenn@hen the cavitation compliance and mass flow gain factor consid-
[2] were normalized using the propeller radis,and the propel- €red are purely real. On the other hand, in the propeller cases,
ler rotation frequencyf, to obtain the values shown in the squaré@nd To,—1 are complex because of our one-dimensional flow
brackets after each symbol. tube model. Complex values @f,; and T,,—1 mean that the
The dynamics of the system can be characterized by considgystem responds as if we have complex values of the cavitation
ing the response of the system to a fluctuating mass flowffate, compliance and mass flow gain factor.
injected at some specific locatioa, in the systen(Fig. 10. We Figure 12 shows the real part of system impedance for the case

define a system impedancg, as follows: with three different cavitation numbers,,=0.25, 0.2, and 0.15.
T The frequency at the negative peak decreases as the cavitation
_ Pe number is decreased, but is still larger than the experimental value
Z= m_e of w/Q1=0.2. One possible explanation for the discrepancy is that

T . ) the model considers only the sheet cavitation on the blade surface.
wherep, is the total pressure fluctuation @t Note that, in gen- However, a large volume change in the tip cavity during a surge
eral, the impedancg is complex. _ ~ cycle was clearly observed in experiments by Duttweiler and

Using the present methodology coupled with the dynamics grennen [2]. It is important to note that the present one-
the water tunnel identified by Duttweiler and Brenni}, we dimensional stream tube model may lose validity at the lower
have calculated the system impedaider the case with advance advance ratios, where the flow around the propeller is very three-
ratio J;=0.64 and cavitation number,,=0.25. The real part of dimensional. However, because the surge instability is a system
Z'is plotted in Fig. 11 against the normalized frequenalf). In instability in which the large amount of fluid is accelerated one-
calculating the transfer matrix of propeller, we 8¢,,=3.16 and dimensionally by the volume change of cavities, the present
Zy=6 and the cavitation characteristich! (K) shown in Fig. 7 method is expected to be applicable even at those low advance
were used. The positive peak@t()=0.007 is largely due to the ratios provided we could evaluate the cavitation compliance and
impedance of overflow tank. The shallow negative peak arouge mass flow gain factor of all the cavitation including the tip

vortex cavities. The unsteady characteristics of tip vortex cavities
need further investigation.
10 Figure 13 shows the values of2« just upstream of the pro-
1 peller plotted in ther,,—J; plane obtained by the present steady

N F : | ) he present ste

© 01f analysis. According to the linear theof¥1], cavitation instabili-

14 001k ties of a two-dimensional cascade are dependent only on the pa-
0.001E | I R rametero/2«. The instability boundary obtained by Duttweiler

0.001 and Brenneni2] is also plotted in the figure. We can see that the

— 0.01;i value of o/2« is nearly constant along the instability boundary,
% 01k which means that the stability depends on the local condition at
o 1 the propeller inlet rather than the advance ratio or upstream cavi-
P[] ST BRI R E————-— tation number.
0.001 0.01 0.1 1 10 100
Fig. 11 Example of the system impedance, Z. Mass flow fluc- This paper has evaluated the quasi-static transfer matrices for a
tuation is imposed at point e in Fig. 10. Real part of the system cavitating propeller operating in a water tunnel. Simple flow mod-
impedance is plotted against the various excited frequencies. els based on a one-dimensional flow tube analysis are used. The
[J,=0.64, 0,,=0.25. K* and M* are evaluated from Fig. 7. ] effects of the presence of cavitation, and of the blockage due to
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Fig. 13 The ratio of cavitation number to twice of incidence angle,
o, and Jy. The solid line represents

plotted for various upstream conditions

ol2a, is

the boundary of the onset of surge instability observed by Duttweiler and Bren-
nen [2], showing that the surge instability occurs in the region below this line.

the tunnel walls are examined. The former is modeled by the head L,,, Ly =

deterioration through the deviation of the exit flow, and the con-

ventional cavitation characteristics, the cavitation compliance and M*
the mass flow gain factor. These characteristics are estimated by a m
free streamline theory. P. P
It is found that the presence of the tunnel wall has a large effect L2
on the stability of propeller operation. In an open condition, thePin and pOl}‘
flow rate through the propeller is not very sensitive to the advance p
ratio. However, in the presence of the tunnel walls, the propeller Py

flow rate changes much more in response to the advance ratio q

change. This implies that, if there are flow rate fluctuations, the R
flow rate through the propeller varies more when there are tunnel

walls and this may result in unstable operation of the propeller.

When the advance ratio is the same, the flow rate through the p R =
propeller is smaller and the incidence angle is larger if the propel-

ler is operated in a tunnel with a smaller cross-sectional area. U
Large incidence angles can result in the flow instabilities and en- U
hance the occurrence of cavitation. Transfer matrices for the cavi- T
tating propeller are evaluated by assuming the flow is quasi-static. u
The transfer matrices show that the propeller operating in the T
narrower tunnel is much more unstable. If the propeller is oper- Ve

ated in a wider tunnel or in an open condition, the effects of a v
mass flow gain factor are reduced because the variation of the

propeller flow rate is smaller even when the total flow rate Z
changes substantially. o
Finally, we have tried to obtain the frequency of surge instabil- B
ity from the system impedance, but failed. One of the possible B., B
explanations for the discrepancy is that the model considers only ~*’ i
sheet cavitation on the blade surface. A large volume change in
the tip cavity during a surge cycle was also observed in experi- 7> Tup
ments and may well contribute to the discrepancy. Q
w

Nomenclature .
Superscripts

A = cross-sectional area of water tunnel —
a = cross-sectional area of inner stream tube _
Cot:» C; = compliance of overflow tank and water tunnel =
C; = thrust coefficient .- =
F = thrust force of propeller
J1, Jp = advance ratio and flow coefficient 12 =
K* = cavitation compliance e =
L. = innertance of the connecting duct between wa- 10
ter tunnel and overflow tank p =

Journal of Fluids Engineering

innertance of the duct upstream and down-
stream of the tunnel

= mass flow gain factor

R. =

mass flow rate

static pressure far upstream and downstream
static pressure at inlet and outlet of propeller
total pressure

vapor pressure

volumetric flow rate of the stream tube
propeller radius

resistance of the connecting duct between wa-
ter tunnel and overflow tank

resistance of the duct upstream and down-
stream of the tunnel

= axial velocity in the outer stream tube

rotational velocity of propeller

axial velocity component in inner stream tube
elements of transfer matrix

cavity volume on the propeller blade
tangential velocity component in inner stream
tube

= system impedance

incidence angle

discharge flow angle

inlet and outlet blade angles of propeller
parameter defined by/2a

cavitation numbers at propeller inlet and far
upstream

rotational frequency of propeller

angular frequency of fluctuations

= steady(mean components of variables
unsteady components of variables
variables just upstream and downstream of propeller

far upstream and downstream
at the point of excitation in the system shown in Fig.

at the propeller
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Experimental Analysis of an Axial
Inducer Influence of the Shape of
- ... | the Blade Leading Edge on the
s.kouiai | PErformances in Cavitating
R. Noguera Reg|me

R. Rey

The aim of this paper is to analyze, from experimental results, the influence of the shape
of the leading edge and its sharpening on the cavitating behavior of an inducer. The
ENSAM—Centre de Paris, studied inducer is designed according to a methodology developed at LEMFI. Successive
151, boulevard de I'Hopital, cutting and sharpening (four cuts, which modify up to 20 percent of the blade chord at the
75013 Paris, France tip), were made to modify the shape of the leading edge. For the various geometries, the
experimental results obtained on the LEMFI test rig are presented as follows. Noncavi-
tating Regime: Overall performances at 1450 rpm. Cavitating Regime: (1) The develop-
ment of the cavitation versus the cavitation number, (2) the description of the various
cavitation pictures, and (3) the pressure fluctuations measured at the wall at 150 mm
downstream of the trailing edge for various flow rates and inlet pressures. The CFD
simulations carried out under CFX-Blade Geron this range of inducers are presented
to explain certain aspects observddOl: 10.1115/1.1539872

Introduction parameters. The associated parametric study presented below will

. . . jve qualitative indications on the influence of each one of these
The inducer is generally placed upstream of a centrifugal gt

. ) f ) . o . arameters.
mixed flow impeller in order to improve its cavitation resistance.
Both rotors are on the same drive shaft, turn at the same speed,
and work in series. Designed to reduce cavitation, the inducer, due Inducers Configurations and Test Rig

to the generated pressure rise, allows the main impeller to func- o . . .
tion in best supplied conditions. This configuration is usually us An axial inducer(Fig. 1), respecting the design rules already

. : ) Lo ) ggested,6], and taking into account the constraints imposed by
in many industrial applications: nuclear industry, petroleum, agriie test bench of our laboratorgxternal diameter fixed by the

business, chemistry, and especially cryogenic propellant pumpipg.narent envelop, high cylindrical hub imposed by the bearing
This device allows higher rotational speeds which make pUMBSq the shaft ling is carried out. The inducer named Al is de-
more compact and economical. Although these machines are Vgjyned for nominal operating conditions corresponding to a flow
useful nowadays, several aspects of their operation and their bgzfficient ofp=0.38, a rotational speed of 1450 rpm and a pres-
havior need to be further mastered. The design methodologigfe coefficient ofy=0.15. It consists of three blades without
found in the literature1,2], still today, completely do not explain camber and with constant thickness and a sharpened leading edge.
the influence of the constructive geometrical parameters of tifge rolling up angles at the hub and at the tip dme
inducers on their performances. — 6 elhuw=384deg and[6rg— 0 elnp,=339deg respectively,

To improve the design method and to appreciate certain pheke angle’s origin is taken on the hub and at the leading edge. The
nomena conditioning the reliability of these machines, their maxangle is positive in the clockwise directiphe ratioT=0.88 is
mum performances and their application limits, the experimentaigher than the value recommended in the literatalese to 0.7,
tion is always used,3-5]. [7].

During this work, mainly experimental, it is proposed to study To observe the influence of this ratio and the sharpening of the
the influence of the shape of the leading edge on the indudeading edge, four successive cuttings and sharpenings were car-
performances. From an initial inducer, four other inducers by suéied out on the inducer A1Fig. 1). The obtained configurations
cessive cuttings of the inlet edge are obtained. are indicated by a letter and a number: The numbers from 2 to 5

This step has the advantage of ensuring the same geometriggicate the number of the cuttifgumber 1 relates to the initial

base for the various configurations. The objective is to analyze tiféluce) and the letter A indicates a sharpened leading edge and B

influence of this operation on the surging behavior of the inducé?, @ Nonsharpened leading edge. For the B series inducers, a light
This enables us to supplement the design rules worked déf.in rounded on leading edge is carried out. . .

After each cutting three geometrical parameters of design '€ l€ading edge cuttings are carried out according to a linear
change: theT ratio (this parameter represents the ratio of anguIg/t""‘“att'.(t)n of the ratioT (see Table 1 and Fig. 1 for the cutting
sector of tip and hub delimited per one bladmeridian stacking, quantity.

and azimuth stacking. The experimental study will make it Pog: dLh?nSQSéEeQICv%;ftLZ? Ian?grlnegaiﬂgfult?iﬁsrtrﬁd ﬁg\/tﬁz;g?n;ugggg
sible to quantify the simultaneous influence of these last thr Btained is not sharpened. For all cases, the sharpening length of
each blade, is spread out on zero mm at the hub, 15 mm at the

Contributed by the Fluids Engineering Division for publication in ticeJBNAL i : e i ;
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisionaverage radlus,_ and 25 mm at the (tmae qetalls in Fig. )2 The .
May 29, 2001; revised manuscript received Sept. 17, 2002. Associate Editor: &N constructive parameters of the inducers are shown in

Tsujimoto. Table 1.
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Al Inducer

A2 Inducer

‘--4.. : AJ Inducer
3 ) I': - :

;. A4 Inducer

| I__: | I‘. A3 Inducer

Fig. 1 Inducers configurations

General Overview of the Experimental Facilities. In order * two storage tanks with a capacity of 4 m3 each, connected by
to compare the experimental behavior of the various inducers abpipe of 350 mm in diameter. They can be loaded and emptied by
tained under the same operating conditions, the LEMFI-Pariseans of two electrical control valves.
pump test rigFig. 3) composed of the following main elementsis ¢ a liquid ring vacuum pump is used to control the pressure at
used: the free surface inside the storage tanks.
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Table 1 Main constructive parameters of the inducers « ultrasonic flow metefaccuracy 1 perceptplaced at the in-

— ducer inlet.
E'ge‘;‘accooeef?ﬁcé?e”r}t %31% « two piezoresistif manometefaccuracy 1 percehtThey are
Rotational speed 1450 rpm positioned at the inlet and outlet sections and measure the average
Blades number o 3 tip pressure on four points.
Blade angle(axial definition: Hub:65.5 deg Tip:74.5deg  « a temperature probéaccuracy 1 percentthe average tem-
(this angle is constant from inlet to ouflet perature during the tests presented below is 18°C
Blade thickness 5 mm . ’
Tip-to-hub ratio 0.494 » two dynamic pressure sensors KISTLER brand 601A type,
Tip diameter 235 mm flush mounted over the transparent cover, one at 20 mm upstream
Tip clearance __04mm from the leading edge of the impeller and the other at 150 mm
Stagger angle Hub:65.5 deg Tip:74.5 degyoywnstream from the trailing edge. Their specifications are range
Hub 50 percent span  Tip Solidity 0—250 bar, and natural frequencyl50 kHz. The pressure fluc-
0,0 0,£:01¢ 0,c:0-c Ratio: T hubtip tuations were measured by these sensors and amplified then
BL&AL 0382 10373 59368 0.880 3_5:2.95treatec_i W|tl_1_a spectrum ana_lyzé!recroy 930A. All the signals
B2&A2 0:384 22:373 47:368 0.835 3.5:2.gowere identified and stored in a personal computer for further
B3 & A3  0:384 33:373 65:368 0.790  3.5:2.65analysis.
B4 & A4  0:384 44:373 83:368  0.745  3.5:2.50
B5 & A5  0:384 55:373 101:368  0.700  3.5:2.35

2 Experimental Results for the Inducer A1

2.1 Overall Performances. The characteristic flow rate
pressure in a noncavitating regime and the cavitating tests of the
« a 22 kW DC motor powered by a variable frequency controA1 inducer, at 1450 rpm, are summarized on Fig. 4. It is noted at
ler was used to drive the tested inducer. The electric efficiency éfe design flow rate that an efficiency of 57 percent and a value of
the motor is given by the manufacturer. The rotational speedascritical cavitation numbew . of 0.05 (the critical value corre-
measured using a magnetic tachomééarcuracy 0.1 percent sponds to a drop of 3 percent of the total pressure varijation

+ a motorized control valve serves to adjust precisely the flotgsponding to a numb&of 310 is a modest value for an inducer.
rate. If the centrifugal pumps suction specific spegid limited to 250,

« the inducer equipped with a transparent acrylic cover. the first generation of industrial inducers reaches 450 and the
« a circulation centrifugal pump installed in series with the imhigh-performance propellers greatly surpass 600.

peller in order to overcome the circuit losses. o ] o
« various measurement instruments and devices: 2.2 Development of Cavitation With the Cavitation Num-

ber. Figure 5 presents, foQ/Qn=1.09 at 1450 rpm, the ap-
pearance of the cavitation pocket versasThe first significant
vapor pockets start to appear, at the tip, on both sides of the blade
nearc=0.25. Aso decreases these pockets advance towards the
trailing edge and also towards the hub.¢t0.045 the passage of
water is strongly blocked by the vapor pocket and at that time a
significant drop in performance of the inducer is noted.

2.3 Presentation of the Figures of Cavitation Versus the
Flow Rate. The figures of cavitation visualized during the tests
are typical and are in general in conformity with those presented
Average radius in the literaturd 8]. However, the alternate pocket describe@i@h
were not observed. Figure 6 presents the most representative im-
ages. One can thus identify:

* in partial flow the backflow vortex cavitation returning up-
stream of the inducetFig. 6a)): the importance of this torch
increases for the low flow rates.

Fig. 2 Sketch sharpened leading edge

4730 mom.

' ©
@®
®©
®
A -Idurer
B : Stomge tank
@ C ¥ uc1nmn vy

D - Motorised vulee
E : Circulstion pump

F:Uk {lemeter

TARRREE

Fig. 3 Hydrodynamic test bench of the LEMFI-Paris
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A1 INDUCER 1450 rpm — 20

@  total pressure coefficient
B & efficiency r

10.5
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Q/Qn a) Q/Qn=0.5, o=0.10

~ [A1INDUCER 1450 rpm

0.00 0.10 0.20 0.30 b) Q/Qn=1, o=0.08
[0}

Fig. 4 Experimental performances of the inducer Al (uncer-
tainty in N=x=2rpm, in efficiency =1 percent, in ¢=+0.002, in
Q/Qn=0.02, in =0.002)

¢) Q/Qn=1.27, 0=0.12

Fig. 6 Various figures of cavitation, A1l inducer 1450 rpm (un-
certainty in  N=2 rpm, in ¢%0.002, in Q/Qn=0.02)

=0.045 « the cavitation attached to the blade observed in the nominal
flow rate (Fig. 6(b)).
Fig. 5 Appearance of the cavities of cavitation N=1450 rpm, « for high flow rates, stable cavities developed on both sides of
Q/On=1.09 (uncertainty in N=2rpm, in ¢+0.002, in Q/On the blade, characterizing the phenomenon of blockage which is
+0.02) accompanied by a fast rise of the criticat (Fig. 6(c)).
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Fig. 9 Evolution of the head versus o available inducers A2 to A5 (uncertainty in  N*2 rpm, in ¢*=0.002, in Q/Qn=*=0.02, in
¥+0.002)
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) o ] ) ) Fig. 11 Cutting influence—figures of cavitation, N
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The development of cavitation is almost identical in the thredgimensional Navier-Stokes code with a zero-equation type turbu-
inducer channels. lence model and a not-structured grid generator with tetrahedral
The appearance of the cavitation figures above is related to #lementg in a steady flow condition and with several flow rates
organization of the kinematics of flow in the inducer. Indeed then the inducer A1l confirms this result. The simulation conditions

CFD simulation carried out with CFX-BladeGen (three- are: N=1450rpm, with the condition of the mass flow rate im
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Fig. 12 Cutting influence—BladeGen +calculation, N=1450rpm, Q/Qn=1.27, ¢=0.25
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Fig. 13 Parametric study—BladeGen +calculation, N=1450rpm, Q/Qn=1.27, 0=0.25

posed at the outlet and static pressure at the inlet. The tip clefiow rate as we increase the leading edge sweep. The inducers
ance is not considered here. The mesh size is approximatphpduce more pressure above the nominal flow rate. This still
45,000 nodes. authorizes the coupling of these inducers with centrifugal pumps.

Figure 6 presents the absolute velocity fields for three floWhis phenomenon is mainly linked to the reduction of the cord
rates: the meridiafon the suction sideand blade to blade at the due to the cutting. The simulation, done by the design software
tip. In conformity with the experimentation, the high velocitie?OMAX developed at the Lemfj10], and taking into account the
(favorable place to cavitation appearanaee, respectively, local- radial equilibrium, confirms this aspect in Fig. 8 for the inducer
ized: towards the inlet at low flow raté€Big. 6(a)), on the blade at A1 and A5.

the design flow ratéFig. 6(b)), and towards the outlet at a high ) o ) )
flow rate (Fig. 6(c)). 3.2 Tests in the Cavitating Regime. Figure 9 presents the

cavitating performances at 1450 rpm for inducers A2 to A5: evo-
lution of the head coefficient versus the cavitation number allow-
ing the determination of the critical cavitation number. Figure 10
3.1 Noncavitating Tests. The overall performances of the presents the critical cavitation number versus the flow rate for Al
Al, A3, and A5 inducers are given in Fig. 7. A rotation of thgo A5 inducers. A clear improvement of these performances at the
characteristic curves pressure-flow rate around the design poinn@ninal flow rate and above the nominal flow rate is noted. For
observed. The maximum efficiency point is moved to a high€/Qn=1.15, for example, the ¢ varies from 0.06 $=280) to

3 Influence of the Cut of the Leading Edge
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0.025 (S=510). It is pointed out that an optimized inducer is that
which, on a wide scale of flow rate, has a high pressure coefficient
(for better stuff the centrifugal impellgra lowest critical cavita-
tion number, and weak pressure fluctuations.

This quantitative result is strongly correlated by the images of
cavitation presented in Fig. 11. The progressive disappearance o
cavitation bubbles with different cuttings is notétiese tests are
carried out under the same speed rotation 1450 ipa0.12, and
flow rate Q/Qn=1.27).

This disappearance of cavitation bubbles with different cuttings
is related to the favorable reorganization of the velocity field at the
inducer. This result was recently confirmed by the numerical study
carried out by Arnone and al. on the PLOX inducer of Ariane 5,
[11].

To confirm this explanation a simulation is carried out using the
CFD software CFX-BladeGen in a steady flow condition and
over a design flow rate@/Qn=1,3) on the five inducers Al to
A5. The conditions of simulation are identical to those previously
shown. Figure 12 presents the distribution of absolute velocity in
meridian(on the suction sideand blade to bladéat the tip and at
75 percent of the hybviews. The velocities are decelerated, more
and more, after each cutting. The velocities distribution is more "
favorable to appearance of the cavitation for inducer A1. The ten-
dency of disappearance of cavitation bubbles with cuttings is con-
firmed for the same reason.

To qualify the influence of the three parameters which change
after each cutting, simulations under BladeGeare carried out
(same conditions of simulation as previoysiy four other virtual
inducers called A155, A511, A551, and A515. The three numbers
state, respectively, that the rafipmeridian stacking, and azimuth
stacking correspond to those of the machines Al or A5. For ex-
ample, the machine A155 has the same ratias that of A1, the
meridian stacking of A5, and the azimuth stacking of A5.

Figure 13 presents for the two inducers A1 and A5 and the four
new machines, on the merididan the suction sideand blade to
blade (of tip) views, the absolute velocity distribution. The de-
tailed analysis of these results shows the importance of the influ-
ence of each one of the three geometric parameters, in particula
the ratioT and the meridian stacking.

]

e The comparison of the two inducers Al and A155 shows a
more accelerated velocity fields for the machine A155 in spite
of both stacking of A5.

e The two inducers A511 and A551 are different only by me-
ridian stacking. The machine A551 would be most powerful.

* The comparison between A551 and A5, different only by azi-
muth stacking, shows a small slowing down in the inducer
Ab.

The machine A5 has the velocity fields less accelerated. There-
fore, it would be the machine where the appearance cavitation «
figures are delayed compared to the other machines.

3.3 Instabilities of Operation. One of the aspects limiting
the use of the inducers is related to the presence of instabilities of
operation in the cavitating modg4,8]. The influence of cuttings,
on the pressure fluctuations measured with dynamic pressure ser
sor Kistler placed at 150 mm downstream of the trailing edge of
the inducers Al, A2, A4, and A5, is presented here. The inducers
are compared under the same operation conditions.

These results are illustrated in Fig. (#28 points of measures m
for each inducer, in the flow rate field). A clear decrease, except
in the vicinity of Q/Qn=0.6 in the level of fluctuations according ~ =° A HA ot
to various cuttings, is noted. This reduction of the level of fluc- E—ones non explored
tations i_s due to the d_isappea_re_ln_ce of the Cavita_tion figures. T@.S 14 Influence of the various cuttings on the fluctuations in
degradation observed_ln _the vicinity @/Qn=0.6 |s_relate_d 0 hressure downstream from the inducer  N=1450 rpm  (uncer-
the appearance of oscillating cavitation whose amplitude increasggy in N+2 rpm, in ¢+0.002, in O/Qn=0.02, in Ap,%0.002)
with the cuttings.
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Nomenclature

: Sha;‘eggl:g rlnnf uenoe’ g = acceleration due to gravitym?/s)
P N = rotational speed of inducérpm)
0.20 NPSP=py(iney— P, = net positive suction pressu(a
i NPSH=NPSPpg = net positive suction heagn)
p: = total pressuréPa
0.15 p, = liquid vapor pressuréPa
G | Q = flow rate(m?s)
A1 Q, = nominal flow rate of Al inducer
0.10 (m?s)
Re = tip radius(m)
7 B1 S=52.9326
0.05 AT 5 / -©Q/(g-NPSHY7"® = suction specific speed
\7/ U,=w Re = peripheral velocitym/s)
b T=[6re— 0LE]Tip
0.00 /[ 61— 6. gluup, = ratio rolling up angle
) ' ' ' AP=DPy(outiey — Pr(inley = total pressure variatiotPa
0.00 0.50 1.00 1.50 =

Apg

pressure fluctuationgnban

Q/Qn

(uncertainty in N2 rpm, in o

¢=Qlw Re = flow coefficient
¢=Ap/pUt2 = pressure coefficient
0. e = leading edge azimuthal angldeg
0z = trealing edge azimuthal angideg
liquid density (kg/m®)

Fig. 15 Sharpening influence
+0.002, in Q/Qn=0.02)

. . p =
4 Influence of the Sharpening of the Leading Edge o=NPSPpU? — cavitation number
To show the influence of sharpening Fig. 15 presents, for the o, = critical cavitation numbetcorre-
inducers A1-A5 and B1-B5, the evolution of the critical cavita- sponds to a drop of 3 percent of the
tion number versus the flow rate. Only an improvement around total pressure variation
the nominal flow rate is noted. Apart from this nominal point a o = angular velocity(rad/9

significant improvement is not observed.

5 Conclusion
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«wnose | Mechanism of Hysteretic
r.seoguei | Characteristics of Wells Turbine
rH.xim § for Wave Power Conversion

K. Kaneko
A Wells turbine for wave power conversion has hysteretic characteristics in a reciprocat-
ing flow. The counterclockwise hysteretic loop of the Wells turbine is opposite to the

Department of Mechanical Engineering, - h s - .
P g g clockwise one of the well-known dynamic stall of an airfoil. In this paper, the mechanism

Saga Uqlvlir;tjyo of the _hyster_etic bc_ahavior was elucidated by an unstegdy three_-dimensional l_\lavier-S_tokes
Saga 840-8502, Japan numerlcal 5|mulat|on. It was foqnd that the hysteretic b_ehawor was associated Wlth a
' streamwise vortical flow appearing near the blade suction surface. In the accelerating
M. Inoue process of axial flow velocity, the vortex is intensified to enlarge the flow separation area

Department of Mechanical Engineering Science, on the blade suction surface. In the decelerating flow process, the fI0\_/v separation area is
Kyushu University, reduced t_)ecause of the wgakened vortex. Therefore, thg aerodynamic perforr_nance in the
6-10-1 Hakozaki, Higashi-ku accgleratlng flow process is lower than in the deceleyatmg flow process, gnllke the dy-
Fukuoka 812-8581, Japan namic stall. Ba_sed on the vortex theoren_1, the mech_anlsm to vary the intensity of the vortex
' can be explained by the trailing vortices associated with the change in the blade
circulation. [DOI: 10.1115/1.1538629

Introduction and can be operated at arbitrary rotating speed. A sinusoidal axial

In the past two decades, worldwide efforts have been devotecﬁ'gﬂow is produced by contralling the mation of the pist@n167

the development of energy conversion from ocean waves. One
the most applicable devices for wave energy is the combination
an oscillating water columfOWC) as a primary converter and a
self-rectifying air turbine as a secondary adifég. 1).

The Wells turbine is one of the most suitable air turbine f

of frequency in this papgrThe unsteady turbine performances
gre examined in one-half period of the sinusoidal change in axial
ow velocity. Experimental results of the half-part of the full cy-
clic hysteretic characteristics by Alcorn and Beaft¢ reveal al-
Orlnost similar results to Inoue et §R]. Table 1 shows the specifi-

energy conversion from oscillating air flow. Usually, the unstea tions of the turbine rotor used in t.h's StUdY' Model testing was
characteristics of Wells turbine are predicted by computer simul 1ade in such the way that the turbine rotating speed was set at
tion on the basis of the steady characteristjt$, It seems to be zero axial rovy velocity condition once, then the turbine output
reasonable to employ such a quasi-steady analysis becauset(t’p)(éue-r* the air flowQ and the total pressure drop across the rotor
nondimensional wave frequendpased on the relative velocity 2Fo Were measured while keeping the turbine speed constant.
and the blade chord lengtlis the order of 10%. However, it The Reyn_olds number bz_aset_j on the blade chord length and rela-
results in inaccurate predictions of the performance, since tH4® Velocity at mean radius is about x40°. )
Wells turbine has hysteretic characteristics in an unsteady flow,A commercial code, FLUENT 5, was used for the numerical
[2-4]. analysis. The unsteady three-dimensional and filtered Navier-
Dynamic stall of an airfoil is well known as an unsteady aergotokes equations were discretized by the finite volume method.
dynamic phenomenon which has hysteretic characteristics, and'¥ rotating frame fixed to turbine rotor was adopted. The second-
lot of researchers have reported many kinds of aspects of dynar@fg€r accuracy upwind differencing scheme was used for the con-
stall of an airfoil,[5—8]. But the hysteretic loop of the lift-attack VECtion term and the second-order accuracy implicit method was
angle characteristics of the dynamic stall is counterclockwise aHged for the time discretization. The RNG-SGS mofi#l, which
opposite to the clockwise one of the Wells turbine. So the mechg-2n LES model, was used to calculate the subgrid-scale turbulent
nism of the hysteretic characteristics of Wells turbine should B#SCosity. The unsteady calculations were made in one-half period
clarified for the better design of the system for wave power coff the sinusoidal change in an axial flow velocity. _
version. The computational domain was extended four and eight blade
In order to investigate the mechanism of the hysteretic behavi@ord lengths upstream and downstream of the blade, respectively,
of the Wells turbine, unsteady, three-dimensional Navier-Stok&§ shown in Fig. 2. Figure 3 shows the perspective view of the
numerical simulations were conducted for the flow field around@ids. The structured, hexahedral grids of O-type were used

blade of the Wells turbine. around the blade, while H-type grids were used for the upstream
and downstream regions. The total number of grids is approxi-
Numerical Analysis mately 560,000. Three grids were embedded in the region of tip

|%Iearance. The calculation for finer griggpproximately 703,000
rids, six grids for tip clearangewas made to check the grid
ependency of the calculation for the objecti®&0,000 grids.
Nonslip boundary conditions were used for the hub surface, the
essure and suction side of the rotor surfaces. The moving casing
Il was used because of the rotating frame of reference. Periodic
undary conditions were used for the surfaces of circumferential
tes. On the upstream boundary, the inlet velocities were given at
Commibuted by the Fluids Endineering Division f blication in (OUBNAL each time step, where the axial velocities were given from the
OF FSSII!)ISUE?\IGINyEEReINGuIl\/lznur;?:Irri]gterrér::geivé\gslla?/nthgrIgﬂidgaELog?nlgering Divisionﬂowrate and the circumferential velocities were given from the

June 13, 2002; revised manuscript received October 21, 2002, Associate Editor/ §Or rotating speed. On the downstream boundary, the static pres-
Tsujimoto. sures were set at each time step. The results of the steady flow

Numerical simulations in this paper were made of the Wel
turbine, the hysteretic behavior of which was investigated expeﬁ
mentally by Inoue et al[2]. Summaries of the experiments are
briefly mentioned. The test rig consists of a 1.4-m-diameter cyl-
inder with a piston disk, a rectangular settling chamber, and
0.3-m-diameter test section with a bell mouth entry and a diffusBB
exit. The turbine rotor is placed at the center of the test sectiogl
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Fig. 1 Schematic view for OWC device

velocity at midspanz number of bladesh span of the bladeT
calculation for attack anglerx=0 deg were used as the initial torque of the rotorrg radius at midspan, andl attack angle.
condition, which corresponded to the experimental condition. The Th€ attack angle varies between 0 deg and its maximum value
nondimensional distance of the first grid point from the blad® Phase with the oscillating flow. In the course of the cycle the

surface was less than 5.0 based on the friction velocity and tBgperimentalC, value (broken ling during acceleration of axial
kinematic viscosity of air. velocity (increasingag), is lower than that during deceleration

Numerical Results

(decreasingyg), and then a counterclockwise hysteretic loop ap-
pears as shown in Fig(d. As is evident from Fig. &), a similar
hysteretic loop is also observed in the experimental value of the

Figure 4 shows the experimentf2], and calculated results of torque coefficieniCt. If the hysteretic behavior was caused by

hysteretic behaviors of the total pressure coefficiégtand the

the dynamic stall of blade, a clockwise hysteretic loop would be

torque coefficienC against the attack angleg in one-half pe- seen,[5-8]. Therefore, the mechanism of hysteretic behavior of
riod of the sinusoidal flow. Figure(d) shows the experimental the Wells turbine should be different from the mechanism of the
and calculated values @, , and Fig. 4b) the experimental and dynamic stall.

calculated values ;. These coefficients are defined as follows: As for the agreement of the calculated values with the experi-

Ca=APQ/(e(vZ+U3)zbl,/2) (1)
Cr=T/(p(vi+U3)zblrg/2) 2)
ag=tan Y(v,/Ug) )

whereA P, denotes the total pressure drop across the rQi@ir
flow rate, p density of air,u, axial velocity, Ug circumferential

Table 1 Turbine models

Blade Profile NACA0020
Number of bladeg 6
Blade chord lengtt 90 mm

Solidity at tip o 0.57
Aspect ratioAR 0.5
Tip radiusR, 149 mm
Tip clearancelrC 1 mm
Setting angley 0 deg

Fig. 2 Computational domain

Journal of Fluids Engineering

mental data in Fig. 4, good agreement is obtained, although the
calculated values are a little smaller than the experimental data for
bothC, andC+. Maximum values of the calculated results@{
and C; agree well with the experiment quantitatively. As for the
grid dependency o€, , C, values for finer grids are a littl€D.1
of C4 in the maximum cagdarger than the values for the objec-
tive grids in the accelerating flow, but the maxim@p value and
the C, values in the decelerating flow for finer grids is almost the
same as the&, values for the objective grids. The grid depen-
dency ofCy is similar to the one ofZ,. The calculation of the
objective grids can qualitatively simulate the hysteretic phenom-
enon of the Wells turbine in spite of comparably small numbers of
grid points in the tip clearance. In the following description, the
mechanism of the hysteretic characteristics of the Wells turbine is
considered through the examination of the calculated flow fields.

Figure 5 shows the circumferential velocity contours at mid
span, where the numbers at the centerline are the attack @apgle
and the air flows left to right. Fomg=6~15 deg, the contour
lines near the suction surface of the blade are denser than the ones
near the pressure surface, which means that the boundary layer
along the suction surface is thicker than the one along the pressure
surface. Comparing the figures in the decelerating flow with the
ones in the accelerating flow ferg=6 or 12 deg, the boundary
layer along the suction side surface in the accelerating flow is
thicker. In each figure, the region where the contour lines are
dense exists in the area from the upstream side of the periodic
boundary to a location a little distant from the suction surface of
the blade, which is considered the wake formed by the front side
blade in the rotational direction. The thickness of the wake in the
accelerating flow is larger than that in the decelerating flow for
ar=6 deg.

Figure 6 shows the streamlines near the suction surface starting
from the leading edge of the blade. Feg=6 deg, the flow near
the hub surface separates more upstream than the flow near the tip
side in the accelerating flow. This region of separation cannot be
seen forag=6 deg in the decelerating flow. In addition, some of

MARCH 2003, Vol. 125 / 303
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Fig. 4 Comparison of calculated results with experimental data by Inoue et al. [2]

the streamlines near the trailing edge go away from the suctiancelerating and decelerating flows. The separation region in the
surface in the tip-side region, due to the effect of the tip leakagecelerating flow becomes more enlarged than the one in the de-
flow. For ag=12 deg, the separation region is extended in bottelerating flow.

Figure 7 shows the streamlines starting from the trailing edge of
the blade. The streamlines crossing over the blade suction surface
come from the trailing edge of the left side blade. A clockwise
vortex exists near the hub, which is caused by the strong down-
ward flow near the trailing edge. The clearest vortex can be seen
in the accelerating flow forg=6 deg among the four cases in
Fig. 7.

Figure 8 shows the pressure contour maps on the suction sur-
face of the blade. The minimum and maximum values are located
near the leading edge and the trailing edge, respectively. The pres-
sure difference between the leading edge and the trailing edge in
the decelerating flow is larger than that in the accelerating flow for
both «g=6 and 12 deg. This fact is consistent with the larger
values ofC+ in the decelerating flow. The region where the con-
tours are coarse is enlarged around the center of the blade surface
in the accelerating flow for bothg=6 and 12 deg, corresponding
to the separation region in Fig. 6.

Figure 9a) shows the velocity vectors around the blade for
ag="6 deg. The numbers at the center of the figure are the non-
dimensional radiuses* (=(r—rp)/(r—ry)). At r*=0.5 (mid-

SR
=i ;“ﬂ

oy

2

4

Accelerating flow

\

(!

Decelerating flow Decelerating flow

Accelerating flow

Fig. 5 Circumferential velocity contours at midspan Fig. 6 Streamlines near the suction surface
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sparn, the boundary layer is thicker near the trailing edge of the
suction surface, and the wake from the front side blade appears ,,sm PP, ., S
more clearly in the accelerating flow. In addition, near the hub 8 _miimwnismnn e SR
surface ofr* =0.1, the velocities are overall smaller in the accel- e ST P, SN
erating flow, which means that a lot of low-energy fluids gather }
near the hub surface in the accelerating flow. Figuit® Shows P TR LT ; o -mmmm’””""
velocity vector map forag=12 deg. Atr*=0.1 the flows are L T . L
largely separated near the suction surface in both increasing and s M. =01 wve el
decelerating flow. At* =0.5, the flow separates near the side of "™ M au___ nad ;
.. 9 ) U p i T /(7 PP nmum /’///////mﬂ?/‘tl
the trailing edge of the suction surface in the accelerating flow, '
while the flow in the decelerating flow does not separate. Accelerating flow Decelerating flow
Figure 1@a) shows the velocity diagram on the plane perpen- (a)
dicular to the chordwise direction ferg=6 deg. The numbers at
the center of the figure are the distance from the leading edge mm mm
normalized by the chord length. The clockwise vortex mentioned
in Fig. 7 can be seen in Fig. (@ in the accelerating flow. This b, ] mmmmm i mmmﬁﬂm
vortex moves from hub to tip according to the mainstream. In
addition, a counterclockwise vortex can be seen on the corner of Sl na
the suction surface and hub surface %8k=0.9 for bothazr=6 iy 0.9 " A
and 12 deg. No clockwise vortex can be seen in the decelerating g % L
flow. Figure 1@b) shows the similar figure as Fig. () for ag Ll M g W
=12 deg. The clockwise vortex is not seen around the region of 4 ! L Ul
the wake for bothwg=6 and 12 deg.
The change in the intensity of the clockwise vortex in Fig.
10(a) seems to result in the hysteretic characteristics. By the in- " - mMWf
creased intensity of this clockwise vortex in the accelerating flow, — #/48° _ at el g\ !
the low-energy fluids in the separation region near the suction side mmf "
of the hub surface migrate toward the mid span region and the e
torque of the rotor reduces. In the decelerating flow, the intensity
i | 0.5
)
m: “Ihiy
11 ‘
” o~ A 8 1 t ) \.‘A
i i e —
e i
L — /M%MM - il f
408 il ,,MMMM w el
.)\‘ weamil e =0.1 nonmel
w riated /7 rowrt¥tiny, itar
L rsen 1 conrrmmmm Grr0
7 Accelerating flow ®) Decelerating flow

Decelerating flow

Accelerating flow

(a) Velocity diagram around the blade for  az=6 deg; (b)
ap=12 deg

Fig. 9

Fig. 8 Pressure contours on the suction surface velocity diagram around the blade for
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Fig. 11 lllustrations of the flow structure in blade suction side

surface. In this section, the mechanism to vary the vortex intensity
in the accelerating and the decelerating flow will be discussed
based on the vortex theorem.

Figure 11 shows an illustration of the flow structure obtained by
the present numerical simulation. At high angles of attack a sepa-
ration vortex(2) appears on the blade suction surface in the hub
side to reduce the blade circulation, because of the excessive
angle of attack near the hub. A strong downward fl@y is in-
duced by the separation vortex near the trailing edge. It brings
about the clockwise vortical wake flopda, which enlarges the
flow separation on the adjacent blade suction surfdt® The
intensity of the vortical flow varies in the accelerating and the
decelerating flow process for the following reason.

Figure 12 illustrates how the unsteady trailing vortices that are
shed affect the vortical wake flow. In the accelerating flow pro-
cess, as the blade circulation increases, vortices opposite to the
blade circulation are shed from the trailing edge according to
Kelvin's theorem. The stronger vortices are shed at a larger radius

Blade circulation
(accelerating)
Unsteady trailing shed vortices

1o intensify the vortical flow

(a) In the accelerating process

Accelerating flow (b) Decelerating flow

Blade circulation

Fig. 10 (a) Velocity diagram on the plane perpendicular to the (decelerating)

chordwise direction for ~ az=6 deg; (b) velocity diagram on the Unsteady trailing shed vortices
plane perpendicular to the chordwise direction for ap=12deg to suppress the vortical flow

of this clockwise vortex is so small that the low-energy fluids are
confined near the hub surface and the torque remains larger.

Mechanism of Hysteretic Characteristics

As shown in Fig. 4, the performance of the Wells turbine has a
hysteretic loop in which the values @ andC, in the acceler-
ating flow are smaller than that in the decelerating flow. This (b) In the decelerating process
behavior cannot be explained by the dynamic stall of an airfoil. As
mentioned above, however, it seems to be associated with thg. 12 lllustration of unsteady trailing shed vortices to affect
intensity of the vortical flow appearing near the blade sucticthe vortical wake flow
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because the blade circulation increases more than at a smaleymenclature
radius. Then, the clockwise trailing vortices are generated accord-
ing to Helmholtz's theorem, as illustrated in Fig.(aR2 Therefore,

the clockwise vortical flow is intensified by these vortices. In the
decelerating flow process where the blade circulation decreases,
the shed vortices are in the same direction of the blade circulation.
They form counterclockwise trailing vortices as shown in Fig.
12(b), which suppress the vortical wake flow. Since the stronger
vortical wake flow enlarges the separation on the suction surface
of the adjacent blade, the performance in the accelerating flow
process becomes lower than in the decelerating flow process.

b = span of the blade, m
C, = total pressure coefficiedEq. (1))
C; = torque coefficienfEqg. (2))

I chord length, m

r = radius, m

T = torque generated by rotor, Nm
U = circumferential velocity, m/s
v, = axial velocity, m/s

= distance from the leading edge, m

z = number of blades
Conclusions a = angle of attack, degree

. . . .. APy = total pressure drop between settling chamber and at-
In order to elucidate the mechanism of hysteretic characteristics mosphere, Pa

of the Wells turbine, unsteady, three-dimensional Navier-Stokes , — gensity of air, kg/m
numerical simulations were conducted using the commercial code )

of FLUENTS for the case of an axial velocity changing sinusoi=Uoscripts

dally. Conclusions are summarized as follows. h = hub

1. The calculated results using the RNG-SGS model reveal R = midspan
the hysteretic behavior which agrees well with the experimental t = Up

results qualitatively. f
2. In the accelerating flow, the boundary layer is thickelize erences _ _ _
along the suction side surface, the separation region is more eril] Inoue, M., Kaneko, K., Setoguchi, T., and Simamoto, K., 1985, “Studies on

: : ; ; _ Wells Turbine for Wave Power Generat@tth Report, Starting and Running
larged, and the wake of the front side blade in the rotating direc Characteristics in Periodically Oscillating Flow Trans. Jpn. Soc. Mech.

tion is clearer than in the decelerating flow. _ Eng., Ser. B51(468), pp. 2746—-2751in Japanese
3. The flow is downward near the trailing edge of the suction[2] inoue, M., Kaneko, K., Setoguchi, T., and Koura, F., 1987, “Hysteretic Char-
surface and a clockwise vortex exists in the wake. This vortex is acteristics of Wells Turbine in Reciprocating Flow,” Trans. Jpn. Soc. Mech.

. i . . ~ Eng., Ser. B53(496), pp. 3699—-3704in Japanese
intensified when the attack angle increases rapiiflythe accel [3] Setoguchi, T. Kaneko, K., Hamakawa, H., and Inoue, M., 1990, “Measure-

erating flow process fowg=6 deg). o ) ) ~ ment of Hysteresis on Wells Turbine Characteristics in Reciprocating Flow,”
4. The cause of hysteretic behavior is associated with this Proc. 1st International Symposium on Experimental and Computational Aero-
clockwise vortex. In the accelerating flow, the increased intensity _ thermodynamics of Internal FlowtSECAIF, Beijing, China, pp. 537-543.

; : : 4] Alcorn, R. G., and Beattie, W. C., 1998, “Observations of Time domain Data
of the clockwise vortex extends the separation region on the bladé on Wells Turbine in the Islay Wave-Power Planffoc. 8th International

SUCtiOU surface toward the mld span region, which leads to th_e Offshore and Polar Engineering ConferendSOPE, Cupertino, CA1, pp.
reduction of the torque coefficient and the total pressure coeffi- 81-8s5.

cient. In the decelerating flow, the separation region is reduced a$] Efticzsglnv L-PE-vtE}PdL_l?t?ding Jf P, 1927, "F/Luid Dynggifs of g;;teségig Sepa-
; rated Flow, Part Il. Lifting Surfaces,” Prog. Aerosp. S&4, pp. —356.
the vortex is Weakened' . L e[6] Shida, Y., Kuwahara, K., Ono, K., and Takami, H., 1987, “Computation of
5. The mechanism to change the vortex intensity in the wake "~ pynamic Stall of a NACA-0012 Airfoil,” AIAA J., 25(3), pp. 408—413.
can be explained based on the vortex theorem. The vortex is inf7] Carr, L. W., 1988, “Progress in Analysis and Prediction of Dynamic Stall,” J.
tensified by the clockwise trailing shed vortidelsie to increase in Aircr., 25(1), pp. 6-17.

: P, : A it e [8] Leishman, J. G., 1990, “Dynamic Stall Experiments on the NACA 23012
the blade circulationin the accelerating flow process, while it is Aerofoil,” Exp. Fluids, 9, pp. 49-58.

suppressed by the counterclockwise vorti¢ése to decrease in (] vaknot, V., and Orszag, S. A., 1986, “Renormalization Group Analysis of
the blade circulationin the decelerating flow process. Turbulence(l. Basic Theory,” J. Sci. Comput.,1(1), pp. 3—51.
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Comparison of Semi-Empirical
Correlations and a Navier-Stokes
Method for the Overall
Performance Assessment

of Turbine Cascades

via Montallegro n. 1, Turbomachinery flows can nowadays be investigated using several numerical techniques

16145 Genova, ltaly to solve the full set of Navier-Stokes equations; nevertheless the accuracy in the compu-
tation of losses is still a challenging topic. The paper describes a time-marching method
developed by the authors for the integration of the Reynolds averaged Navier-Stokes
equations in turbomachinery cascades. The attention is focused on turbine sections and
the computed aerodynamic performances (outlet flow angle, profile loss, etc.,) are com-
pared to experimental data and/or correlations. The need for this kind of CFD analysis
tools is stressed for the substitution of standard correlations when a new blade is
designed[DOI: 10.1115/1.1539869

C. Cravero
A. Satta

Introduction Mathieson[12], has been frequently updated and the last version
from Kacker-Okapuu[2], has been considered to compute the

. : o . S : ttal pressure loss coefficient. Moreover the accuracy of the above
still an interesting field of investigation both from a numerical an orrelation, discussed by the authofg), for the prediction of
from an experimental point of view. The interest is motivated by, ;¢ staée efficiency=1.5 percer)thaé been considered suffi-
the need for pro]‘lles .W'th Increasing Ioﬂdgs blade number that cient for the present work. The correlation originally proposed by
means less weight in aeronautical applicatjoasad high effi-

. ) . A inley-Mathieson,[12], has been used for the evaluation of the
ciency. In the past the experimental analysis of profiles was t Bitlet flow angle
only feasible way to optimize the performance of the cascade in any papers have been presented in the past to show the ability

two-dimensional arrangement and the results have been genegaly given CFD method to accurately predict the flow field in
ized with correlations[1-3], for use of profile design not too different turbomachinery cascadddl,13. Nevertheless the at-
different from the original data. The use of compressible tim"?’ention has been mainly focused on Blade load distribu(immen-
marching techniques coupled with boundary layer calculations hﬁﬁpic Mach number or static pressurer on detailed flow fea-
pioneered the analysis of two-dimensional cascades with SORfifes (i.e., heat transfer along the blade profilather than on
account for. losses and deviat!c[zl.,IS]. More recgptly the ilmpres-. verall calscade performances. Some comparisons have been pub-
sive evolution of CFD has significantly modified the industrigfigheq for the computed versus experimental total pressure loss
approach in designing new turbomachinery components. Map¥etficient for compressof14], or turbine[15], cascades, but the
codes are in current use in industry for the two-dimensional agha\ysis has been restricted to one family of aerodynamic profiles.
three-dimensional analysis of turbomaching6y-8. The overall |, tis paper, after a critical verification of the accuracy of the
features of the flowfield are captured pretty well but there is stillo\y solver, the comparison is extended to turbine profiles with
room for the improvement of the CFD techniques in the evaluggy different characteristics and the ability of both the Navier-
tion of losses. Nowadays correlations for deviation in axial tukstgkes method and standard semi-empirical correlations in obtain-
bines can be optimized with three-dimensional NaV|er-Stokq3,§g the overall performances is checked.

codes to give the designer an efficient tdd], for a quick defi-

nition of a new blade. Nevertheless a similar approach for lossggvier-Stokes Solver

is still more difficult. The paper presents a Navier-Stokes solver
developed by the authors for two-dimensional blade sections
analysis and the attention is focused on turbine applications. Ah

The two-dimensional analysis of turbomachinery cascades

The two-dimensional Reynolds-averaged equations are written
conservative form

algebraic turbulence model has been introduced because it did 9 9 9 1/0 9

show the ability of reproducing the overall physics of the turbu- EQJF ,;_F+ a—G= R_(a_F”+ ﬁ—GU) 1)

lent flow in cascaded10]. Some modifications have been intro- X y €10x y

duced in the standard model of Baldwin-Lomax following Boylevhere

[11]. Several turbine blade sections have been analyzed and the

computed performances are compared to existing experimental p f;“ pv

data and correlations. Many correlations have been proposed over Q= pu = pus+p G= puv

the years for turbine blade performance prediction, but they have | pv - puv | pvi+p

not usually been updated in the open literature following the ad- pE puh, puh,

vances in turbine design methods. The correlation from Ainley- 0 0 @
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The stress tensor is computed in the standard way using Stokes's
hypothesis[16]. The “total” energy per unit mass in vectorQ is
defined as

_ 1 5
e:e+§V. (4)

A cell-vertex finite volume technique with an explicit Runge-_. . ) )
Kutta integration method and Jameson artificial dissipatidﬂ(ﬁhtzs Boundary orthogonal grid-ECAG cascade; 121 X95 grid
scheme has been used, as accurately described in previous paBers,

[17,18.

The numerical technique is second-order accurate in both time
and space. The control volume shown in Fig. 1 is considered; theror Navier-Stokes analysis the grid lines are stretched to the
conservative ve_lrlables are stored in the_grld vert(dmck C|_rcle) _wall boundary in order to have a value pf less then ten. The
while the diffusive terms are calculated in the auxiliary m'dpo'm?istribution ofy* at the wall is checked after the computation and

i

(white rectanglh This arrangement simplifies the computation of g higher then the above-mentioned limit are detected a new
boundary points keeping a second order accuracy with skew, is generated

grids. In Fig. 2 a sample grid for the ECAG turbine blade profig],

Structured H-Type Grids. Structured H-type grids with or- is shown. The grid consists of 12B5 points in thex and
thogonal lines at the wall boundaries are generated by integratiyiglirection respectively.
a biharmonic system as described by Cravgi®|. The bihar-
monic system consists of two fourth-order differential equatio
(one for each coordinate directipthat can be split into four
second-order Poisson equations. Increasing the order of the
tem permits to impose as boundary conditions both the poi
distribution and the line orthogonality along the boundaries.

Several point stretching functions are implemented in the co
to distribute the points along the blade profile in order to gener

an H-type orthogonal mesh in turbine sections with a strong cur- ot the inlet, in case of axial Mach number less than unity, total

va}l%re or/and_ th:Ck Ieaglng ?\nd :jralllng etdgtez. ¢ tabi ressure, total temperature and flow angle are fixed and the static
€ numerica’ procedure has demonstrated very strong stabi nsity is extrapolated from the interior point. To update all the
properties and flexibility in generating boundary orthogonal

. . : ) . ; onservative variables in the first axial section, the one-
grids when applied to several profiles typical of turbine section§imensional Riemann invariants have been considered.

The grids are periodic upstream and downstream the profile an t the outlet the static pressure is fixed while density and the

allow a straightforward implementation of the periodicity boundgjeann invariants are extrapolated from the interior points using
ary condition for turbomachinery flow analysis. Downstream th local one-dimensional approximation

trailing edge the mesh is inclined according to the outlet blade

metal angle; this simplifies the implementation of the algebraic Wall Boundary Conditions. The cell-vertex finite volume

turbulence model and improves its accuracy in the wake regiomechnique is directly applied at the wall boundary points using a
In order to asses the grid quality, the line orthogonality at thealf-control volume for the point lying on the surface. When vis-

boundaries is checked after the grid is generated and a maximoous flows are computed the nonslip condition at the wall is

difference of ten degree, with respect to the geometrical orthogaiplemented and the adiabatic wadlT/dn=0) is enforced using

nal local direction, is accepted. the neighboring points to the wall. In case of heat transfer analysis

Inlet and Outlet Boundary Conditions. Different sets of
r'tﬁ,lantities can be fixed at inlet or outlet according to the axial inlet
Mach number. For turbomachinery computations it is known that
SHE best set of values to fix is composed by total pressure, total
%Smperature, and flow angles at the inlet and static pressure at the
utlet. This is for subsonic inlet axial velocity, while for super-
Bnic inlet axial Mach number an additional quantity is fixed at
e inlet and all the values are extrapolated at the outlet.
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Table 1 Wall-damping functions Fkleb:[1+5-5(0-31/nmax)6]71- (11)

Option At In the near wall regiotd .,i, is equal to zero while in the wake
region the turbulent viscosity is computed with the outer value.

+
AT=26 standard The simple transition criterion of the original Baldwin-Lomax
A+=2—? Kays-Moffat, [22] model,[21], has been retained, as in other cod8$, without any
CumP ™ +1 ' intermittency function effect,11].
26 . .
+ - . .
A _——11.83* = Cebeci-Smith[23] Appllcat|ons

The computational technique has been applied to a set of tur-
bine cascades from different profile families. All the computations
presented have been performed with a four-stage Runge-Kutta
scheme with standard coefficiertd4,1/3,1/2,], standard values
the static temperature value is fixed at the wall. The code has tlae the second and fourth-order artificial viscosity coefficigatg
option to solve an inviscid flow. In this case the slip condition foand 1/64, respectivelyThe adiabatic wall condition and constant
velocity at the wall point is implemented as described in RES].  turbulent Prandtl numbéb.9) have been fixed for the above com-

In the applications presented in this paper only viscous adiabagigtations. The Kays-Moffat optioiisee Table 1 for the wall
wall boundary condition has been used. damping function has been considered.
The convergence criterion for the iterative computation has

lence model[21], is implemented to compute the turbulent vis.Peen based on the total pressure coefficient and a tolerance of 0.1
cosity and somé modifFi)cations to the sta%dard model have béaercent for its stabilization has been introdudghis requires
Y ut 25,000 iterations starting from a uniform initial guess of the

introduced as additional options for the near-wall damping and tﬁgw field)
turbulent Prandtl number evaluation. The dynamic turbulent vis- :
cosity is computed with the two-layers model:

Turbulence Model. The Baldwin-Lomax algebraic turbu-

The two-dimensional cascade obtained with the profile ECABG,
[20], typical for a gas turbine rotor section, has been analyzed to
UT=PpE E=Ejmer If NSN OF e=gque If N>N, compare the results obtained with the Navier-Stokes solver to the
experimental data. A grid refinement study has been conducted
with the cascade design conditiona & 37.7 deg-M,=0.59).
The grids are formed by 121 lines in the axial directisee Fig.
2) and 35/75/95 points in the tangential direction clustered to the
Einner= 12| 0, (5) wall. Denoting by¢ the coordinate along the grid line normal to
. . - , the wall, the points are distributed on these lines according to the
o being the vorticity and 1 the mixing length according to function 7=a¢+ &® (with a=0.02 andb=7). In Fig. 3 the cal-
— _a-ntiAT _ culated blade load is compared to the experimental data; the
I=kn1-e 1 k=0.4Von Karman © agreement is rather good and the grid density has a major effect in
with n* =nypw| Twl/ pw=NPU, max/pL @nd U, na is the maxi- the trailing edge region, as can be expected with an H-type grid.
mum value ofu,= Ju |w/p| along the boundary layer profile. In Fig. 4 the boundary layer velocity profiles tC=0.85 for
The wall-damping functions of Table 1 can be selected. the three grids are compared to the experimental distribution; the
PT™ is the pressure gradient computed a®t predicted velocity distribution witmy= 35 is appreciably differ-
= U3 p(C4/2)°9pl ds while Cy,=30.2 for P*<0.0 otherwise €nt from those obtained withy=75 andny=95 that are in rea-
Cym=20.6. The turbulent Prandtl number can be either fig@8 Sonable agreement with the experiments. Nevertheless, even with
in case of air or computed following Boylé11] for heat transfer the finest grid §y=95), the model is not able to correctly capture
analysis:

n being the normal distance to the wall whefig o= € outer-
The standard option for thaner layeris the Prandtl-van Driest
formulation with the following mixing-length model:

0.5 0. Pr, Pr \?2 : . ! !
Pr=|5—+ 2t P g od T L) 1 ~ o
PrToc ML \ F)r_l_oc yom nyjﬂs -------
- 0.8 ,ny=35 P —
SuPh 1 Lexp. [ J
X|l—exp — —— )
VP,

being Pf..=0.86. The variable Prandtl number model allows :
slight improve in the heat transfer predictions for turbine blade ‘\
as discussed by Boyld 1], and it has been therefore included as 0.4

an option in the present code. Without heat transfer analysis t
constant Prandtl number option shows no differences with respt

to the model of Eq(7). 02 1
The outer layeris computed with the complete formulation
including the functionF,,,. for the wake region analysis: 0
€outer= 0-0268F a1 dKieb (8)
_ » Nina 02
Fwake= M/ NiayF maxs C2(U mam— Umin) =k )
max. : |
U max and U,y being the maximum and the minimum values of '0"‘0 0.2 04 06 08 1
the velocity profile andh,,,, the value of n where the maximum x/C

value of the following function is reached: ) ) - T
Fig. 3 Blade profile ECA6—pressure coefficient distributions

F= n|w|[l_e—n+/A+]. (10) along the blade with different grid densities. Comparison with
experimental values Tu=7.0percent (uncertainty for Cp
The function of Klebanov is =+0.005).
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) ¥/C=0.75
x/C=0.85 /8 .
/s experimental ~—
ny=35 0.8 calculated ——
ny=75 —— ’
08+ ny=95 -a—
experimental X 06
06+ 04
Tu=5.0%
02
041
0
0 02 0.4 0.6 0.8 1
Vive
02}
Fig. 6 Blade profile ECA6—boundary layer velocity profiles at
x/C=0.75 (uncertainty for V=5 percent)
00 0.2 0.4 0j6 0.18 }  Ppreviously discussedFig. 4), are strongly affected by the _
Vive freestream turbulence level, that is not considered by the algebraic
model. In fact, as discussed in RE24], transition occurs, for the
Fig. 4 Blade profile ECA6—boundary layer velocity profiles at same blade profile, on the suction side surface in the region 0.75
x/ C=0.85 with different grid densities. = Tu=0.8 percent (uncer-  <x/C<0.95, depending on the turbulence level. With the lowest
tainty for V<5 percent). inlet turbulence level of 0.8 percent a laminar separation bubble is

detected ax/C=0.85.
This flow condition is not easy to represent with a CFD analysis

the separation bubble that is experimentally detected on the segen with more sophisticated turbulence models. In 2] the
tion side surface. The physics of the separation bubble is dordbmputational results for the ECA6 cascade in a three-
nated by the pressure distribution on the blade profile, that is nfilnensional configuration have been obtained with andk-w
extremely well predicted by the viscous flow solver at O.8urbulence closures in a low-Reynolds formulation, but without
<x/Cax<1.0(see Fig. 3. any transition modeling. Only fully turbulent flows have been

The computed outlet flow angl€3.2 deg matches the experi- computed and massive flow separations on the suction side and
mental value and it is not influenced by the grid density. Thetability problems have been reported with purely laminar flows.
calculated total pressure loss coefficients are 0.0270, 0.02§ith a two-dimensional low-Reynolds w formulation the sepa-
0.0251 withny=35, 75 and 95 points, respectively, while theation bubble has been detected with the lowest turbulence inten-
experimental value is 0.0223. The grid effect is not too strong arglty (0.8 percent [26], but the need for an external transition
even the worst valué0.027Q obtained with the coarsest grid ismodel has been highlighted for higher turbulence levels. In fact,
closer to the experimental data then the value of 0.038 obtaing@ correct boundary layer profiles on the ECA6 suction side sur-
with semi-empirical correlation$2]. face can be correctly computed, with different turbulence inten-

In Figs. 5-7 the computed boundary layer profiles with sity, after the inclusion of the transition modélased on experi-
=95 atx/C=0.65, 0.75, 0.85 are, respectively, shown and conmental correlationsproposed by Mayl¢27] into a standard- w
pared to the experimental distributions obtained with different vajormulation,[28].
ues of the turbulence intensifyu (0.8,5.0,7.1 percentThe sepa-  The algebraic turbulence closure implemented into the present
ration bubble, and the associated boundary layer profilegde does not take into account the effects of turbulence intensity

1 1
X/C=0.65 x/C=0.85
s . s .
experimental —e— experimental <—
08 calculated —— calculated ——
0.6
0.4
Tu=0.8%
Tu=5.0%
0.2
0 T . .
0 0.2 04 0.6 0.8 1 0 02 0.4 0.6 0.8 1
V/Ve ViVe
Fig. 5 Blade profile ECA6—boundary layer velocity profiles at Fig. 7 Blade profile ECA6—boundary layer velocity profiles at
x/ C=0.65 (uncertainty for V=<5 percent) x/ C=0.85 (uncertainty for V=<5 percent)
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-0.05 Fig. 9 Different turbine blade sections

-0.1

0 02 04 5 06 038 ! The total pressure loss for a two-dimensional cascade can be
y split into three different contributions correlated to the flow phys-
Fig. 8 Computed versus experimental wake profile at ~ x/Cax  ICS [29]: (@ boundary layer losstb) shock loss, andc) mixing
=1.40. Tu=5.0 percent (uncertainty for Y==0.001) loss. The capability of a simulation to@torrelations or Navier-
Stokes analysjsto accurately predict the profile loss is directly
linked to its accuracy in modeling the above-mentioned loss
mechanisms. With a systematic analysis of turbomachinery cas-
and therefore the best agreement with the experimental results €ages in a wide range of operating conditions, the blade profile
be expected with high turbulence levels outside the transition apdrameters that have a direct impact on the loss mechanisms, and
separation bubble regions. therefore on the total profile loss, can be identified and discussed,
In Fig. 8 the computed wake profile atCax=1.40 is com- [32]. From the above analysis three quantities can be extracted to
pared to the experimental daf20]; the local total pressure loss form the basis for a loss modéh) the evolution of the boundary
coefficient is plotted against the normalized tangential directiol@yer on the profile suction sidenomentum thickness at the trail-
The wake model for the algebraic turbulence closiie. (9)) is ing edge, (b) the trailing edge thickness, ard) the base pres-
rather rough and it is difficult to implement in the trailing edgesure. The accuracy of a loss model therefore depends on its accu-
region where both wall and wake effects are presgi]. The racy in representing and modeling the above quantities. The
shape and the symmetry of the wake are well represented by &élity and the limits of the Navier-Stokes code to analyze the
viscous solver, but the width is overestimated. This can expla@yolution of the blade boundary layers have been previously dis-
the overestimation of the computed loss coefficient. In fact, ieussed.
case of subsonic flow, the mixing loss, that occurs downstream thdn Table 3 the value of the base pressure obtained with the code
trailing edge, accounts for a high percentéaleout 50 percehof is compared to the experimental vali®] for different cascades.
the total profile loss,29]. The accurate computation of the mixingThe agreement is rather good and the discrepancies can be mainly
loss depends on the correct representation of the blade wake @igibuted to the difficulties in modeling the trailing edge region
velopment. Owing to the approximate modeling of the wake in th&ith an H-type grid. Attempts have been made to improve the
algebraic turbulence closure and the difficulties of a correct implaccuracy of an H-type grid in the trailing edge reg88], but the
mentation of the model for a turbomachinery cascade, the mixiRgoposed grid modification has not been taken into account be-
loss is not quantitatively well represented. cause it makes the grid boundary orthogonality almost impossible
From the above analysis it is shown that the main cascade pat-the trailing edge. In order to build a successful structured
formancegblade load, outlet flow angleare not significantly in- H-type grid for Navier-Stokes analysis in turbomachinery cas-
fluenced by the grid density, but when the attention is focused 6ades a compromise between grid orthogonality, trailing edge
the profile loss the grid has some effect. Nevertheless the l@gometrical representation and grid shape in the wake region has
value obtained with the coarsest grid is more accurate than sti-be considered. In the present work the grid orthogonality and
dard correlations. A more detailed inspection into the flow fielthe grid alignment with the wake have been considered more im-
(boundary layer profiles and wake shagbows the weaknesses
of the turbulence model.
A set of turbine cascades has been calculated using the profifggie 2 outlet gas angle—comparison between Navier-
of Fig. 9 and the overall performancésutlet flow angle and loss stokes, correlations and experiments  (uncertainty for a==%0.5
coefficien) have been compared to existing experimental datg)
and/or correlations]2]. The experimental data and design flow -
conditions have been obtained from Fottfi20] and Sieverding ~ Profile  a;(deg) M, axys(deg) azep(deg) azcor(deg)

[30]. In Table 2 the flow boundary conditioislet flow angle and ECA6 377 059 632 63.2 60.4
outlet Mach numberare reported for the set of cascades together ECA8 20 0.96 79.6 79.8 80.5
with the outlet flow angle obtained with the Navier-Stokes calcu-V\K/|k||-§59 30.0 0-873 7626-5 7527£ 7616-6
lation, the experiments and correlations. The profile named VKI-A, 3\, 00 08 0 : 0
. S . IT-VKI-I 30.0 0.60 66.1 65.0 68.3
in Table 2 is similar to the ECA8 bladsee Fig. 9and the full set miT-vKI-lI 300  0.68 66.1 65.0 69.0
of geometrical data and experimental results can be fouf@lin  MIT-VKI-lV ~ 30.0  0.60 66.0 65.0 68.0
The agreement between the Navier-Stokes code and the expeWic I(Dc)mald 240 068 728 72.0 70.5
; ithi ; ; a
mental data is good and within 1 deg, while the correlation value&c Donald 240  1.06 717 720 704
compared to experimental data show a lower accutesgecially (b)
for high subsonic—transonic flows when the outlet flow angle de-yk|-EDF 66.0 0.75 67.77 70.4

viates from the cosine rule
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Table 3 Base pressure p, at the trailing edge—comparison
between Navier-Stokes and experiments  (uncertainty for
==*0.5 percent )

by profile, secondary, and tip/hub clearance loss values in a three-
dimensional cascade. Actually the model for the single loss coef-
ficient (profile, secondary or tip/hub clearands not necessarily

optimized to give the best value. From the above Navier-Stokes

Pb

Profile / / . . . .
(Po/Pulns (Po/Pt)exp computations only the profile loss has been investigated.

VKI-LS59 0.60 0.58

MIT-VKI-I 0.75 0.76 .

MIT-VKI-IlI 0.61 0.68 Conclusions

MIT-VKI-IV 0.75 0.76 i ; iar-
Mc Donald (@) 065 070 Thg proposed numerllcal technique to solve the Navier-Stokes
Mc Donald (b) 0.30 0.39 equations in turbomachinery cascades has shown a good accuracy

VKI-EDE 0.54 0.61 in capturing the main performances of the blade section. Maxi-

mum error for the outlet flow angle of 1.1 dégverage of 0.6
deg and for total pressure loss coefficient of 13 percent. After a
deeper analysis of the flow field some structural inaccuracies of
portant in order to improve the accuracy of the wall boundaihe simple algebraic turbulence model arise when comparing the
condition and the implementation of the turbulence model in trexperimental and the computed boundary layer profile for differ-
wake region. ent positions on the blade suction side, especially in the separation
The final comparison among Navier-Stokes, experiments ahdbble zone. These inaccuracies can be mainly attributed to the
correlation is presented in Table 4 for the total pressure loss @hsence of the turbulence intensity effect, the rough estimation of
efficient. The viscous computations and the experimental valuggnsition and the simplified wake model. Nevertheless the value
agree reasonably well. But it is clear from Table 4 that the Navie®f the total pressure profile loss coefficient computed with the
Stokes computation and the correlations don’t show a commeade compares well to the experimental dédserage error of
trend. about 10 perceitthe comparison with the value predicted using
The profile loss coefficient, as in the original Ainley-Mathiesogorrelations shows some discrepancies. From the above, analysis
correlation,[12], is computed by interpolating the profile loss ofcan be concluded that current CFD techniques for Navier-Stokes
two reference blade types: impulse blade and reaction blade. T#ations, even with simple turbulence modeling, can safely sub-
interpolation is based on the inlet blade metal angle, the outitute the correlations in the design process for a new blade pro-
flow angle, and the cascade pitch/chord ratio. Correction terms #ite.
then introduced[2], to improve the accuracy of the original cor-
relation taking into account viscous and compressibility effectllomenclature

The cascade parameters used to compute this terms are: maximum
profile thickness/chord, trailing edge thickness/throat opening, and

inlet and outlet Mach numbers. As can be noticed, very few blade gf
profile and cascade parameters are involved to model the profile p
loss that results from the viscous and compressible flow in a tur-

bine cascade. Actually the boundary layer growdhd stability &
and the shock loss are highly affected by local geometry and flow = é

conditions. The difference between the value of the profile loss G
computed with correlations and Navier-Stokes method is higher af:v ' ﬁ
higher Mach number€Tables 2—4. In these conditions the effects Ma
of compressibility are important and they are very roughly mod- aﬁ
eled using correlations. A correction term, based on the profile exit
to inlet Mach number ratio, is introduced into correlation to re-
duce the profile loss. This should model the boundary layer thin:
ning and suppression of local flow separations close to sonic exft)rL ' PrI
velocities in an accelerating flow passage. Moreover a very simple P

blade chord

wall friction coefficient

pressure coefficientpt, — p)/ (P — P2)
sound speed

internal energy

total internal energy

convective flux vectors

diffusive flux vectors

enthalpy

isentropic Mach number

normal distance to the wall

points number iry-direction

static pressure

laminar, turbulent Prandtl numbers
static pressure gradient

shock loss model, based on inlet and outlet Mach numbers, is (F?{ f ;ggsgxggri flow variables vector
implemented into correlation§?], but it cannot represent the ac- -
tual shock wave loss that is highly dependent on the local profile Re B Reynolds_Nr(based on blade cho)rd
geometry and cascade paramet@ss, suction side blade curva- § = surface distance along the profile
ture and area increase in the supersonic part of the blade channel S= c_ascade pitch
Nevertheless it should be noted that correlations are calibrated t = time
to give a reliable value for the overall loss coefficient composed T = static temperature
Tu = turbulence intensity
u, v = Cartesian components of velocity
Table 4 Profile loss coefficient—comparison between Navier- V' = velocity (SqrtGszvz))
Stokes, correlations and experiments (uncertainty for Y X, y, = Cartesian coordinates
==+0.001) Y = loss coefficient Py — pi2)/ (Pi1— P2)
Profile Yus Yo Yeor Re Greek
ECA 02 022 _ a = yaw flow angle .
ESAS 8.878 3.865 8.838 iﬁg & = boundary layer thickness
VKI-LS59 0.048 0.054 0080  7x1(° y = specific heatratio
VKI-A 0.024 0.022 0.030 1% 1P mL, pr = laminar and turbulent viscosities
MIT-VKI-I 0.062 0.069 5% 10° p = density
MIT-VKI-1I 0.053 0.050 5X10° Subscript
MIT-VKI-IV 0.056 0.043 5x10° .
Mc Donald (a) 0.059 0.036 3x10° ax = axial
Mc Donald (b) 0.063 0.038 4X10P e = external to the boundary layer
VKI-EDF 0.066 0.056 7X10° L = laminar

t = total quantity
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Introduction

In the pressure die casting processes considered in this work
molten metal is injected into a die cavity from a horizontal injec:
tion chamber, in which the metal is pushed by a plurgég. 1).

The chamber is partially filled with the volume of molten met
that corresponds to the size of the die cavity, and the plunger thsq1
moves the length of the chamber, causing the formation of a sur-
face wave. This process, which is the most commonly used pr%Q
cess for manufacturing near-net shape cast aluminum componeﬁ
provides closer dimensional tolerances and better surface fin\/%lhI
than most alternative casting processes and allows very high Pl
duction rates. On the other hand, one of the most important pro
lems encountered in die casting manufactured parts is porosity,
which adversely affects their mechanical properties, and makes it
difficult to apply, or even prevents, heat treatment or welding. Th
control of casting porosity requires extensive study of differeff
aspects of the procedd,], among them appropriate injection con-
ditions that can contribute to minimizing air entrapment. To reh
duce the porosity of the manufactured parts caused by the init{ﬁ
air in the die cavity and injection chamber being trapped in the
molten metal, the injection process usually consists of slow a
fast shot stages. The study described in this paper focuses on
slow injection stage, during which the plunger usually first forcea;u
the molten metal to rise and fill the upper section of the injection U
chamber, and then moves at a constant critical speed until %N
injection chamber is completely filled2]. This operational pro-

cedure in the slow stage attempts to avoid air entrapment effe
due to the roll over of the wave front caused by the reflection Q)
the wave against the injection chamber ceilimdpich might occur

if plunger speed is too highand to prevent premature wave re
flection against the end wall of the chamb@vhich may also

occur if the plunger remains below the critical speed and mig
produce air entrapment in front of the plunger or along the charg

Analysis of the Flow in a
High-Pressure Die Casting
Injection Chamber

The flow in the injection chamber of pressure die casting machines is analyzed using a
model based on the shallow-water approximation which takes into account the effects of
wave reflection against the end wall of the chamber. The governing equations are solved
numerically using the method of characteristics and a finite difference grid based on the
inverse marching method. The results of the model for wave profiles, volume of air re-
maining in the injection chamber at the instant at which the molten metal reaches the gate
to the die cavity, and optimum values of the parameters characterizing the law of plunger
motion, are compared with the numerical results obtained from a finite element code,
which solves the two-dimensional momentum and mass conservation equations, taking
into account nonhydrostatic and viscous effects. We found that, although the shallow-
water model does not provide a very accurate estimation of the mass of entrapped air
in the injection chamber for certain ranges of working conditions, it does describe
reasonably well the influence of the acceleration parameters and the initial filling fraction
on the entrapped air mass, and can be of help in selecting operating conditions that
reduce air entrapment while keeping the injection chamber filling time as low as
possible.[DOI: 10.1115/1.1538627

ber ceiling. To reach the critical speed, the plunger must be ini-
Iﬁ%ly accelerated, and the evolution of the wave profile will obvi-
ously depend on the plunger acceleration [8y4]. To reduce the
amount of entrapped air, the wave must be prevented from break-
aing inside the chamber and possible air entrapment effects due to
hﬁ wave reflecting off the end wall and ceiling of the chamber
ould be minimized. It is very difficult to estimate accurately the
ntribution of the amount of air entrapped in the injection cham-
%rt at the time the molten metal reaches the gate to the die cavity,
he porosity level of manufactured pieces. This porosity level
OI_ depend on(among other factojsnot only the amount of air
B_at is entrained into the liquid within the injection chamber,
where it forms small air bubble&s a consequence, for example,
wave breaking, if the operating conditions are far from the
oeotimaD, but also on the air entrained during the injection of the
etal into the die cavity. However, it is highly probable that the
larger the amount of air in the chamber at the instant the molten

o)

metal reaches the gate to the die cavity and begins to flow through
F runner, the larger the amount of air that will be entrained when
e molten metal enters the die cavity. Lindberg et[&l. dis-
cyssed the importance of reducing this amount of entrapped air,
d showed experimentally that large amounts of entrapped air
Py even cause interruptions in the flow of metal in the runner
e to solidification effects.
ntil recently, little attention had been paid to investigating the
of molten metal in the injection chamber, and the published
experimental data in this arel,6], are still limited. Among the
oretical works that have helped to provide a better physical
nderstanding of the overall behavior of the molten metal in the
chamber are those of Thome and Brevi@gk8], Tszeng and Chu
T3], and Lpez et al.[4], although none of them has considered
ﬁﬁects of wave reflection against the end wall of the chamber. The
bimerical simulations of the slow injection stage that have been
arried out are scarce, although it is interesting to mention the
studies of Backer and Sa#i], Kuo and Hwand 10|, Khayat[11],
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from the complex behavior that the molten metal may exhibit in
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Fig. 1 Schematic representation of the injection chamber of a Fig. 2 Schematic representation of the problem and coordi-

die casting machine nate system

some operating conditions. Phenomena, such as those involved in T
wave breaking processes, the interaction of the molten metal wif" be deduced that the pressure distribution in the molten metal

the chamber ceiling and wave reflection against the chamti& be considered as hydrostatic and the horizontal velocity com-
walls, may require grid sizes that allow solution of the small-scaRPnentu, becomes independent of the vertical coordiryede any
viscous and capillary effects, and this would require very highMe: S0 thati=u(x,t) (see Fig. 2 The governing equations can
computational resources, even in the case of two-dimensiofg@n be written ag,16],

flows. However, it should be easier to describe the evolution of 9 9
the free surface in operating conditions close to the optimal. For —+(u+c)—|(u+2c)=0, Q)
such conditions, simpler models, such as that based on the at X
shallow-water approximation described bydsz et al[4], could ) 9
be very useful. EHU_C) x (u—2c)=0, (2)

The main objective of this work was to carry out an analysis of
the flow in the injection chamber using a model based on thghere c(x,t)=(gh)Y? is the speed of a small-amplitude wave,
shallow-water approximation which takes into account effects @élative to the fluid, for a depth. Using the method of character-
wave reflection against the end wall of the chamber. In previoisics, these equations reduce to the statement that
works,[4,13,14, a model based on the shallow-water approxima-
tion that neglected wave reflection effects was applied to cases for u+2c=constant 3
a W|de range Of the reIeVant pal’ametel’s. In thls Work, thls mo%bng Characteristic curves defined by
will be extended to include wave reflection effects. Some prelimi-
nary results were presented [ib2]. The proposed model will be dx 4
applied to situations where the effects of the molten metal wave dt : @
reflecting off the injection chamber end wall may be relevant
Results for the wave profile, the amount of air trapped in th
molten metal and optimum values of the parameters characte
ing the piston’s movement will be presented. These results will

hen wave reflection effects are not considered, the velocity and
| other magnitudes can be obtained analyticedle Lepez et al.
) as an implicit function ofk andt:

compared with those obtained numerically using a CFD code, 3

which solves the two-dimensional momentum and mass conserva- x=X(ty)+ EX’(tl)Jrco (t—tq), (5)
tion equations and takes into account nonhydrostatic and viscous

effects. We will assume that the flow phenomena occurring in the u=X'(ty), (6)

injection chamber are sufficiently fagthe duration of the slow . )
stage is typically of the order of 1) $o make heat transfer andWhere X(t) is the location of the plunger face arf(t) the
phase change effects negligible. Only operating conditions refiunger speed. Boundary conditions will be applied at the plunger
tively close to the optimal, in which wave breaking would onlysurface, where the velocity of molten metal is taken to be equal to
occur in very early stages, will be considered. For these condie plunger speed’(t), and at the end wall of the chamber,
tions, surface tension effects are expected to have very little inflghereu=0. Two different plunger speed laws are considered in
ence on the free-surface dynamics, and have therefore been this work: a time-exponential law,

glected. A detailed numerical simulation of wave breaking ) — at_

processes in the injection chamber was carried out byn&o X(h=ap(e®~1), t<ty, )

et al.[15], in whose work only plunging breakefand no spilling Wherea and 8 are positive constants, and where

breakerg were found to appear for typical operating conditions in

the injection chamber. _ 1 12(vgH—vgho)
ty=In) =+ ®

2 Model Based on the Shallow-Water Approximation s the time which the molten metal takes to reach the chamber
In this section a simplified model of the flow in the injectionceiling at the plunger facg4], and a law given by

chamber based on the shallow-water approximation will be briefly (ghg)¥2t| ~ 13
described. Further details of an analytical study based on this X’(t)=2(gh0)1’2 1— 20 - -1|, t<ty, (9
model of cases in which wave reflection effects were neglected |
can be found if4,13]. In this work, the governing equations aréyherel is a positive constant, and where
solved numerically to take into account wave reflection effects. |
2.1 Governing Equations. We shall assume that viscous ef- tH=W[1—(ho/H)3’2]. (10)

fects are negligible and that the typical value of the free-surface

height,h(x,t), is much smaller than the typical horizontal length Notice that, for sufficiently large values of Eq. (7) gives a
scale of the wave, so that shallow-water approximation can p&inger speed that is proportional to the distance traveled by the
used. With this approximation, which will be justified below, thelunger. A motion law of this kind can be considered as represen-
vertical component of acceleration can be neglected when corative of die casting machines where the plunger speed is pro-
pared with gravitational acceleratiog, Introducing the shallow- grammed as a function of plunger positidi4]. On the other
water approximation into the two-dimensional Euler equations, liand, whenl is equal to the injection chamber length, the
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tH u=0 Fig. 4 Relative grid refinement error of Eq.  (12) as a function
of dimensionless grid size  Ax/L, in different chamber sections
and at tcq/L=1.08 (f=0.25, £=3 and L/B=9.46)
dictor step, the coefficients in the finite difference equations are
calculated at the initial-data points, where the flow properties are
determined from a natural cubic spline interpolation based on pre-
vious solution points. In the corrector step, the coefficients are
A calculated from the average values of the dependent variables
O ¢ along each characteristic curve. The number of spatial grid nodes
x=L X is kept constant with time. At each time step, a uniform grid step

size Ax is calculated, and a ratidx/At is chosen to satisfy the
Fig. 3 Characteristic curves and flow regions in the x-t—plane  CFL stability condition.
The Richardson extrapolation method was applied to check the
accuracy of the numerical model. As an example, Fig. 4 shows the

) approximate relative grid refinement error defined by
shallow-water model predicts that the plunger speed law of Eq.

(9) will produce a vertical wave profile at the end wall of the E=|(Cext— Cax)/Cexi- (12)
chamber att=L/cy, so that all the initial air volume will be
forced out without being entrapp€di,14]. In both types of laws
fort>ty,

(cax andcey, are, respectively, the approximate and the extrapo-
' lated numerical solution$17], for the wave speedas a function
of the dimensionless grid spacing &t 0, Ax/L, for the time-
X' (t)=2[(gH)Y2~ (ghg)"?]. (11) exponential plunger speed law wigh=2¢,/(3aB) =3 (Wherec,
) . ) is the wave speed correspondinghg) andL/B=9.46, and an
Figure 3 shows the characteristic curves and the different flqpig filling fraction f=0.25. Notice that the parametéris the
regions in thex—t plane. In the simple-wave region OBCE, sincgnerse of a Froude number. The curves in Fig. 4 correspond to an
all the negative characteristics come from a region where the mmstanttcolL: 1.08 (i.e., after wave reflection has beguand to
ten metal is at rest, it can be deduced from &jthat bothu and  pee different locations: the plunger surface, the end-wall of the
¢ are constant along each positive characteristic. When the S'mﬁ’{}:ection chamber, and the intermediate section between both. The
compression wavecomprising the positive characteristics emergarger of convergence rate of the method calculated at these loca-
ing from the plunger between points O andl iBipinges on the jons was found to be 1.97, 2.24, and 2.01, respectively. The finest
gnd wall of the chambefatt=L/c), a S|.mple COMPression Wave o g sed in the convergence test correspondedxt =103,
IS reﬂ%cptc(a:d _frofm thedw?ll, ﬁ.nd a ponsmplr? wa;]ve |?teract|cf)nhr otice in Fig. 4 that the relative error is higher at the end wall of
gion (BFC) is formed. In this region, neither the slopes of thgne chamber, where the reflection occurs. Al the results in Fig. 4
positive or negative characteristics are constant, and Bg&nd |, ore obtained using a value of 4.76 thx/(CoAt) at the begin-

(4) are solved numerically in order to obtain the wave profile as . : ; i
: . . g of plunger motion. Using 500 nodes along theoordinate
function of time. The solution of Eq$3) and(4) may develop a enqred that the solution was independent of the grid in most

singularity after a given time, for which the derivatives becomg,qeq hresented in this paper. A more detailed discussion about the
unbounded and the solution ceases to exist. This singularity r@q}a

- . 8 imerical accuracy and validation of a similar numerical scheme,
relsents tge_begmfmng OI w_avcfe breaking. A system?tlc sltudy of @Rich was applied to the evacuation of air through vents in pres-
place and time of singularity formation in waves of molten metal, .o yie casting processes using a fixed arid. can be fouH®in
within the injection chamber when wave reflection effects are no%J gp 9 gna. U]
present can be found in the analytical study opep et al[4]. 3  CFD Model

2.2 Numerical Procedure. Equations3) and(4) are solved  The Navier-Stokes equations were solved numerically using the
using a deformable finite difference grid in tke-t plane and an finite element Wrafts cod¢19]. A two-dimensional model, which
algorithm based on the inverse marching method, in which thequires much less computational resources than a three-
locations of solution points are specified a priori. The characteiimensional model and where the governing equations can be
istic curves through each solution point are extended rearwardssifitten as
intersect the line of constant time on which the points from pre-

vious calculations are located. The characteristic curves between ’7_U+ ‘7_":0 (13)
the solution point and the intersection poifitsitial-data point$ ax ay

are approximated by straight lines. The finite difference equations 5 5

resulting from the discretization of Eq&) and(4) are solved by au uﬁ_u ‘9_U: _ l ‘9_p+ V( Ju n g u) (14)
using the modified Euler predictor-corrector method. In the pre- at ax ay p X ax2 WZ
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was used. It is expected that the wave profiles in the symmetig. 7 Dimensionless water front location as a function of di-
plane of an injection chamber of circular cross-section will beensionless time during the collapse of a water column. Com-
similar to those in an equivalent two-dimensional configuration. parison between Wrafts results and other numerical and ex-
discussion on the shape of the free-surface profile outside fREiimental results.
symmetry plane in real injection chambers can be founf3in
The momentum equations were solved using an explicit time in-
tegration for the velocities, and the pressure was calculated fronth@ results reported in this paper. At later times, the grid sizes
Poisson equation at each time step, using a projection methesfjuired to ensure grid independence were considerably greater.
[20]. A volume of fluid (VOF) method[21], was used to describe Nevertheless, attention in this work was focused on conditions
the evolution of the free surface, and the mesh was moved agldse to the optimal, for which air entrapment would be mini-
deformed using a technique similar to the arbitrary Lagrangiamized and wave breaking effects were not expected to appear.
Eulerian method[22]. As already mentioned in the Introduction,Typical time steps in the cases simulated in this work varied from
surface tension effects were neglected. The problem was treatechs at the beginning of plunger movement to less than 0.01 ms
using a one-element-thick computational mesh with eight-nodedring wave breaking.
hexahedral elements, with symmetry conditions applied to the lat-Hernandez et al[13] compared some of the results of the CFD
eral surfacegFig. 5. A no-slip condition was imposed at themodel with the experimental results of Duran et[al, finding a
chamber walls and the pressure was fixed at the gate to the dimd qualitative agreement. Although the quantitative agreement
cavity. The dynamic viscosity and density of pure aluminum at it¥as also acceptable in cases where the experimental uncertainty
freezing point (1.%107% Pas and 2385 kgnt, respectively, seemed to be least, the small number of experimental data avail-
and a chamber height of 5.08 cm were used in all computatiorsdle and the uncertainty of most of them made it difficult to obtain
At the plunger surface, a horizontal velocity given by E@3.or a more conclusive experimental validation.
(9) for t<ty, and by Eq.(11) for t>ty was imposed. In order to assess the performance of the CFD model, extensive
Different grids were used to check the grid-dependency of tlalculations were carried out for different test problems. As an
solution, [13,14]. As an example, Fig. 6 shows, for an injectiorexample, the results of the CFD model for the water front location
chamber withL/H=9 andH=5.08 cm, three wave surface pro-as a function of time during the collapse of a water column, ob-
files computed with Wrafts code for a case involving the plungéained for two different grid spacings, are compared in Fig. 7 with
speed law of Eq(9), with L/I=0.8, andf=0.254. The results different numerical and experimental results. The present results
were obtained using three different grids with 2584, 350 agree well with the data of Martin and Moyf23], the differences
X 90, and 506 130 elements. The difficulty in obtaining grid- being of a similar magnitude to those reported elsewhefe24].
independent results increased for times after the beginning Eifjure 8 shows results for the free-surface profiles at different
wave breaking. At earlier times, for which most of the resultSmes during the collapse of a water column of a width/height
presented in this paper were obtained, grid independency was geatio (W/H) of 10. The Wrafts results are in good agreement with
erally achieved for a number of grid elements within a range tfiose obtained numerically by Hsu et E24], and also with the
around 35 90 and 50& 130, which were used to obtain most ofanalytical results predicted by the model based on the shallow-
water approximation, which, in this case, because of the large
W/H ratio, is justified. In these simulations, as well as in those

Wit presented below, the CFD model faithfully conserved mass, with
Lo 3 : : VAL mass errors lower than 0.5% in all cases. The excellent agreement
i tfre =0.95 M between the CFD results and some of those_predlcted b_y_ the
03 \L’\ d shallow-water model presented in the next section for conditions
par T 20xi —— - for which the shallow-water approximation holds very accurately,
i 350> 0 e constitutes an additional test of the code for such conditions.
DA — 500 130 LjE=08 ]
0.7 0.75 (VR (.85 0.9 0.95 L0 4 Discussion of Results
xfL

4.1 Validity of the Shallow-Water Approximation. Before
Fig. 6 Dependence of computed wave surface profiles on grid presenting and discussing the results obtained in this work, we
size. Plunger speed law of Eq. (9), with L//=0.8, and f=0.254.  will briefly examine the validity of the shallow-water approxima-
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04r 7

tion for typical operating conditions and geometries of the injeg, 5
tion chamber. If plunger acceleration ceaset atthe character-
istic horizontal length scale of the wave can be estimated
tyCo— X(ty). Then, the shallow-water approximation will be jus-
tified if e=hgy/(tyco—X(ty))<<1l, a condition that, for the
plunger motion law of Eq(9), for example, is satisfied provided
thate =H/3I[1— (he/H)%%]<1. As an example, for the cases cor-0.8
responding to the results of Figga® and 9b), which correspond
to the plunger speed law of E(P), and wheref=0.254 and 0.5, )¢
respectively,l/H=9 and the injection chamber has a length
=1.58 (for which there are no wave reflection effects against th
end wall of the chambgre =0.075 and 0.126, respectively, and 0.4
so the shallow-water approximation is reasonable. This is co
firmed by the overall good agreement between numerical and ar,
lytical results, despite some slight discrepandjearticularly for
large values of ), which are more noticeable around the foremos
tip of the wave profile andespecially near wave breaking. On 1.0
the other hand, the discrepancies are more important in the ca
of Figs. 9¢) and 9d) (notice the smaller enlargement factor indi- |
cated in the caption which correspond to the plunger speed lav0-8
of Eq. (9), and wheref =0.254 andf=0.5, respectivelyl/H=3
and the injection chamber has a lendtk-1.58, for whiche 0.6
=0.225 and 0.379, respectively, and so the shallow-water a
proximation is less justified. Whatever the case, although the pro4 L i
dictions of the shallow-water model are still fairly accurate, the-
chamber aspect ratio of this case is not typical of real die castil
machines, and, for all the cases for which results are presentec0.2 =3
this section, the shallow-water approximation may be consider:
appropriatgexcept obviously for conditions near wave breaking ¢ g \ \ \ ) .
0.0 0.2 0.4 0.6 0.8 1.0 1.2

x/4

1.0

roft = O SS== (d)

4.2 Wave Surface Profiles

Plunger Motion With a Time-Exponential Speed Lawigures Fig. 9 Comparison between analytical and computed wave-
10(a) and 1@b) show a comparison between results for the waveurface profiles for the plunger speed law of Eq. 9). (@ IIH
surface profiles obtained with the model based on the shallow9, f=0.254, (b) I/H=9, f=0.5, (¢) I/H=3, f=0.254, (d) I/H=3,
water approximation and those predicted with the Wrafts codés0.5. The vertical scale has been enlarged by a factor of 6.5 in
They correspond to the time-exponential plunger speed law of E(q?ﬂ and (b), and 2.2 in (c) and (d). The time has been made
(7), a chamber aspect ratib/H=9 (typical of real machines, di lsnsmnless with the time required to fill a chamber with
[2,3]), for which the shallow-water approximation is expected i5!1=1
be acceptable, and initial filling fractions of 0.25 and 0.4, respec-
tively. All the combinations of the dimensionless paramefeaad
L/B in the depicted profiles satisfy the condition that, in accowalue oft/t; of the last profile obtained, whetg is the time that
dance with the shallow-water model, the wave reflected from thlee molten metal would take to fill the injection chamber if it were
end wall of the chamber begins to brealk., the wave profile first not possible for the metal to flow out of the chambdt was
has a vertical tangenjust at the instant at which the molten metakxpected that, for a given value @f a local minimum volume
reaches the gate to the die cavitiis instant corresponds to the(area of entrapped air in the injection chamber would be obtained
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Fig. 10 Comparison between results for the wave profiles obtained with the shallow-water model and from the CFD model, for
the time-exponential plunger speed law with different values of &, and the conditions described in the text. (a) f=0.25, (b) f
=0.4.

for this condition. From the results of Fig. 10, it can be observedtie previous section. At the instatit;=0.95, for an initial filling

that in all cases sufficiently far from the end wall of the chambefraction f=0.254, the mean slopes of the free surface aver
there is very good agreement between both types of results, &leyt predicted by the CFD model are 0.92% and 7.87% lower
though the CFD model predicts slightly later wave breaking artdan those predicted by the shallow-water modelfir=0.9 and
smoother wave profiles. In the vicinity of the end wall, wavé./l=1.05, respectively. Fof =0.4, these differences are 3.91%
reflection accentuates the differences between the results of #mel 7.36% forL/| =0.9 andL/lI =1, respectively. For instants be-
two models, particularly as regards the instant at which the moltésre those represented in Fig. 11, the agreement is excellent, par-
metal reaches the gate to the die cavity for large valueg, of ticularly for low initial filling fractions, as can be observed from
which is delayed in the CFD results. For conditions relatively fafigs. 9a) and 9b).

from the optimal, regions of high curvature in the free surface can

be observed in the figures, and so a more detailed analysis of thd.3 Volume (Area) of Entrapped Air in the Injection

flow would have to take into account surface tension effect€hamber. In this section we present results for the dimension-
However, it is expected that the optimum operating conditiodess area occupied by the air in the injection chamber when the
that would be obtained from this analysis, for which no smalimolten metal reaches the gate to the die caityHL). As men-
scale motions are expected to appear, will not be significantipned in the Introduction, a considerable fraction of the porosity
different from those obtained in this work. of the manufactured part is expected to be caused by this en-

. . trapped air. The variation &/(HL) with the parameters defining

Izluln%er I;]/Iotlon With the Spebed Law ofth. (9);'9”;35 112) {he plunger motion law can be explained, as discussed below, by
and . 1b) show a comparison between the wave surface profi %anidering the different phenomena that may give rise to air en-
obtained with the shallow-water and CFD models for the plunggl,,yent: wave breaking, wave interaction with the injection
§peed law of Eq(9). The results correspond to.'n't'al filling f_rac- chamber ceiling, and wave reflection against the end wall of the
?onsf:(:.254 in;lj Q.4,|adg:hamll?e_r asfpectr:gﬂr!]dﬂh:& a:nd d'f'f injection chamber. The figures presented in what follows, which
erent vaduez_:, 0 I’dlrl]ac uding L/ =1, for whic é e vo Ufnhe ﬂ depict the variation ofA/(HL) with the mentioned parameters,
entrapped air would be minimuiizero, in accordance with the o, 5 sensitivity analysis to be made for the parameters in the
shallow-water model. In each case, the last profile depicted cor

sponds to the instant at which the CFD model predicts that tfﬁ%lghborhood of the optimum operating conditions.
molten metal reaches the gate to the die cavity, except for the cas@lunger Motion With a Time-Exponential Speed Lawigures
wheref=0.4 andL/I=0.9, for which the shallow-water model 12 and 13, which correspond to initial filling fractions of 0.25 and
predicts that the molten metal reaches the gate to the die cavity0at, respectively, show results fé&(HL) as a function olL/g3,
an earlier instant, and so the last profile represented correspofatsdifferent values of¢, which were obtained with both the
to this instant. Also notice that, for the case wherfé=1.05, the shallow-water and CFD models. In the upper part of these figures,
last profile obtained from the shallow-water model representedtime dimensionless filling time of the injection chambiggy /L,
Fig. 11(a) is vertical, and only a profile obtained with the CFDhas also been represented. We will first discuss the results of the
model is represented for later instants. shallow-water model.

There is good agreement between both types of results in Figlt can be observed from Figs. 12 and 13 that, except when
11, and, in the vicinity of the end wall of the chamber, even better0.25 andé=2, for a givené there is a local maximum of en-
than in the cases of the time-exponential motion law consideredtimapped air for a value of/B that increases witl§. This maxi-
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Fig. 11 Wave profiles for the plunger speed law of Eq. (9) and different values of L/I. (a) f=0.254, and (b) f=0.4.

mum decreases d@sincreases. In each curve, for a given value of In Figs. 12 and 13 we have also indicaigy a vertical dashed

& the black circle denotes the valuke/(8) o, that makes the wave short ling the value equivalent tol{ 8),,; predicted analytically
reflected from the end wall of the chamber begin to break just by the shallow-water model when wave-reflection effects are ne-
the instant at which the molten metal reaches the gate to the diected,[4,13]. With this simplification, the “optimum” value of
cavity, the same condition which is satisfied by the wave profiléd 8 for a given value o was assumed to be that which satisfied
represented in Figs. 18 and 1@b). Notice that this point lies to the condition that the wave profile becomes vertical exactly at the
the right of the maximum. For a given value éf whenL/B end wall of the chamber. It can be observed in Figs. 12 and 13 that
increases abovel (), the wave would break earlier and thethe values oL/ thus determined for differer§ values are very
molten metal would reach the gate to the die cavity earlier, so thdbse to those obtained in this wofenoted by black circles

an increase in entrapped air is to be expected. Therefore, a lodaWwever, the interest of the present work in this regard is justified
minimum of entrapped air would exist around/{8) ;. Further- by the need to analyze in detail variations in the voluarea of
more, the filling time is also minimum atL(8),, within the entrapped air using acceleration parameters around the “optimal,”
rangeL/B=(L/B)qy. SO that, for a given value @ (L/8)q,Will and this can only be done by retaining wave reflection effects.
be the correct choice when a low filling time is an essential re- Taking into account the simplifications involved in the shallow-
quirement. On the other hand, it is worth noting that, for a givewater model, we can consider that the results of this model are in
¢, a smaller amount of entrapped air could be obtained by selertasonable agreement with those of the CFD model represented in
ing a sufficiently low value oL/ to the left of the maximum, Figs. 12 and 13. However, the CFD model in general predicts
although at the cost of considerably higher filling tim{ese the substantially smaller amounts of entrapped @articularly for
upper part of Figs. 12 and 13 high values of). It can also be observed that, in the CFD results,
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Fig. 12  Dimensionless area occup_ied by_ the air vyhen the mol- Fig. 13 Dimensionless area occupied by the air when the mol-
ten me_tal reaches the_ gate to the die cavity and dimensionless ten metal reaches the gate to the die cavity and dimensionless
filling time as a function of ~ L/p, for the plunger speed law of filing time as a function of L/, for the plunger speed law of
Eq. (7), L/H=9, f=0.25 and different values of & The vertical Eq. (7), L/IH=9, f=0.4 and different values of & The vertical
dashed lines indicate the optimum conditions predicted by the dashed lines indicate the optimum conditions predicted by the
shallow-water model when wave reflection effects are not taken shallow-water model when wave reflection effects are not taken
into account, [4]. into account, [4].

the local maximum ofA/(HL) in general moves slightly towards
lower values ofL/B. On the other hand, for a give§ these Plunger Motion With the Law of Eq. (9).Figure 14 shows
results show a local minimum of/(HL) for a value ofL/B8 results of the shallow-water and CFD models for the dimension-
relatively close to the valuel( ), predicted by the shallow- less area/(HL) as a function ot/I, for six values of the initial
water model. This value df/g is higher than [/ 8),, for suffi-  filling fraction, f=0.15, 0.2, 0.254, 0.3, 0.35, and 0.4, when the
ciently small values of and¢, so that the amount of entrapped aiplunger moves with the law of E@9). As in the previous section,
calculated from the CFD model will be minimum for plungemwe will firstly discuss the results of the model based on the
accelerations greater than those predicted by the shallow-watbellow-water approximation.
model. However, note that whei=0.4 andé=2 or 3(as repre-  The shallow-water results of Fig. 14 clearly show that the mini-
sented in Fig. 18 the local minimum ofA/(HL) in the CFD mum volume(zerg of entrapped air is obtained favl =1, which
results is reached for a value bf 8 slightly lower than {/8),,. is to be expected, and that this volume increases almost linearly
This is due to the formation of wall jets along the chamber ceilingith decreasing values af/l, with a slope that decreases with
that bring forward the breaking of the wave and the closure of tfgis increase is due to the reflection of the wave against the end
gate to the die cavitysee case fo£=3 in Fig. 10b)). wall of the chamber, which results in an elevation of the free
A relevant finding of this work is that there are some combinaurface at this wall and brings forward the closure of the gate to
tions of parameters which, in accordance with the CFD resulthe die cavity by the molten metéee Fig. 1L ForL/I>1, the
allow the volume of entrapped air to be reduced to levels wellave profile becomes vertical at a certain distance before the end
below those predicted by the shallow-water model. The discrepall, so that the volume of entrapped air can be expected to in-
ancies between both types of results for the minimum values afease witi_/l due to wave breaking effectalthough, obviously,
the entrapped air volume, as shown in Figs. 12 and 13, are due tba shallow-water model is no longer applicabkdso, notice that
one hand, to the fact that the shallow-water model predicts waaa L/l of 1 would not only produce, according to the shallow-
breaking (and therefore is not applicabldor values of L/3 water model, the minimum entrapped air volume, but also the
>(L/B)opt, and, on the other, to the already mentioned delaginimum filling time in the rangd./I<1 (note that the filling
predicted by the CFD code, in the molten metal reaching the gadime decreases monotonically withl).
to the die cavity for large values @& which can be observed in  Figure 14 also shows the results of the CFD modeNgHL),
the wave profiles of Fig. 10. which follow some of the general trends exhibited by the shallow-
In spite of the above discrepancies, the relatively good agreeater results, although the CFD model in general predicts higher
ment between the predictions of both models regarding the comslumes of entrapped air. Of particular interest is the relatively
binations of parameters which minimize the volume of entrappetbse agreement in the prediction of the optimum valué 6f
air while keeping the filling time sufficiently low, suggests that thespecially for intermediate values ofThe quantitative agreement
shallow-water model may be a useful tool in the selection of ofpetween both types of result is better 1ofl values around this
timum operating conditions. optimum whenf is large, and forL/1<0.9 in the cases with
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Fig. 14 Dimensionless area A/(HL) as a function of L// for the plunger speed law of Eq.  (9) and different
values of the initial filling fraction

=0.15 and 0.2. For largevalues there is a range bfl for which reflection effects against the end wall of the chamber. This non-
the CFD model predicts very low or zero values Af(HL), monotonic behavior is not predicted by the shallow-water model

which are lower than those predicted by the shallow-water modéxcept for small values df

This range is always below/l =1, becomes narrower with de- Some of the simplifications used in both shallow-water and
creasing values of, and can be explained by reference to th&FD models require further investigation. For example, the as-
corresponding wave profiles of Fig. 11. This means that, for stgumption that the molten metal is initially at rest, which is not
ficiently largef values, the minimum amount of entrapped aivery realistic(given the short time elapsed from the pouring of the
calculated from the CFD model is reached for plunger acceleféhamber with molten metal and the beginning of the injection
tions lower than those predicted by the shallow-water model, gfocesy and the two-dimensional description of the flow. Another

happens in the case of the time-exponential law for sufficient]
large values of and & These lower plunger accelerations avoi
the formation of wall jets along the chamber ceiling that woul . S f
otherwise bring forward the closure of the gate to the die cavity. 1OW Patterns that can occur in the injection chamfzrticularly

awback of the CFD model is that it may require tremendous
omputational resources to describe in detail the very complex

can also be observed from Fig. 14 that, for small valuek tfe when operating conditions are far from the optimum and a three-

minimum value ofA/(HL) predicted by the CFD code is notdimensional model is usgdin connection with this, it should be

equal to zero, and that the local minimumAf(HL) to the left of taken into account that the limitations in the numerical accuracy
the optimum decreases with decreasinginally, it is worth not-  Of the results introduce uncertainties into the small values of the
ing that the increase in the values Af(HL) predicted by the volume of entrapped air predicted around the optimum conditions.
CFD model for values of/I to the right of the optimum can be The possible formation of small wall jets at the ceiling, particu-

attributed to wave breaking effectsee, e.g., the case in Fig. 11larly at the end of the chamber filling process, but also at earlier
for L/l =1.05), whereas the nonmonotonic variationA{HL) instants, and at the end wall of the chamber as a result of wave
with L/l for L/l values to the left of the optimum is due to wavereflection, introduces difficulties in the modeling that contribute to
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reduce the accuracy of the results. However, despite all the above t; = time at which the molten metal reaches the chamber
difficulties and limitations, the results obtained in this work may ceiling

help understand and evaluate the overall characteristics of the u = horizontal velocity component of molten metal

flow in the injection chamber in many practical situations, and v = vertical velocity component of molten metal

provide general guidelines for the selection of operating condi- x, y = coordinategFig. 2

tions during the slow stage of the injection process. X = location of the plunger face
) a, B = parameters in the exponential plunger speed law of
5 Conclusions Eq.(7)

The flow of molten metal inside the injection chamber of a ¥ = kinematic viscosity
high-pressure die casting machine was analyzed using a two- P = density
dimensional finite element model and a simpler model based on ¢ = dimensionless parameterce3a/3
the shallow-water approximation. Results for wave profiles, the
volume (area of air remaining in the injection chamber at the
instant at which the molten metal reaches the gate to the die caveferences
ity, and optimum values of the parameters characterizing the lawl] Campbell, J., 1991Castings Butterworth-Heinemann, Oxford, UK.

f plunger motion ar r n _The followin nclusion r{2] Duran, M., Karni, Y., Brevick, J., Chu, Y., and Altan, T., 1991, “Minimization
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Experimental Investigation of Two
Cylindrical Water Columns
Subjected to Planar Shock

- 1 Wave Loadin
K. Takayama g
Two water columns with identical initial diameters of 4.8 mm were placed 30 mm apart
Shock Wave Research Genter, inside a shock tube test section and were loaded by a shock wave of Mach number 1.47 in
Institute of Fluid S.C'e”.ce' atmospheric air. The Weber and Reynolds numbers corresponding to these flow conditions
Tohoku University, are 6900 and 112,000, respectively. Double-exposure holographic interferometry was
Japan used to visualize the shock/water columns interaction. The process of the water columns
deformation, displacement, and acceleration was well visualized and hence the drag
coefficient of shock loaded water columns was evaluated. The front water column behaved
virtually the same as a single water column under the same flow conditions. However, the
displacement and acceleration of the rear water column was less significant than that of
the front one. Hence, its drag coefficient is less. These results show that the front water
column has affected the flow field around the rear water column.
[DOI: 10.1115/1.1538628
Introduction motion inside it. In addition, the shape of the water column is

Stripping- . %Iearly seen during the entire breakup process as shown in Igra

pping-type breakup occurs when a shock wave mteracars1 d Takayamé7]

with a liquid column, which occurs usually for Weber numbers AN engineeriné example in which droplet breakup plays an im-

\r/z?eng(l)r;g d:gorr:etlt??e;i joﬁgg/\é'srrébz ametggzy:r?;@%kg SE;]rl-a portant role is in propulsion systems. In such cases several drop-

wh)ille Wieer)ba and Ta?(a ang] stugied Stripping-tvpe b?eaku lets exist in the flow field and they interact with each other, there-
y ppINg-typ Pfore it is important to study such interactions. The interaction

of droplet exposed to shock wave loading. This range of Web%sults in more complex flow fields since the breakup of each

number_s corresponds to high-speed flows WhiCh' appear in mOdSFBplet is influenced by droplets surrounding it.
propulsmq systems. Spherical droplet brea!(up IS a topic that haﬁ%aju and Sirignan8] have conducted a numerical investiga-
bgenlfstudtlrc]ed Ey mlfmy nsesearchersl emzloylnﬁ \éaI‘IOUS n:]et?odsii(g% of the interaction of two vaporizing droplets. Their investiga-
V'SU? |zeR e read llj\lp.h ?ge e(;ng_oyi_ as daBO‘INgap H'I O §%n was carried out for Reynolds number of about 200. The flow
ample, tangfls(r afnJ Ic r?[ t]ag Imdp |nrs]_arr]1 aec{i |, while i around the droplets was laminar and the droplets shape was re-
a reclt?n rl\;orb 0 kosep et 4b] used a high-speed camera %ained spherical throughout the calculation. Their results for the
visualize the bréakup sequence. ase of two droplets with an identical initial size showed that their
The observed Shape.Of the F:Iroplet breakup depends on Snd off distance decreased with elapsing time.
method used for flow visualization. YOSh'.da. and Takaydibi Yoshida et al[9] investigated experimentally the interaction of
demonstrated _the usefulness of holographic interferometry. I_n tp o spherical droplets of 1.4 mm in diameter positioned in tan-
past,t tget Schller?n n:ﬁth%d olr ? shadkowgraph havg beﬁf‘ tl1mt &m. Their initial separation distance was 8.8 mm. A shock wave
mented to visualizeé the dropliet bréakup process, in whic f Mach number 1.4 hit the droplets head on. They concluded that
shape of disintegrating spherlcal droplets resembles a f!re baII.. 2 displacement of the front droplet was more remarkable than
these photographs the internal structure of the disintegratifoh: ¢ ihe rear droplet
spherical droplets, such as shatterlng_mlst clou_ds and wakes_, W the present work the deformation and displacement of tan-
hardly observable. The patterns of Q|s!ntegrat|ng droplets wsural-m cylindrical water columns have been studied. Based on these
|tzel<):i o(?ﬁdoub:ef—exp(:rs]ure hologra_ph|c |nttﬁrf_erograms vtveret fgu ults, their accelerations and drag coefficients were evaluated. In
0 be difierent from those appearing on their unreconstructed Ny o the shape of the micro mist and its structure can be visu-
lograms which are equivalent to shadowgraphs. The images so fized clearly. Finally the water columns deformations and dis-
recorded are substantially equivalent to those observed in dirﬁ%cements are compared between the two cases; a case of tandem
shadowgraphs. . . . .. water columns and a case of a single water column when both
However, the mechanism of three-dimensional droplet disint Xperience the same initial conditions
gration when subjected to shock wave Ioadlng is stil unclear: M|t should be noted here that the considered two-phase flow is
order to unde_rstand the funda_men_tal meche_lnls_m of droplet dis 3ry complex. As shown subsequently the acceleration of the front
tegration, it will be helpful to visualize quantitatively shock wave aser co1umn due to its head-on collision with the incident shock
Interaction with a I|qU|d. column which will hppgfully help to ave is significant. The acceleration and deformation of the rear
simulate complex wave interactions over and inside droplet_s. Th&ter column is affected not only by the strength of the incident
adyantages of studying the prgakup (.Jf a water cqlumn IS talock wave and the water column geometry but mostly by the
during the breakup process it is possible to visualize the waye, . fow generated behind the front water column. This
_ _ S o highly nonsteady flow is affected by the shape of both water col-
Contributed by the Fluids Engineering Division for publication in tBNAL |\ mns  their relative separation distandéise ratio between the
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division ! . . .
ater column diameter to the separation distareel the charac-

April 25, 2001; revised manuscript received July 1, 2002. Associate Editor: A. RV . h
Prasad. ter of the local flow. Coveringll these effects is beyond the scope
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Fig. 1 Experimental setup and optical arrangement. 1—-test section, 2—driven
section, 3—driver, 4—diaphragm, 5—water columns, 6—pressure transducers,
7-universal counter, 8—delay, 9—ruby laser, 10—He-Ne laser, 11—-power supply,
12—beam splitter, 13—paraboloidal schlieren mirror, 14—plane mirrors, 15—lens,
16—film holder, 17-filter, 18—half mirror

of the present paper. Being a first attempt at investigating suchhe experiments were repeated by varying the delay time while
complex two-phase flow we centered our attention on a comparétaining identical initial conditions. The scattering in the shock

son between two different cases. One case is a tandem geometsye Mach number was about 0.5%.

while the other is a single water column when both are exposed toA cookie cutter of 4 mm in height was inserted into the test
the same incident shock and have the same geometry. Futuregigetion, so as to make the cross section of the test section of

vestigations should explore details regarding the tandem geomefrshmx 150 mm. It was confirmed in preparatory tegtee Igra
and changes in the strength of the incident shock wave. and Takayamd7] for detail§ that the shock wave propagating

inside the 4-mm-high passage was only very slightly perturbed

when it encountered the cookie cutter. A water column, whose
Experimental Setup diameter is nearly the same as its height, was created inside the

cookie cutter. A syringe was used to create the water columns by

The low-pressure channel of the shock tube had a cross sectigy),,
of 60 mmx 150 mm and was approximately 5 m long. It is mad?
of 25-mm-thick steel plates, the surface of which was finishe[
with surface roughness of 1am. The discrepancy of surface
flange section was about 5@m. The high pressure chamber is.l.
230-mm-dia., 1.5-m-long thick wall steel tube. A smooth transj-
tion section was inserted downstream of the diaphragm sectiiﬁ
Diaphragms were Mylar films of 0.1 mm in thickness. The test g
was atmospheric air and the driver gas was nitrogen. The 150-1
wide side wall was placed in the horizontal position so as t§
accommodate the water columns, at the observation window of
the test section, in the vertical position.

The optical arrangement is shown in Fig. 1. It consists of a
paraboloidal schlieren mirror of 300-mm dia. and 3-m in focal
length, a planar mirror, a beam splitter that transmits 60% of lase
beam intensity to the object beam OB and 40% for the referenc
beam RB, and auxiliary planar mirrors and lenses. An object len
was used to obtain a sharply focused image of the object on
holofilm. A Q-switched ruby lasefApollo Lasers Inc. 22HD, 2
J/pulse and 25 ns pulse duratiomas used as the light source.
This optical arrangement was in principle identical with that of the
shadowgraph. However, the light path of RB was combined so a
to make its path length identical with that of OB. OB and RB were
superimposed on the holofilm. The source laser was oscillated fd
the first exposure just before the arrival of shock wave at the teq
section and the second exposure was synchronized with the arriv
of shock wave at the test section. Hence infinite fringe interfero-
grams were obtained. In order to take sequential interferograms Fig. 2 The shape of water column view from the side

ater column had a volume of approximately 80 Pnffhe water
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ly injecting water at the center of the upper glass plate of the
st section. As soon as the hemispherical water droplet touched
e bottom glass plate, it became a cylindrical shape of 4.8 mm
dia. The water column is shown, in a side view photo, in Fig. 2.
he shape of the water column is not exactly cylindrical due to the
ater surface tension. This results in a slightly larger wet area at
gé bottom as compared with the top. The variations in the water
mumn diameter during an experiment was less than 4%. The



columns were placed 30 mm apart in tandem and then exposedgiiilar to that of a single water column. Froth=22 the defor-
a planar shock wave. The variation of the initial distance betweemation of the front water column follows the evolution of a single
the water columns was about 4%. water column although its breakup time is slightly longer; the rear
Although the produced water column is not a perfect cylindewater column continues to deform. It reaches a maximum defor-
due to surface tension, except for its upper and lower regioffation of almost twice its initial diameter at abdtit=30. After
(connected to the glass windopits central region is very close to t* =30 its size begins to decrease. Water columns deformation
a cylinder. The corresponding Weber and Reynolds numbers ggnhavior has similar trends to that of spherical droplets, first the
these values are 6900 and 112,000, respectively. The shock wkger column is flattened until it reaches its maximum elongation
Mach number was 1.47 in air. Upon the shock wave loading th@yrmal to the flow direction. After this stage is reached the micro
density inside the water column changes. These changes camfi§ are striped from the water column at an increasing rate until
evaluated from the fringes distribution inside the column, simjy complete breakup is reached.

larly to the evaluation of isopycnics in an infinite fringe interfero- - simijlar results appear in the deformation in the flow direction

grams in air. as shown in Fig. 5. The evolution of the deformation of the front
water column is found to be similar to that of a single water
Experimental Results column. This means that the front water column in an array will

deform and breakup as if it was a single water column, but the

h CA— h interf h ken frtter columns downstream of the first one are affected by the
are s _?P]Nn“'g FI'(g'.3',T ese !ntfr: erogr?mfs where taken form l‘;"%&ter columns located upstream. The rate of change of the rear
view. The “dark ring - seen in these interferograms 1S a resu ater column is smaller over the range<2Z <40.

water surface curvature due to surface tension. Starting with Fig

. S : ‘Variations in the relative area changes are shown in Fig. 6. The
3(a) it can _be seen that initially the front water .CO.'!”“” begins Qrea was measured directly from the interferograms and normal-
deform while the rear water column retains its initial shape. Th

be detected b ina the thick f the “dark i |§ed with the initial area of the water columns. Results obtained
gsprouendi(ralge(t:h% froﬁtcagt%?rgg)?umg Ir:CFir;]((ez’;o%e s(iade c";lfr thrc;n how a similar trend to that shown in Figs. 4 and 5. The area
“dark ring” is thicker than the other, this indicates that the Watechange of the front water column is similar to that observed for a

column is slightly deformed. Compared to the rear water colu gingle water column under the same initial conditions. The area

whose “dark ring” has a uniform thickness. In Fig(18 the de- Mhanges in th_e rear water column decrease slowly. The changes in

formation of the front water column can be clearly seen. At thil)e deformations of the rear water column aftér=22 were

time the rear water column is just beginning to deform. Witi}}ion_gly affected by the deformation of the front water column. At

elapsing time the two water columns continue to deform, as segle M€ deformations in the front water column are maximal. The
' rear water column is contained inside the wake of the front water

in Fig. 3(c). Boundary layer stripping has begun over the fron : .
water column. Later, micro mist was generated over the wat 9Iumn and as a result deformations in the rear water column are

columns as clearly seen in Fig(d3. The wake behind the rear Slower. However, att* =40 it continues to deform rapidly until its
water column is smaller than that behind the front one. This trefigl Préakup.

continues until the last interferogram. In addition, the rate of de- .

formation of the rear water column is slower than that of the frotfvater Column Displacement

water column. This can be seen by comparing the shape of therhe displacement of the water columns in the tandem configu-
rear water column in Figs.(8) and 3g) to that of the front water ration was measured at the frontal end of each water column.
column shown in Fig. @) and 3e), respectively. This is due to From interferograms taken at various times the deviation of the
the fact that the rear water column is placed completely inside thgiter columns, at each time instant relative to their initial position
wake produced by the front water column. This causes the relatiy@s measured. The position of water columns in nondimensional
flow velocity over the rear water column to be smaller. Yoshidgerms is shown in Fig. 7. The displacement of the front water
et al.[9] reported similar results for the early stage of the breakulumn is similar to that of a single water column, whereas the
process similar to that shown here. The front water column expgisplacement of the rear water column appears to be below that of
riences a higher drag force than the rear one. Accordingly, tiige front one. It is clearly seen that the water columns are accel-
distance between the two water columns decreases with elapsgigited. These results are similar to those of Yoshida €i9l.
time. However, during the present experiment the water columpgbtained for spherical water droplets. The drag force acting on the
and their micro mists do not merge with each other as shown fitbnt water column is larger than that acting on the rear water
Fig. 3(h). The wake behind the rear water column tends to reagllumn. As a result, the front water column experiences higher
nearly a constant width at about 3p8 after the incident shock acceleration than the rear water column. Due to this difference in
wave impinged on it(Fig. 3(d)). Although this wake seems to gcceleration the rear water column is gradually overtaken by the
elongate, its width remains unchanged with time. This trend fgont water column. This can be seen in Fig. 8. tAt=46 the

significantly different from that of the front water column. separation distance between the two water columns is reduced to
72% of the initial separation distance. In Yoshida et[8l. the
Water Column Deformation micro mists of the two droplets merged. Raju and Sirignf8io

. . ._ended the numerical simulation when the separation distance be-
The interferograms were taken from the top view. The firseen the two droplets became about one third of the initial sepa-
exposure was taken prior to the shock wave loading where thgio The reason why the two water columns do not merge
initial size of the water column was measured. The second expfijickly is due to the fact that the water columns were sandwiched
sure was taken based on a present delay time, after the incidggi een two glass windows. Therefore, an additional friction
shock impingement upon the front water column. All measurgs e \yhich adhere them to the glass surface existed. This force
ments reported here refer to the central region of the water clse not exist in the case of spherical droplets suspended in air. In
umn, where it has a cylindrical shape. The results shown here atgition, the diameter of the water columns in the present case
complied from the results taken at different time intervals a as larger than that used in the case of spherical droplets.
compared with the initial water column shape. The water columns
deformation can be compared to that of a single water column. . ..
define here a nondimensional tirtle, which ist* =tu,/d,. \Watgr Cplumn Acceleration and Drag Coefficient Ap-
In Fig. 4 the time variation of the water column deformation, ifPfoXimations
the lateral directiornormal to the flow fielg} is shown. Up to  The displacement of spherical water droplets suspended in air
aboutt* =22 the deformation of front and rear water columns isvas plotted by Ranger and Nicholl8], Simpkins and Balep4],
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Fig. 3 Infinite fringe double exposure holographic interferogram at the time instant: (a) 70 ps, t*=3.137: (b) 140 us, t* =6.335;
(c) 210 ps, t*=12.578; (d) 350 us, t*=15.919; (e) 560 us, t* =25.544; (f) 700 us, t*=30.885; (g) 910 us, t*=41.285; (h) 1050 us,
*=47.23
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Fig. 4 Water columns deformation in the lateral direction Fig. 7 Water columns trajectory

and Joseph et a[5]. In those experiments the droplet displaceé 'Ll;r:tjiiﬁt'ones shown in Fig. 7 can be fitted by the following

ment had a parabolic shape therefore, they assumed that the drop-
let acceleration is constant. Here, using the water columns dis- . 2
placements shown in Fig. 7, it is possible to approximate the X =§at . (1)
water columns acceleration. The water columns displacements re-
semble a parabola therefore it is assumed that the water columnBased on this curve fit the acceleration of the front water col-
are subjected to constant acceleration. At initial stages of tHEWN is about 34,000 nfisand that of the rear water column is
breakup, the water columns acceleration is uniform. The displacdout 19,700 mfs These accelerations are much smaller than that
ment of the front water column is similar to that of a single watepbserved in the case of spherical droplets suspended in air. Obvi-
column. ously this is caused by lower displacement of the water columns
as compared with those of spherical droplet.

Assumptions made by Ranger and Nich¢Bg, while evaluat-
ing the drag coefficient of spherical droplets, are used in analyzing

D e PR T the cylindrical water columns. The assumptions are
poe™ : E?I’::EE*:,'L:';L'I;‘]” 1. the water column shape does not change and its mass is
0.8 - i conserved and
a® 1 2. the acceleration of the water column is constant.
. 06 " 3 Although these assumptions might seem poor in view of the
= i | actual water columns shape shown in Fig. 3, employing them can
04 Yoa i provide us with a first order estimate of the water columns drag
= . 1 coefficients. According to Wierzba and Takayaftgand the ref-
LR 1 erences therein this method for approximating the drag coefficient
0.2 i . - . has been widely employed by many researchers.
am = ] When these assumptions are combined with the equation of
e . motion,
{ - .
0 1 1] 0 an S0 1 )
1 5 CopaU"S=ma, 2
Fig. 5 Water columns deformation in the direction of the flow
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Fig. 6 Area change of the water columns Fig. 8 Distance changes between the water columns
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Fig. 10 Temporal variation of unsteady drag coefficient

where the acceleration is

- Conclusions
_£>pP2 2 3) The interaction of two water columns placed in tandem con-
7 Do p1 figuration with a shock wave was studied. Holographic interfer-

Therefore, the motion of the water column under a constant &€ty was employed to visualize the shock/water columns inter-
celerationywould be action at various stages of their breakup process. The water

columns deformations and displacements were measured. It was
1 found that the front water column behaves similarly to a single
X= Eatz. (4)  water column, in its deformation, displacement, and acceleration.
The presence of the front water column affected the deformation
Whenx, t are written in dimensionless from the following equaand displacement of the rear water column, and hence its defor-
tion results: mation, displacement and drag coefficient were lower than those
of the front water column. The deformation of both water columns
was similar untilt* =22, at this time the front water column
reached its maximum deformation in the lateral direction.
Whereas the rear water column continued to deform, reaching a

Figure 9 shows curves described by EB). The same drag sjightly larger maximum deformation at abatit= 30.
coefficient is used for a single water column and for the front

water column, for bothCp~3, whereas that of the rear water
columnCp~1.93. The value of the drag coefficient for a singIéA‘Ckno‘Nle‘jgments
water column is larger than those reported by Wierzba andThe authors would like to express their gratitude to Mr. M.
Takayamd1] for spherical droplets. However, it is known that theHamamura, former Master Course student for his help in conduct-
drag coefficient of solid cylinders are much larger than that afig a part of the experiments and also to Dr. O. Onodera and Mr.
solid spheres. In addition, in these experiments the water columdn Ojima of the Shock Wave Research Center for their technical
is sandwiched between the glass windows which obviously coassistance in conducting the present work. The first author would
tributes to increasing the friction force. Therefore, the value dike to acknowledge the Tohoku Kaihatsu Memorial Foundation
drag coefficient found here is reasonable. for their financial support.
The analysis presented so far is for a steady drag coefficient;
however, the present study deals with unsteady flows. Therefjuq@ menclature
the unsteady drag coefficient value should be evaluated as well. At . ) .
the early stages of the shock wave interaction with the water col- & = Wwater column size in the lateral direction
umn its behavior is similar to that of a solid cylinder. In Figs. 4—6 @ = acceleration
it was shown that initially there is no deformation of the water A = base area of the water column
column. This behavior has been verified experimentally and nu- = water column size in the flow direction
merically by Igra and Takayarfd0]. In their work the unsteady ~ Cp = drag coefficient
drag coefficient of a water column was computed numerically and d = droplet diameter
compared with the drag coefficient of a similar solid cylinder and M = mMass
with available experimental data. Based on these results it wasOB = object beam
found that the unsteady drag coefficient of a solid cylinder is RB = reference beam
similar to that of a water column. By employing the same numeri- R€ = Reynolds nurpber (ReUd,/v) ) ,
cal scheme used by Igra and Takayafti] the unsteady drag S = water column’s projected area facing the flow field
coefficient of the front water column is evaluated based on the ! = time
obtained numerical data. Figure 10 shows the temporal variations t* = nondimensional timett =tu,/d)
of the unsteady drag coefficient. Inmediately after the incident T = nondimensional timeT= (tu,/do)p27p,)
shock wave impingement on the front water column the unsteady U = air-liquid relative velocity
drag coefficient increases rapidly, it reaches a maximum of 5 at We = Weber number (We pU?d,/a)

* 1 2
X*=—CpT? (5)

aboutt* =0.15. A similar pattern was found to occur in the un- x = distance
steady drag coefficient of solid cylinders as well. x* = nondimensional distance{ =x/d)
330 / Vol. 125, MARCH 2003 Transactions of the ASME
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Influence of Diffuser Angle
on a Bluff Body in Ground Effect

Andreas Ruhrmann

Xin Zhang1 The forces and pressures on a generic bluff body in ground effect were investigated. The
bluff-body model was equipped with interchangeable underbody diffuser ramps and side

Aeronautics and Astronautics, plates. Five different diffuser angles were tested: 5, 10, 15, 17, and 20 deg to the hori-
School of Engineering Sciences, zontal. The experiments were undertaken in a low-speed wind tunnel equipped with a
University of Southampton, moving ground. Load cells, pressure taps, and surface flow visualization were the tech-
Southampton SO17 1BJ, UK niques used to evaluate the flow field. The flow field is characterized by vortex flow and

three-dimensional flow separation. A region of hysteresis was found for the 15, 17, and 20
deg diffusers. As the ride height is varied, five different flow types can be identified with
three subtypes within the region of hysteresis. The force reduction phenomenon was found
to be caused by both vortex breakdown and flow separafio@l: 10.1115/1.1537252

Introduction the horizontal. The various angles are tested to establish a data-

. . . base of results for comparison with computational fluid dynamics
A symmetrical body in ground effect will generate aerodynamlgnd from which flow control methods could be developed. The

force pointed to the grountdownforce. The flow between the :
. . range of angles includes lower anglégsand 10 degwhere no
Ibnot?c))/ dﬁzi(:1 thcear?]rgeurnt% Itf]ea(l;((:)?jlezﬁttehde If'f)arlg:n(g ;?] Ledslxgdt E;(rensslﬁr% separation occurs in two dimensional planar diffusers. These
9 y p P P il hopefully show the influence of the separation bubble on the

the rear creates a diffuser between the ground and the body. Si . : ot - ; -
the diffuser exits to the base pressure of the model, the flow ””;[?anengﬁgl?:éght characteristics of the diffusers with larger diver

the model accelerates to a greater degree than without the diffuser.
This increase in downforce is accompanied by complex flow
physics within the diffuser. The upsweep initiates three-
dimensional flow separation which leads to vortex formation arfldxperimental Setup
poss_ible flow revers_al. _This area _of research is especially impor--l-he experiments were undertaken at the University of
tant in the automobile industry with respect to performance ang, thampton in the low-speed closed-circuit wind tunnel with test
safety. A complete understanding of the complex fluid flow phy$saction dimensions of 2.1 ¥11.5 m. The wind tunnel is equipped
ics is essential for the development of flow control measures. | iih 4 moving ground measuring 3.5 m in length and 1.5 m in
Currently there is only limited research published in the field q\%idth. The experiments were run at a wind and ground speed of
diffuser flow in ground effec{,1-@]. The general principle of how 30 /s gt a freestream turbulence level of 0.2%. There is a bound-
a diffuser functions in ground effect is described by SoJ@nIt 5y |ayer removal system ahead of the moving ground. It consists
is likened to a venturi, with the flow rate under the model govsf 3 sjot through which the boundary layer passes and a perforated
erned mainly by the efficiency of the diffuser. As the d'ﬁuseblate just ahead of the belmoving ground through which the
efficiency is increased, the flow rate increases and the static prgsnainder of the boundary layer is sucked. The velocity reaches

sure under the model drops leading to a rise in the level of dowfgestream values 2 mm ‘above the belt. Further details can be
force. The study completed by Cooper et[dll found that as the found in Seniof7].
ride height is reduced down to a critical ride height, the downforce A schematic of the wind tunnel setup is shown in Fig. 1. It is
increases. Below the critical ride height, the downforce reducggunted on a motorized main strut and tail wigefree pivoting,
rapidly. It was surmised that at this ride height, the ground andin carbon stryt configuration. The motorized struts are each
model boundary layers form a substantial proportion of the floyg\ered by a stepper motor allowing the model to be moved up to
into the diffuser. Senior and Zhaui§] found that for a bluff body 3 maximum ride height of 180 mm. The lowest ride height is
with a 17-deg diffuser, the rapid reduction in downforce was N@nstrained by a minimum safety clearance above the moving
due to the increased influence of the boundary layers as changgsing.
in the Reynolds number did not influence the critical ride height. The pjuff body of the model is constructed of carbon fiber.
They also found that one of the two counterrotating vortices thefsing different diffuser ramps, the angle of the diffuser can be
form in the diffuser disappears below the critical ride height resaried. The ramps are constructed of 3-mm steel sheets. The
syltlng in an gsymmetrlc flow pattern with fIQW reversa}l On ONgngles tested are 5, 10, 15, 17, and 20 deg. This range of angles
side. Four different types of force behavior were identifiedas chosen to create a better understanding of different flow phys-
through a range of ride heights. ics which occur at the different ride heights. By varying the dif-
The goals of the present research is to further the understandjfiger angle, the significance of the blockage between the ground
of the complex three-dimensional flow field to aid the developsnq the model underbody can be investigated as the various flow
ment of improved diffuser design and methods of flow control. Tgses will occur at a different ride height for each diffuser angle.
aid in the understanding of the complex flow phenomena, sevefighnsition on the model is fixed using a 0.4-mm diameter wire
different diffuser ramp angles were studied to investigate the &fi3ced at 100 mm from the nose of the model.
fects of area ratio, pressure gradient and ground proximity. TheThe tests conducted include force measurements, surface pres-
diffuser ramp angles investigated were 5, 10, 15, 17, and 20 degs{@e measurements, and oil-streak flow visualisation. The forces
are measured using a two component load @attical and hori-
go \tN_TJortn gti)rretshpor;?egce;hquld be agdr_ejsse(fi- blcation in {GUENAL zontal forceg on the base of the main strut and a single compo-
ontributed by the Fluids Engineering Division for publication in ; g
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Divisionm:"nt load cellvertical force on the top of the tail .ere' A total of
July 16, 2001; revised manuscript received October 7, 2002. Associate Editors 186 pressure taps are arra_nged on the underside ar}d base of the
Bridges and J. Katz. model to give both centerline pressures and spanwise measure-
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Fig. 1 Schematic of model; (a) a prospective view of the model, (b) a side view
of the model

ments. The pressures were measured using a zero operate calithetsame characteristics as found by Senior and Zp@ngtiliz-
(ZOCO) system. A mixture of titanium dioxide and light oil wasing the moving strut, one additional flow type along with exten-
used to visualize the surface streak lines. sions to three of the existing flow types in the region of hysteresis

Applying the procedure described by Mofff8] the single- were identified. All flow types are described in Table 1. The dif-
sample uncertainties in the experiment were calculated. The rigeent flow regions are shown on the downforce curve for the
height was kept to within= 0.1 mm and the yaw angle was set tal5-deg diffuser in Fig. 3. Starting the wind tunnel with the model
+0.05deg. The forces were averaged over 15 seconds at eath fixed height within the region of hysteresis, the flow always
ride height, with a one-second delay between ride height changesierted to the curve of lower downforce. The high downforce
The pressures on the ZOC were sampled for ten seconds on eaatiion of the hysteresis loop was found to be unstable, as any
of the two banks, also with a one second delay between ridesturbances would trigger it to fall onto the low downforce curve.
height change. For the 20-deg diffuser at 90-mm ride height, tBairing the 15-second sampling period of the forces, a real time
uncertainties in theC, and C, measurements are 0.0016 and display of the measured forces indicated that the flow was un-
+0.0008, respectively. The uncertainty in the pressure measuseeady in this region. The real time display of the measured forces
ments in the previous configuration foCg of —2.0is+0.0188. suggested that most of region b and all of regions c,'dadd e
This uncertainty incorporates the quoted accuracy of theere unsteady as well.

equipment. Comparing the downforce curves of the low angle diffusers to
. ) those of the high angle diffusers, distinctions between the two sets
Results and Discussion are identifiable. Although the curves are similar, the closer prox-

imity to the ground introduces differences. There is no hysteresis

Definition of Flow Regimes. The downforce and drag curves, dth dd duction in downf . d
in Fig. 2 demonstrate that there are two different types of flo op and the sudden reduction in downforce Is not as pronounced.
regimes dependent on the diffuser angle. The curves for the 1¥P€ @ and b flow still exist, however, there is a pronounced
17, and 20 deghigh angle diffusers have similar characteristics'"¢réase in downforce thrc_>ugh the lower portion of region b. This
as do the 5 and 10 detpw angle diffusers. The 10-deg diffuser 1S clegre_st for the 5-deg diffuser. Type ¢ and d flow exist only toa
appears to be more of a transition angle between the two typesVg8y limited extent for the 10-deg diffuser. Due to the lower ride
it contains characteristics of both. As the height above the movihgights, it is assumed that both the underbody and ground bound-
ground is varied, the slopes of the curves change indicatiagy layers form a considerable proportion of the flow entering the

changes in the flow physics. The high angle diffusers demonstraiffuser at these ride heights, causing the direct transition into type
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Fig. 2 Force curves: 30 m /s; (a) downforce coefficient, (b)
drag coefficient
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Fig. 3 Flow types for high angle diffusers: 15 deg diffuser,
30 m/s
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Maximum Downforce. Reducing the normalized ride height
with the diffuser angle, it becomes apparent that the maximum
downforce occurs at similar values fof/(d X 6) (Fig. 4), wheref
is the divergence angle of the diffuser in radians. The maximum
occurs at approximately Of7, /(dX 6). Using this, the diffuser
angle(or length could be optimised with regard to expected ride
heights.

Flow visualization on the ramp surfaces taken at maximum
downforce as shown in Fig. 5, demonstrate some of the differ-
ences between the low and high angle diffusers. There is no sepa-
ration bubble on the 5-deg ramp, although towards the end of the
diffuser, the flow appears to be slow and unsteady. The flow on
the 10-deg diffuser ramp demonstrates a closed separation bubble.
The bubble forms somewhat downstream of the inlet and closes
just ahead of the diffuser exit. Upstream of this point, the vortices
appear to become wider, with a reduced swirl indicating the onset
of vortex breakdown. The open separation bubble forming on the
20-deg diffuser ramp is very similar to those found on the 15 and
17 deg diffuser ramps. From the surface flow patterns downstream
of the primary separation line, there appears to be only a small
region where the flow is reversed. The separated flow is entrained

e flow. The underbody boundary layer is predicted to b@to the vortices reducing the axial momentum. The reduced swirl
(C_))0.096d from_ flat plate theory, although this_ value vv_iII cer-of the vortices downstream of the primary separation line are an
tainly change with the favorable pressure gradient and increasadication of vortex breakdown. In comparison to the the 10-deg

flow velocity under the model. Measurements by Sefif¢using
laser doppler anemometry supports our assertion.

Table 1 Flow types in high angle diffusers

Type Direction Description (see Fig. 3)

a both increasing downforce with reducing ride height

b both almost constant region high downforce, slight increase
with reducing ride height

b’ down | an extension of b when the ride height is
decreasing, downforce starts to reduce

c up rapid increase in downforce with ride height

¢’ down | rapid downforce reduction with a small decrement
in ride height

d both an almost flat region of low downforce

d up an extension of d when the ride height is increasing,
slow increase in downforce

e both a further reduction in downforce at flow ride heights

Regions b’ and ¢ overlap (in terms of ride heights), as well as d’ and ¢’.

334 / Vol. 125, MARCH 2003

diffuser, the primary flow separation line is closer to the inlet at
the center of the ramp. For the 15 and 17 deg diffuser ramps, the
primary flow separation line moves closer to the inlet below the
maximum downforce ride height up to the point where the flow
becomes asymmetrical.

20
- ——e—— 5degrees: Decreasing ride height
18} — —0- — 5 degrees: Increasing ride height
| ——a—— 10 degrees: Decreasing ride height
— —a- — 10 degrees: Increasing ride height
16F ——+—— 15 degrees: Decreasing ride height
I — —w — 15 degrees: Increasing ride height
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Fig. 4 Downforce coefficients: renormalized ride heights,
30 m/s
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Fig. 6 Centerline pressure coefficients: 30 m  /s. (a) 20 deg dif-
fuser, (b) 5 deg diffuser.

the 5-deg diffuser, the base pressure begins to drop at a higher ride

height (, /(d X ) =2.2) indicating a change in the flow physics.
Reducing the ride height further in region b for the large angle

) S ] diffusers, the flow field starts to change. The average base pres-

Fig. 5 Surface flow visualization on the ramp at maximum sure of the model drops quickifFig. 8(a)) indicating a loss of

downforce, 30 m /s. Flow from left to right. Picture area corre- pressure recovery within the diffuser. Drawing a parallel to two-

sponds to the ramp area. (a) 5-deg diffuser: h,/(dX 8)=0.657, . . . - .
(b) 10-deg diffuser h,/(dX 6)=0.694, (c) 15r-deg diffuser—  dimensional planar diffusers, a reduction in pressure recovery is

moving down: h,/(dX 8)=0.584.

-1.0

Variation of Ride Height. At larger ride heights(type a Jos
flow), the adverse pressure gradient along the diffuser centerline 1
relatively weak(Fig. 6). The ratio of exit area to inlet area is low. i
No quasi-two-dimensional flow separation occurs in the center 100%
the diffuser ramps. As the ride height is reduced through th {1 N
region of type a flow, the area ratioatio of exit to inlet area of ]
the diffusej increases along with the effect of moving closer t Jdos
the ground. The flow speed under the model riseduced static 1
pressure, see Fig. 8)) resulting in increased downforce. The ]
flow is dominated by two counter rotating vortices which prever 110
or limit the formation of a separation bubble. The pressure at tI5 8.5-

inlet of the diffuser reduces with ride height. Low pressure regior ’ ) ’ x/d
form in the corners of the diffuser where the vortices originate

(Fig. 7). Figure 8 shows that the average base pressure of thg. 7 Surface pressure coefficients: 20 degree diffuser,
model remains fairly constant throughout this region, although far,/(d% 8)=2.008, 30 m/s
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I Fig. 9 Pressure contours: 5 deg diffuser, 30 m /s; (a) h,/(d
028 X 0)=1.241, (b) h,/(dX 0)=0.730
S i
027
028 ) ) o )
s entering the diffuser are beginning to influence the flow to a larger
029 degree. Whereas with the 17-deg diffuser the base pressure re-
0.30 [ duces to a minimum at the point where the hysteresis loop closes
haad | at the lower ride height, the base pressure for the 5-deg diffuser
IIYCT | ANWVINEUES IR R SFRSTUTI SRS S W increases beyond the maximum downforce. As the boundary lay-
00 05 10 ;]~5/ d %0 256 30 35  ers make up an increasing proportion of the diffuser inlet, the flow
(/(dx8) rate under the model decreases reducing the importance of the
(b) diffuser, moving towards the limiting case of zero ride height
where no air passes under the model or through the diffuser.
Fig. 8 Mean base pressures, 30 m /s; (a) 20 deg diffuser, (b) 5 The vortex observed in the current study is similar in characters
deg diffuser to the leading edge vortex studied by Polhani@% using a

leading-edge suction analogy and by Wentz and Kohlfd@hin

a wind tunnel model test. In Fig. 10 evidence of vortex breakdown
generally associated with the onset of flow separation. In the cawn be seen. As described in an earlier work of Lambourne and
of the high angled diffusers, this is the case. The flow starts Byyer[11], the surface streaklines change downstream of the vor-
separate at the inlet in the center of the diffuser. This separatitax bursting point. The swirl becomes less evident and the vortex
bubble ceases to exist downstream as the vortices grow in diapecomes wider. This may also be a contributing factor to the en-
eter. However, in the case of the 5-deg diffuser, no such floswing asymmetry of the flow at lower ride heights. The apparent
separation is apparent. The cause of this reduction in pressunsteadiness of the flow field may result in the bursting point of
recovery may be due to the onset of vortex breakdown. As a
vortex begins to breakdown, the axial velocity of the core reduces.
This effectively reduces the area ratio of the diffuser as the lower
speed in the cores of the vortices essentially decreases the
area of the diffuser. The velocity of the air between the vortice
down the centerline appears to increase as the centerline pres:
coefficients along the length of the diffuser ramp reddEw.
6(b) when moving from arh, /(dX 6) value of 1.095 to 0.730.
The second set of vortices present at 1.B44(d X 6) at approxi-
mately z/d=£0.4 towards the end of the diffuser diminish in
strength to 0.73M, /(d X #) (Fig. 9. The vortices at the edge of
the ramp increase in strength.

In the case of the 5-deg diffuser, the minimum base presst
occurs at the onset of type b flow. The peak in the drag curve
this point is due to the large base area of the model in this cc
figuration. The lower diffuser angle and ride heights limit the
strength and size of the vortices in the diffuser resulting in lower
induced drag relative to the higher angled diffusers, as aresult, 1§, 10 Surface flow visualization on the ramp: 20 deg dif-
pressure drag becomes increasingly significant. An increasef@er, h,/(dX 6)=0.694, 30 m/s. Flow from left to right. Picture
base pressure beyond this point indicates that the boundary layses corresponds to the ramp area.
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Fig. 13 Surface pressure coefficients: 20 deg diffuser, h,/1(d
X #)=0.365, 30 m/s

Fig. 11 Surface flow visualization on the ramp: 15 deg dif-
fuser, h,/(dX @#)=0.560, 30 m/s. Flow from left to right. Picture
area corresponds to the ramp area.

ary layer thickness. From the pressure coefficient contour plot in

Fig. 14 at a ride height of 0.094, /(d X 0) it is clear that the flow

. ) is separated over the majority of the diffuser ramp. The slight

one vortex to move further upstream momentarily, causing a d symmetry in the contours is caused by a weak vortex forming on

turpance to the pressure field resulting in the asymmetric flow gfo side of the inlet. The centerline pressures from Fig) 6(

region d . . show that the pressure spike is reduced dramatically and occurs
The importance of the separation bubble in the center of tagner upstream. This indicates that there is not enough energy in

diffuser inlet can be seen in Fig. 10. Just before the hysteresis IqpR o\ to overcome the adverse pressure gradient in the diffuser.
closes, at the lower end of regioni,the separation bubble has

almost reached the inlet of the diffuser. At the point where theyrther Discussion
hysteresis loop is closed at the lower end moving through region
¢’, the flow becomes asymetrical as shown in Fig. 11. Once t
separation point reaches the inlet it cannot travel further upstre
due to the favorable pressure gradient ahead of the inlet. Due : i

the extremely low pressures to either side of the iffeg. 12, potggLro/nJ t|:1e 5.-deg dlf'fuzer in ]!:'g' 9 at 1'241/(.(1)86) grf h
any disturbances will cause the large asymmetry in the flow @01 /d there Is a second set of vortices present, inboard of the

. : {. These are no longer present on the pressure plot at
occur. The separation bubble gets swept to one side and a | !
recirculation region forms. >730h, /(dX 6) or 0.064h,/d. The ouboard votices appear to

The direction of the asymmetry occurred randomly, but On%gcrease in strength as the minimu@p drops with reducing ride

. - : . i P ight. Between these two ride heights, the centerline pressure
established did not switch sides. This gives further indication thﬁgeﬁicients(Fig. 6(b)) also drop along the length of the diffuser,

the type b flow is unstable. As found in experiments with higfi: . - X
speed flows over axisymmetric bodies, any slight imperfection (Wnth a larger difference at the inlet and approaching the same

the surface can cause asymmetries in the vortex flow field. X?elzﬁl?rtetggt\?v)ggnig:;% ﬁ?ﬂ:kt:g\{vign';'?g?;aekg]nme 2}?&2 i?w%iir d
slight movement of the model may rigger the asymmetry in tIn\h/)':‘ortices and the ensuin increage of. the axial veloc?t through the
flow field to take one direction over the other. ’ 9 Y g

Progressing doumiards hrough region  th focuspoit cofer cauze an ncrease i the dourforce s he nboard ort-
to the inlet of the diffuser on the side of the recirculating regioﬁ f th ! board . . dual he ride heiah 9
(Fig. 11 moves downstream and towards the center of the dif'9 Odt ﬁ O#t OaL vorﬁcis |(sj_fgr;ra uab' As the ride heig tl IS re-
fuser. The region of recirculating flow is easily identifiable in théj.uce ; the flow through the diffuser becomes increasingly two-

pressure contour plot of the 20-deg diffuser within type d flow iﬁllmensional in nature as the aspect ratiadf(g) of the inlet

Fig 13 25 th large egion of constantpresure. The pressf 2256510 e o 56 M0 00 <), e oo of
coefficients indicate that the remaining longitudinal vortex is n e pressure re(g:]over of %he diffuser. creating the eakp in the
as strong as those at higher ride heights. P y ’ 9 p

Flow type e is characterized by a steepening of the downfor 8wnforce at 0.73M, /(d 6). It is surmized that the dip in the

. . g curve is caused by the increasing base pressure and by a
curve. For the large angle diffusers this appears to occur when %guction in the induced drag due to the diminishment of the

ride height reaches the order of magnitude of the expected bou{i['n oard vortices. The increase in drag below the trough is most

The plot of drag variation with ride height for the 5 and 10 deg
users(Fig. 2(b) show two peaks, although the trough is better
fined for the 5-deg diffuser. As can be seen with the pressure

110 1.0
] [ » ]
] 2 v ]
i 7 ® 1
105 i %\ 405
] 0 ]
] Y 2> ]
ke) “ ]
400 <9 2 1n0nD®
1 N oo T » . O‘OW
] ¥ ]
105 .°§ o Nl Jos
— P’. M R NSV RSN N N S Sa—
8.5 5.0 55 6.0 6.5 7.0 75 8.0 S.g
x/d

Fig. 12 Surface pressure coefficients: 20 deg diffuser, h./(d Fig. 14 Surface pressure coefficients: 20 deg diffuser, h./(d
X 0)=0.694, 30 m/s X 0)=0.091, 30 m/s
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14 3. Aregion of hysteresis occurs over the force reduction region
. for the 15, 17, and 20 degree diffusers.
12} 4. The flow through the low angled diffusers is influenced by
I the underbody, and presumeably ground, boundary layers. Espe-
<10k Unsteady - asymmetric cially the formation and breakdown of the vortices.
f I y-asy 5. The flow is unsteady in regions b, c, d, and e.
< sf
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2 Steady - symmetric
i Nomenclature
O ——— s Cp = drag coefficientD/q..S
0 (degrees) C, = downforce coefficientL./q..S
Cp = pressure coefficient,p(—p..)/q..
Fig. 15 Different flow regimes D = drag
L = downforce
M = pitching moment
likely caused by the increase of strength in the outboard vortices p = static pressure
and the accompanying increase of induced drag. The base pres- p, = freestream static pressure
sure in this region does not increase as rapidly as when the the .. = freestream dynamic pressuge,U2/2
drag reduces. _ ) U, = freestream velocity
A map of diffuser performance, Fig. 15, shows the different Re = Reynolds numbefp,.U..l/u
operating regions of the different diffusers angle with respect to S = model frontal area

area ratio. The shift from steady symmetric flétype g to un- d
steady and symmetrigype b occurs as similar area ratios for all
diffuser ramp angles, indicating that it is primarily governed by I
the adverse pressure gradient. The narrowing of the unsteadyx, y, z
symmetric region towards the larger diffuser angles indicates that

the streamwise adverse pressure gradient along the diffuser is not

L o ; Po
the driving factor for the transition to asymmetric flow. From the

model half-width measured ip-direction
model ride height

length of model

cartesian coordinateg:+ve downstreamy +ve
up, z+ve to port

freestream density

viscosity

negative slope of this boundary it is clear that the underbody and 0
ground boundary layers are not an important aspect of this transi-

tion. If the boundary layers were an influencing factor, the shift

would occur at lower area ratios for the lower diffuser ramfReferences
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1 Introduction on the upper and lower surfaces of the channel allow the fluid to
Several recent investigations discuss using viscous drag as lagﬁt_ransported against an imposed pressure difference.
igure 2 shows an example spiral micropump fabricated in San-

(e conceptin the viscosity dominated mictoscal flow fids hile UTPaner Mulilevel MEWS Technolog@SUMMIT). A cor
P y ible(also planarcomb drive microengine provides continuous

ggsgn?r);g;rl;nsgttjlelzigetr\?vgnsg?atﬁgl u;::tg{:] rcgﬁgng mmggrr %l? totational motion on its pinion gear, which is transmitted to the
analytical and numerical simulations have followg2.3). spiral disk through a 12:1 torque amplification gear train. Both the

This paper introduces a planar, viscous drag, micropump, whijicroengine _and the gear train are available as pick and place
. o mponents in SUMMIT technology4].
targets the surface micromachining technology. The pump works_. : p .
Figure 3 shows a cross-sectional view through the centerline of

ts)étri% tr?grng elta(:;sk_rv;ghsa ifg.'rgﬁ,gﬁ?,%\ﬁeastu‘ﬁﬂOsffoféofﬂg'tyeg\r'ﬁét?'e rotating spiral disk to illustrate the interconnections between
y plate. P 9 9 e different polysilicon levels. The disk is defined in the upper

produces the effect of the long channel of Couette experimeB Ivsili . .
: ; ; - ysilicon level POLY4 and the stationary plate in the ground
while the rotating disk assumes the role of the moving plate. level POLYO. The spiral protrusion is defined in intervening

For the purpose of analyzing the flow field in the pump, thg,O .

. o . ! LY1, POLY2, and POLY3 levels and is connected to the
spiral channel is “unfolded” into a straight channel with appPronLa v rotating disk while leaving a small ga®.5 microng
priate dimensions and boundary conditions. The paper deman- :

; ST . . : ove the stationary POLYO level. A pin joint at the center of the
strates that this approximation is valid for typical designs an Isk provides rotational freedom for the spiral disk. Gear teeth on

develops the relations mapping between the spiral pump geomei perimeter of the disk mesh with matching teeth on the output

and the straight channel model. Analytical solution of the ﬂogear of the transmission gear train and provide continuous rota-

field in the straight channel model at the lubrication limit relate an. The intricate structure around the rotating disk is a labyrinth

the flow rate of the spiral pump to rotation rate and pressure he : .
The paper also describes a scaled-up spiral pump prototyse?al for the pumped fluid. The inlet and outlet holes are created

S ; : ough backside of the wafer using a Bosch etching process.
developed for the purpose of verifying the spiral pumping conce . : .
D d The centerline curve of the spiral channel of a viscous-type
and validating the presented analytical model. Pressure versus . . : . ) .
flow rate datg obtail?led from the pyrototype was found to be I iral pump is a linear Archimedean spiral described in polar co-

good agreement with the predictions of the analytical model. ordinates by
r=ké+r,, 0=<6<A0 1)

. and satisfying the condition
2 Design

A schematic illustration of the spiral pump concept is shown in
Fig. 1. A disk with a spiral groove rotates at a close proximity
over a stationary plate and fluid is contained in the spiral channel
created by the groove between the spiral disk and the stationary
plate. Two holes at either end of the spiral channel provide the Rotating disk —
required inlet and outlet for the pumped fluid. '

Due to nonslip conditions a velocity profile develops in the
channel with fluid velocity increasing from zero at the stationary
plate to the rotating plate velocity at the top, and viscous stresses

Inlet

Pin joint

1Current address: Mechanical Engineering Department, University of Jordan,
Amman, Jordan.

Contributed by the Fluids Engineering Division for publication in tloJBNAL
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division
April 9, 2002; revised manuscript received August 6, 2002. Associate Editor: J. Katz. Fig. 1 The spiral pump concept

Stationary plate
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Spiral Electrostaric Table 1 Spiral channel defining parameters and their values

comb drive for the design of Fig. 2

Parameter Value
Polar slopek 12 microns
Starting radius 146 microns
Angular spam 6§ 8w
Wall thicknessw; 21 microns
Channel heighh 10 microns
Gap heighth’ 0.5 microns

wherew is the channel width and is its radius of curvature. The
unfolding approximation is valid only for small values of both Re
ande.

For a spiral channel with a centerline segment defined by Eq.
(1) the curvature ratio is defined as

) pl . ) _ 27k—w; B k
Transmission __/ \_ Microengine &= r - F(Zﬂ._wt/k) S
gear train output gear . . . . -

wherew; is the spiral wall thickness. By virtue of conditidg),

Fig. 2 An example spiral micropump fabricated in SUMMIT e<1 is satisfied unless2—w, /k is much larger that unity. Since
both w; andk are positive, the upper limit on2—w,/k is 2,
and e<1 when in addition to(2) either one of the following
conditions is satisfied

kir,<1 (2

wherer, is the starting radius of the spiral cure,is its polar
slope(change of per#), andA@is its angular span. Conditid®)
indicates that the channel has a slight curvature at the entry and 27—w,/k<1. (6)
along its entire length, and when satisfied, the rotation of the . L _
spiral causes the fluid to be dragged axially along the spiral chanO" the design d_escrlll_:)(;a in Table Klr,=0.08 and the unfold-
nel and not normal to the channel axis. Ing approximation is valid. .

The values ok, r,, andAd for the design of Fig. 2 are listed F19ure 4 shows the straight channel model resulting from the
in Table 1 along with the spiral wall widttv, the spiral channel unfolding approximation. The heiglit is equal to the original

; P : ight of the spiral channel. The lendtlis taken to be the length
heighth and the gap height’. These six parameters completel;ﬁe'g ; . X : . .
define the spiral channel geometry. of the centerline curve and is determined by integrating the dif-

ferential lengthdl=rd # over the angular span, after substituting
for r from Eq. (1) we obtain

k<1 5
" “2n ©)

3 Straight-Channel Approximation

Ag

Consider a disk with a spiral channel whose centerline curve is I~ fo (rotkf)do=(ro+kAOI2)A6=r,A0 )
defined by Eq(1) and satisfying Eq(2). Let the disk rotate at an
angular speed against a pressure heag between the inlet and wherer ;= (r,+kA 6/2) is the average radius of the spiral curve.
outlet. For the purpose of analyzing the flow field in the spiral To complete the straight channel model, we relate the boundary
channel we propose an approximation that replaces it withvalocity of the straight channel,, to the angular velocitw of the
straight channel with equivalent dimensions and boundary condpiral channel. Using the velocity relatian,= wr, it is noted
tions. The validity of such an approximation for flows in slightlythat u.y, is a function ofx sincer increases wittx. A simple
curved geometries has been first investigated by Dean in [BJ27 relation for the functional dependence ofon x may be estab-
Using a perturbation analysis of the Navier-Stokes equationslighed using the length relation in E7) to arrive at the first-
may be demonstrated that the leading-order error in the axial vader approximatiordx=r,d6. The coordinate is thus related
locity due to the unfolding approximation is proportional to théo 6 andr by
square of Reynolds number R6], which is small in the viscosity

4
dominated microscale flow fields. The perturbation parameter in Xzf rado=r, 0= r_a(r_ro) (8)
this analysis is the curvature ratiodefined as 0 k
e=Wlp (3) or
Gear tooth Rotating disk Spiral protrusion

Poly4

i :;Poly3
% ﬁ Poly2
" polyl

| ¥ —~——Poly0
Labyrinth seal — N\ Outlet

Fig. 3 A cross section through the spiral micropump (vertical dimension magnified to show
film details )

{

Inlet

Pin joint
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satisfying Eq.(2). If the channel is rotating at an angular velocity
w against a pressure heag, the flow field in the channel may be
modeled by a straight model with the mapping relations listed in
Table 2. The table also lists the values of the straight channel
parameters for the design of Table 1.

4 Analysis

The unfolding approximation results in a straight-channel
model for the flow field in the spiral channel, with the equivalence
formulas for dimensions and velocities listed in Table 2. As illus-
trated in Fig. 5,uc,(x) has both an axial component;,_
=U.,C0s¢ along the spiral axis and a transverse component
Uch—y=Uch Sin ¢ normal to the spiral direction. An order of mag-
nitude analysis on the quantities describing the straight channel
model reveals the significance of these components and allows
further simplification in the model. To that end, we nondimen-
sionalise the quantities in Table 2 by selecting the reference length
to be the channel length and the reference velocity to be the

‘w\‘

Fig. 4 Straight channel model

r=rotkxr, (®)  boundary velocity of at the entrance of the channel,(0)
and =wr,. The nondimensional upper boundary veloaify, and its
Ko componentsigy,_, andug,_, are thus obtained to be
Ueh(X) = @Fo+ ——X. (10) U= 1+ (K/r o) (17F )x* (12)
To determine the direction af;, with respect to thex-direction, Uk, =u¥, cosgp=u’/\1+ (kir)? (13)
Fig. 5 shows a small portion of a spiral curve rotating about the
origin O of the polar coordinate. As illustrated in the figure, the Ugh—y=Ugh Sin = (k/r)(ugy/ V1+(kir)?). (14)

direction of motion of a poinP on the channel makes an angle

* i * * ~ : ;
with x, which may be related to the spiral channel parameters by™0r K/T <1, Ugy_,~Uucy and ug,_,~0. The axial velocity ap-
proachesi.y(x), and the transverse component may be neglected,

p=tan 1(dr/rd §)=tan 1(k/r). (11) leading to symmetric geometry and boundary conditions around

To conclude this section, we summarize the relations needed Z:? plane_.d therhh<vf\|/, wfhiclg is Esuallly thef case in the
map a spiral channel geometry into a straight channel model usffi¢gf""€ shcof?3| ered, t ﬁ O‘r’]" e I In tdehp anekﬁ symrg;etry rep-h
the unfolding approximation. Given a spiral channel with heig{S€nts the flow across the channel, and the problem reduces to the

h, wall thicknessw, , and centerline curve defined by H@) and tWwo-dimensional flow in that plane as shown in Fig. 6.
The relative magnitude of axial velocity gradiedts,/dx*

may be determined frorfl2) to be O(k/ry)(1/r,). While k/r, is
typically small, l/r, is frequently large and the product is too
significant to be neglected. For example, the design of Table 1 has
k/r,=0.08 andl/r ;=25 with the product K/r,)(l/r,)=2. That

is, the boundary velocity at the exit, whett =1, approaches
three times its value at the inlet, precluding the possibility of
obtaining a one-dimensional solution for the flow in the channel
(the streamlines are not parajleAn analytical solution for the
two-dimensional flow field using the lubrication approximation,
however, may be obtained as shown below.

The microscale flow field of an incompressible Newtonian fluid
in the thin narrow gap of the model depicted in Fig. 6 is a classical
example of flow situation governed by the simplified version of
the Navier-Stokes equations known as the lubrication model. The
reduced Reynolds numbeRe=Re(/l) for the case of pumping
water using the pump described in Table 1 is 20 %» and the
Centerline Curve lubrication model holds for a rotational speed up to 500,000 rad/s!
Letting u andv denote thex andy-components of the fluid ve-
locity, p fluid pressure ang. its viscosity, the momentum and
continuity in the lubrication model are

\

-

Rotation origin, O

Fig. 5 Determination of the spiral angle

Table 2 Mapping from spiral geometry into a straight channel ap J%u ap

=y — —=0 15
model X P Py Ly (15)
Straight-Channel Value for Design in

Parameter Formula Table 1
Width 2mk—Ww, 54.4 microns ¥ o= =0
Length A0 7459 microns p=p0,7) / J T e (x), v
Height h 10 microns » _
Gap height h 0.5 microns / ,/ p=p0,y)+4p h
Angle tan Y(k/r) 4.7 deg at inlet, 1.5 deg at exit. W ¥ —0.v=0
Upper boundary  wr,+kwx/r, 146,000+ 40x microns/s 3 '\\ \ a0
velocity (with w=1000 rad/s) >
Pressure Ap Ap < l >
difference
Fig. 6 Two-dimensional flow model
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=0 x/1=0.25 */1=0.5 */1=0.75 =1

| =S
mm— >
Fig. 7 Axial velocity profiles at zero pressure head
M2 o 16 L L 23
which in the case of Fig. 6, are subject to the following boundafhe quantityhu,, is the per unit width flow rate in front of a plug
conditions: of heighth and speedi,. As in the conventional Couette experi-
_ _ ment, the zero pressure flow rate is only half that quantity and
ux,0=0, u(x,h)=ucn(x) 17 drops with pressure buildup Hy*/12ul.
v(x,00=0, v(x,h)=0 (18) Using the linear velocity relation in Eq10) we haveu.,
=wr, and §(x)=wk(x/r,—A#/2). The flow rate of a spiral
p(l,y)=p(0y)+Ap. (19) pump defined by the parameters listed in Table 1 is given by
An analytical solution for the linear system above may be ob- whr, wh3
tained by eliminating from (17) to give 9°u/dy®=0, which may Q=—F—o- 2ur AGAP- (24)
a

be solved by repeated integration using the boundary conditions in
Eq. (17) through Eq.(19). It may be verified that the closed-form Figure 8 shows the theoretical flow rate for the case of pumping
solution of the above system is water (u=1x10 2 kg/(m.s)) using the spiral pump described in
h? A 2 design A of Table 1 when running at speeds ranging from 1000
u:uch(x)%—( p +35(x)) (%_ (%) ) (20) rad/s to 5000 rad/s against a pressure head ranging from zero to

2u | 700 kPa.

— ’ 2 3

v =huer((y/)™=(y/N)") (21) 6 Experimental Tests

22) Experimental flow rate versus pressure head data were gener-
ated using the setup shown in Fig. 9. The spiral pump in the figure
is a scaled up prototype that was built to verify the spiral pump

where ug,=ducn/dx is the upper boundary velocity gradient,concept and examine the correctness of the analytical model. The

Uch(X)= 1A f'ouch(x)dx is the mean upper boundary velocity, andyeometric properties the prototype pump are listed in Table 3.

S(X)=U¢n(X) —Ugp is the local deviation from the mean. Figure 7 Flow rate—pressure head data were obtained by running the

shows theu profiles betweery/h=0 andy/h=1 resulting from a pump at a fixed speed and measuring the flow rates while increas-

linearly increasing upper boundary speed no imposed exteriirad the pressure head until the maximum pressure is reached. The

pressure. The figure shows that backflow barely develops near giiecess is repeated for three different speeds. SAE 10W30 motor

bottom wall. oil with a density of 825kg/mh and viscosity of 90.1

%103 kg/m.s at 28°C was used.

6u (* X
D(X)=F 5(x)dx+Ap|—+po
0

5 Pump Characteristics

The volume flow rate per unit channel width may be estimatedl Discussion
by evaluating the integrajgudy at anyx with x=x being par- Figure 10 presents a comparison between the experimental data
ticularly convenient. Using Eq20) we obtain and the analytical model for the spiral pump. The flow rates of the

V:

Q(nl

a0 N TN
N
AN

//
gs&
:

N
100 3000
N 2000 | N \\
1000
0 100 200 300 400 500 600 700
AP(kPa)

Fig. 8 Theoretical flow rate
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Pressure

Control gauge
valve
Spiral :
pump Outlet line
Inlet line DC motor

Fig. 9 Flow rate—pressure head experimental setup

prototype pump predicted by E4) are generally in good agree-flights of the spiral channel, it plays a dominant role in determin-
ment with those obtained experimentally. At low speeds, the eixg the torque and thus the power needed to operate the pump. An
perimental flow rates are below the analytical predictions with thetersection of a moving boundary with a stationary boundary is
error increasing as the pressure head is increased. This maycteated near the gap, and the presence of a transverse flow com-
attributed to the cross flow in the gap below the spiral wall, whichonent further complicates the situation, as it leads to large veloc-
is more pronounced at higher pressures. As the speed of the putymradients and a “scraping motion” next to the gap. A detailed
is increased, the centrifugal effects compensate for the cross flanalytical solution of the flow field near the intersection of mov-
loss, and when the speed is further increased, the experimeimal and fixed boundaries shows that when the intersecting bound-
flow rate becomes larger than that predicted by the analytical sries make perfect geometric contact, the tangential force be-
lution. comes logarithmically infinitel,7]. The presence of the clearance
The effect of gap heighh’ is particularly important since in gap precludes this divergent solution, but the force increases as
addition to its effect on flow rate, due to cross flow between tibe gap is diminished. The gap clearance requires a critical
tradeoff between minimizing the cross flow while also minimizing
the power consumption in the pump.
Table 3 Spiral channel parameters for the prototype pump

Parameter Value 8 Conclusions
Polar slopek, mm 0.75 This paper introduced a new surface micromachined viscous
Average radius,, mm 16.0 pump concept that works by rotating a disk with a spiral protru-
Angular sparA¢ 37 sion over a stationary plate and outlined the implementation of

Channel widthw, mm 3.2
Channel heighh, mm 1.0
Clearance gap’, mm 0.1

this concept in the 5-level of silicon using surface micromachin-
ing. Approximating the spiral channel by an equivalent straight

~ AN N
» g \

500 N ﬂ
0 T N N
0 100 200

= Theoretical Ap (kPa)
W Experimental

Fig. 10 Theoretical and experimental flow rates
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Flutter Limits and Behaviors

of Flexible Webs Having

a Simplified Basic Configuration
in High-Speed Flow

Fluttering conditions were analyzed for webs with a simplified basic configuration with
both leading and trailing edges fixed in a uniform flow. The predicted flutter limits are
expressed in terms of a ratio of fluid force to tensiefi)( a ratio of tension to bending
stiffness ¢*), and a reduced frequency.f Three characteristic zones of the behavior are
seen to appear depending on the magnituderof For medium7* of 1x10° to 1

X10°, flutter-limit values ofe* and fz remain nearly constant, respectively. For low

™ (<1 x10) effect of bending stiffness becomes significant and buckling-like instabili-
ties tend to occur preceding the flutter. For hight (>1x10°) ripple-like modes

tend to occur andr™* falls drastically and £ scatters much. Experimental flutter limits
obtained in the wind tunnel were seen on the average to agree with the expected ones for

the tested range of 910°< 7* <4 x10*. [DOI: 10.1115/1.1537254

the field have been relatively few in number from both analytical
and experimental aspects. For the web flutter phenomena, the gen-
eral tendencies or behaviors affected by governing factors have

1 Foreword

Long continuous beltéwebs of thin and flexible materials are
frequently handled or moved at high speed in air. Such a proc yet been clearly understood.

s, S0 to say, & basic and essential unit component employed in ecently, the web flutter phenomena have received more atten-
vast area O.f 'r.‘dus"'es an‘d technolc_)gles, for example, webs ot " aneko et al[3] treated a flow-induced flutter of a highly
paper, plastic film, cloth, thin steel strips, and so forth are handigd, ;e sheet in a very narrow passage between rigid walls as is
n m_odern |nf0rmat|0n processing units, tape recorders, rotal¥en seen in paper-making machines by leakage flow approxima-
printing machines, transmission belts, plastic film manufacturi n and the finite element method based structural equation.
equipment, and rolling mills in steel-making plants. Fluttering 0bpang and Morett{4] treated another kind of web flutter, the
the webs tend to occur in such processes, having undesirablegfrer of free edges in the cross machine direction which is the
fects on the quality of the product and/or the production rate of t'b‘?rection transverse to the one here.

process. If the web behavior could be stabilized, for example, inThig haper aims to predict the flutter limits of webs in a uniform
printing machines, significant improvements could be gainefo, and to elucidate the general behaviors by extending the

such as better print quality, a higher printing speed, and a decregggye method1]. In addition, results from wind tunnel tests are
in frequency of troubles such as wrinkling and folded edges. jncluded to compare with the predicted data.

Especially with the advent of a variety of high-speed informa-
tion processing equipment and information media, practical prg- . - . . .
diction methods for web behaviors are in high demand, in order?o A Simplified Basic Configurations of a Web
elucidate and control the phenomena. The phenomena, howeveAs shown in Fig. 1a), a web is generally a continuous belt of
are complicated because of the many factors involved, such feexible and thin plate or film running between revolving rollers,
web stiffnesqelasticity), inertia force, fluid force, axial forcéen- supported and tensioned by them. As additionally shown in Fig.
sion), motion configuration, and so forth. Therefore, improvel(b), walls are often present nearby.
ments and countermeasures have been mostly devised by experflthough it is desirable to handle the practical situations of the
ences and through trial and error on site. webs as they are, it is too complicated to analyze them generally.
The situation is similar to flag-like sheet flutter phenomena. 80, to begin with, a very simplified situation as a basic condition
brief historical survey on investigations on the flutter phenomersd the web is assumed. A very thin two-dimensional web is swept
of sheets and webs was presented in the Foreword of Yamagueia two-dimensional uniform flow, with its leading and trailing
et al.[1]. They have constructed a practical prediction method édges clamped or hinged, as shown in Fig. 2.
flutter limits of sheets and webs. By use of the method, Yamagu-Several differences are really present between the simplified
chi et al.[2] made clear the flutter limits and behaviors for sheetgasic configuration and the practical ones, as understood at first
having the leading edge clamped and the trailing edge free irgknce of Figs. 1 and 2, including) the axial movement of the
uniform flow. web, (2) the presence of the rollers at both edgé,the finite
Difficulty in the problems lies in the extreme aeroelastic naturidth of the web(three-dimensionality of the flowand(4) pos-
of the phenomena. The web has a very low stiffness and a vé&ifple presence of nearby walls. These factors are expected to af-
small mass ratio compared to the surrounding fluid. Therefore, tf@€t the practical phenomena to a more or less extent in addition to
web motion tends to deviate significantly from the resonandBe basic effect. Since the magnitude of these effects are supposed
modes in vacuum, and progressive waves appear. Investigationtipe not small, they should be the tasks for further studies.

Contributed by the Fluids Engineering Division for publication in tawanat 3 Outline of the Method of Analysis

OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division . .
Nov. 6, 2001; revised manuscript received Aug. 15, 2002. Associate Editor: v, 1N€ basic concept of the analytical method employed here was

Tsujimoto. already described in Yamaguchi et 1], which should be re-
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Fig. 1 (a) General practical situations of webs and (b) pres-

ence of nearby walls

ferred to for details. This paper deals with a web of very thin and
flexible material in an infinitesimal perturbed motion. The web is

clamped at its leading and trailing edges and swept by a uniform
flow of speedJ, . It has a length of ¢ and a thickness af,. The

oscillation iny-direction, whose displacement yg. The edges
are atx=0 andx=L4. The densities of the web and the air ate
andp,, respectively.

The basic equations are as follows:

(1) Flow field The web is simulated by distributed vortices
on the webl'(x,t) and free vorticed’,,(x,t) emitted from the
trailing edge.

'w(x,t)=I(Ls,t—Ls/U,) for x>Lg 1)

The unsteady pressure difference across the web pale,t)
is determined by the following equation derived from the conser-
vation of the vorticity and the relationship between the pressure
and the velocity:

Ap(x.t) fxal“(x,t)
x,t)=—
p Pa o

dx—pUl'(x,t) for 0<x<Lg.

)

A velocity component in they-direction is estimated by Biot-
Savart's law from the distributed vortices.

(2) Web motion The forces acting on the web are given by
the following:

PPy<(x,1)

90 (x,1)
at? ‘

ot

Fo(x,t)=Ap(x,t) — psts TT(x) ©)

Here the second term and the third one on the right-hand side

width bg is so large that the situation could be assumed to Bge the inertia force of the web and the contribution of the tension
two-dimensional. As shown in Fig.(®), the web surface, being T, respectively.
flown in x-direction on the average, performs a small-amplitude The exerted forces are related with the beam sectional shear

Ua

- s -
h
L J
| Ls i

Fig. 2 The simplified basic configuration of web assumed in
this simulation study

Ua y

LE. T.E.

(@

o 0 (>0
a3l (@)
| ! "

YN+

(b)

Fig. 3 Conditions of a fluttering web
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force as follows:

dfg(x,t)
o =Folxb). (4)

Based on the above relationships, the following equations give the
relationships concerning the beam quantities:

X

Fo(x,t)dx+ fg(Xg,t)
(5)

sectional shear forcesz(x,t):f
X0

X

bending moments:M(x,t)=f feg(x,t)dx+M(x,,t) (6)

X0

web inclinations:@(x,t):%JXM(x,t)dx+®(xo,t) (7)

X0

X

web displacementsys(x,t)zj O(x,t)dx+ysXq,t). (8)
o

X

Here, B is a relative stiffness, a ratio of the web stiffness on the
typical flow force,

ESIS
S PRVEPTES

whereE; is Young's modulus, antl is the sectional area moment
of the web.x, is a starting point of the integration, or the joint
point of each segment when the sheet is approximated by a num-
ber of short segments as described later.

(3) Boundary conditionsThe Kutta-Joukowski equation holds
at the trailing edge.

9)

Ap(Ls,t)=0 (10)

The web motion and the flow field are matched as follows:
ﬁyS(X,t) ays(xvt)

v =Uy, s (12)

The leading and trailing-edge conditions of simple support are
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Table 1 Data for the analysis of web behavior ~ 100 == S
—H = e i o
WEB Material paper & Unstable |74 :E? 2;2 :EiF xE2 1[
LengthL im 5 % ! ‘
Thicknessts 1-0.1 mm @ 10 8 :
Density pg 700 kg/n? s : H
Young’s ModulusE, 3 GPa k
FLOW air 8 N
Density p, 1.2 kg/n? 5 4 et
Friction Coeff.c;, 0.05 W S -
z I— Mass Ratio i i
2 [7005833 Stable *
oq Lo ol I L LM LIt
ys(0)=0 and M(Ot)=0 (12) LESOT 1E02 16403 LEWO4 [E405 1E05 1E407 1£408
Tension/Stiffness (7 *)
yo(Ls,)=0 and M(Lg,t)=0. (13)

. . . . Fig. 4 Predicted flutter limits of webs under tension
The above variables as functions of coordimatand timet are

variable separated. The time function can reasonably be expressed
as expjwt), wherej is the imaginary unit andv is a complex —~

angular frequency. A general functigfx,t) is expressed as fol- + 1.2 T T T T T 1T 1
lows: 2 F|eF2 sF +E2F xE2 !
: & 1F|oEl oD2 eDi
9x.t)=Gr)expj ot @ s T
where g(x,t) stands for each of’(x,t), Ap(x,t), Fo(Xt), 8 [ Mace Ratio
fe(x,t), M(x,t), ®(x,t), andyy(x,t). The respective functions % 0.6 F—0.05833
G(x) of x only exist corresponding to the above functions, respe: g i |
tively. They are linearized on the assumption of small perturbiZ 04 | | ‘
tions. & :
The effects of fluid friction are taken into the analysis as fol & 02 I~ T 54 N .
lows. The local tension is given as b= £ 1] il MY
3 0 4. - =
T(x,t)=Ty—2Xcfy(pUZ2)x. (15) H- {E+01 1E+02 1E+03 1E+04 1E+05 1E+06 1E+07 1.E+08

Here, T, is the tension at the leading edge, anf} is a fluid Tension/Stiffness (7 )

frictional coefficient. The multiplication factor 2 is taking accounhg. 5 Predicted reduced flutter frequency of webs under
of both surfaces of the sheet. tension

The web is divided intdN segments as shown in Figit3. The
Egs.(5)—(8) are applied to each segment. The variables at respec-

tive joining points as unknowns are related continuously W'trhe imaginary part indicates either the stability or instability of the

those_ at the_ neighboring junction points. Thus_ from the bas eb motion. The unstable condition will bring about web flutter.
equations, simultaneous equations for respective segments are

constructed in terms of the variables at the segment junctions, to .

form a system of homogeneous linear simultaneous equatio#s. Governing Parameters

The determinant derived from the coefficient matrix of the system Although the phenomena are affected by various factors in a
determines complex frequencies of the phenomena. The signcofmplicated manner, the results are conveniently expressed in

¢ 0.05833 o* 30895 ¢ 0.05833 o*5.749 i 0.05833 0% 5.2166

T*2x10 f; 0.1645 T*2x104 fy 01277  T* 1.2X10° f; 0.13840
7 = 2 2 ey e = = <
2 . ‘,-a e T—J’: o - /-Q‘ — ,--C..> = . = L 1, ﬂur‘p"u‘w'| o lﬁf‘.'#'
_ oo \.\_,0/-8 0l0 .8 al-o \__0/ s aln . g lat O Nl
E ’\\ N SN 2N\ — — .
E:r[ 0 800 o.e_ oo Nof oo o
g\‘ SN — o o /\ N . a
S 0.5 alo 5.8 ola Te oo 0.
P T
;-:D.g_‘g _____ 0.8 e 0.8 o Ao 0.8 ofo 0.8 _
= / A . - - ~ - — -
- — T ~ (R === o
L.u_:J 6.0 0.5 %.m n.2 Q-0 ¢.s 10 n.z
w N 3 — 4 oS
“ols /o 5 0] e | - "0 é\_on o o
éé e o e & e P — %
N P — s - T — R =
— 0LR .8 . s . . B
= ot 0. ofo 0.5 ofo_” 0.5 ofo 0.8
‘:.0_:‘0-\'—--’\3/-}:1 Q.0 ﬁ—og c COMB C.U.c).—‘r 0.5 2
oY o™ P « R « P ©
Displacement  Pressure Displacement  Pressure Displacement Pressure
Fig. 6 Predicted vibration modes of webs and pressures for F-mode for # of 2X10, 2X10*, and
1.2x10°
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35 T .\ T T 025 1‘ T T T LR | ] ] | I \4‘_
g Mass Ratio:0.05833 and 0.5833 ~  |Mass Ratio=0.05833 and 0.5833 [, F  xE2F +E2
30 N—E2F * - = 02 xEl oD2 eD1 T
—~ B oF 5
b 25 R - | KB R 2015 1 =4=b 17 \A—l—,
3 D27 \;\ +E2 g Lol P
G 20 A - . X El L o . IS
e \\ 1 o . X X ¥ = =]
&0 e’\ % N Unstable oD2 g 1 E2E2F |
3 15 |- v S |- 3 0,05 -
2 Di/s‘\! Bl 3\\\% F D = XL Lrgxlx EY g
%10 AT NS 0 o i
o [ k] X L\
= ; 0.523_3__0"55833 £2 == 4 10 D1.D2 100 1000
Ty El i i y
1 l 'Lf l | Stable Tension/Web Stiffness( 7 *)
T 1
0 Fig. 8 Detailed behavior of flutter limit reduced frequency
10 100 1000 lines in low +* region
Tension/Web Stiffness ( T *) 9
Fig. 7 Detailed behavior of flutter limit lines in low 7 region

5.2 Features of the Flutter Behavior. As seen in Figs. 4
terms of the following four nondimensional quantities whict‘j"‘nd 5, the behavior of the flutter limits shows different tendencies

have been derived by normalization of the governing equatio
(Yamaguchi et al[1]).

jy the following three regions depending on the tension param-
eter

tension/stiffness ratio 7* :TLglEsIS (16)
fluid force/tension ratio (T*:(an§LSbS)/T 17)
o* 7797 fz 0.0247 o*10.014 f, 0.0
reduced frequency fr=fLs/U, (18) =, oy S - eq o
= o VA S e T
mass I’atiO M:psts/pal—s (19) ; CI_.R\_/D.S Qo 0.3 1.0 \\“_//U/.(LS\ 0_‘.0 —/uji
S K J : = Sl i ] n o 7 p -
HereT is the web tensile forcéN) and is nominally taken equalto 3 #7° b e I 2 e "7
To here, and is the flutter frequencyHz). The first parameter* R S PR oln o5 oo P
is the ratio of the web tension to the web bending stiffness. It may ., [.— 1 T | =
be called a tension parameter. The second paranaétds the ;_ RN v ol 08 e eE el
ratio of the typical flow force to the web tension. Both include the = ~ = A LT S
. . . — kg *as afn 0.8 olo 0/ 0T 0e/
tension term whose effects are very important in the web flutter & 7" N L
phenomena. Hereafter these dimensionless quantities are e, oo ) 0B . R A
ployed to show the results. Ze < = P ‘
h;:l 0o 0.8 olo 0.8 nlo 6.3 0flo 0.3
= I . e
— QJ_,%\'/ 0.8 Q_OJ_% WDFQ_ Dd.ril\)//o,;g C'O"?s —% s =
5 Analytical Results
Web behaviors were calculated for the conditions given in Displacement  Pressure Displacement  Pressure
Table 1 by increasing the flow speed gradually from sufficiently _ D2-mo
low value up to the one where the characteristic root became D1-mode de
unstable. A flutter limit was defined as the condition where neutral
stability was reached. The flow friction coefficieat, was as- o* 12.457 fr 00082 o=* 14255 fx 0.1584
sumed to be 0.05, which appeared rather high but was considerer - i N -
to be reasonable for the situation based on the results on sheez™ L e N N o | s
flutter in Yamaguchi et al[2]. The number of the segment$ = NoA-s oo ‘3’-‘0/\\%5 0 08
approximating the webs was taken to be 50 in the analysis. I PR S S RN S| (R
5.1 Predicted Results. Figures 4 and 5 show the predicted £ = R PR M/ T e
results. All the plotted points in the figures are the analytical ones. - { 1 1
Figure 4 shows the predicted flutter limits in terms of fluid force/ E a5 ol‘a‘;o (o ‘/ﬁ o‘:-‘yé af
tension ratiosr* against the tension parametérfor mass ratiqu T 5 S et \‘\‘ 3 )
of 0.05833 (=1 m andt,=0.0001 m). Symbols such 43, E, N AN g
F, etc., discern the oscillation modes at the respective points,,, o5~ o5 el of
which will be described later. The lower part of the figure corre- 2 o i
sponds to a stable region and the upper part to the unstable regiorg oo 08 o s o)
i.e., flutter region. Figure 5 shows the predicted reduced frequen-= =< m,—:;cafa '\/n/ia o Sr LTI
ciesfy at the flutter limits against the tension parametérsor a TR e S o P ®
mass ratiou of 0.05833. . .
The web flutter phenomena depend mainly on the tension pa- Displacement  Pressure Displacement — Pressure
rameterr™ . The effect of mass ratios and fluid frictions on the web El-mode F-mode

flutter phenomena will be mainly presented in Section 6. The flut-

ter limit o* proved to be relatively independent of the mass ratigsg. 9 Predicted vibration modes of webs and pressures in

and friction coefficients in the range surveyed here.
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(1) ™<1x10° low 7* region with an increase in the flow speed, a neutral point named “D1”
first occurs and breaks into instability. In the zone from point D1
(2) 1X10°<7*<1x10° medium 7* region to D2 the web behavior is unstable. Figure 8 shows a rough ten-
* : * . dency of the reduced frequencies. At points D1 and D2 the re-
(3) 1x10°<r*  high 7* region duced frequenciefg are calculated to be nearly zero. From D2 to
In the medium7* region (1IX10°<7*<1x1(f), the flutter E1 the web is stable. At point E1 instability occurs again. Above
fluid force/tension ratiosr* remain nearly of a constant valuepoint E1 one of the following two situations occufg) at point
close to 6, and the reduced frequendigdie between 0.1-0.15. E2, stability is regained and after that the web breaks into F-mode
The figure at the center of Fig. 6 shows a typical oscillation modestability, i.e., the ordinary fluttering condition, @2) without
for the medium7* region, predicted at* of 2x10*. Eight sub- recourse to the E2 condition, the web directly breaks into F-mode
figures to the left and to the right of each pair in Fig. 6 shownstability. The latter is named point E2F. At points E1 and E2 the
instantaneous displacements and pressure distributions, respeduced frequencies are relatively close to those for F-mode flut-
tively, along the web. The subfigures are at each eighth time iter. For 76<7* <400, the D-mode vanishes and E1 first occurs.
terval of one complete cycle successively from the top to thEhe E-mode zone between lines E1 and E2 is seen to exist very
bottom. They are normalized by the maximum absolute value close to the F-line at relatively higher values#f.
the corresponding quantity over an oscillation period and over theAs shown in Fig. 9, both D and E-modes show a manner of
whole web length. The flutter modes are seen to resemble roughktganding waves of the second modes and the third ones, respec-
the third resonance mode. The web displacements, however, shiely. In addition to that, their frequencies are very low, which
the presence of progressive waves traveling toward downstreaoggests an occurrence of instability close to buckling.
direction. On the other hand, the pressure distributions show pro-n the very low 7 region, the web tension is relatively small
gressive waves traveling toward upstream. The speed of the wagempared to the bending stiffness. The growing fluid force would
is one weblength for an oscillation period. The mode is named tbause such kind of oscillation against the web bending stiffness
“F” mode hereafter. prior to the ordinary flutter occurrence. It is anticipated that this
Immediately below the upper border of the mediufy for pre-flutter instability would, in practice, force the oscillation di-
example, at”* of 1.2x10° in Fig. 6, small ripples are seen torectly into a flutter without recourse to the intervening stable
appear superposed on the F-mode. The ripples play a major roleames.
the adjacent high* region. The ripples, however, tend to lower The upper-limito* line and the lower one for the D-mode zone
the analytical accuracy. appear nearly independent of mass ratios. However, the upper-
Instability conditions in the low* region (¥*<1x10°) are limit 7* for the D-zone is affected by mass ratios, as seen in Fig.
shown in an expanded scale in Figs. 7 and 8 including data fér The upper-limit7 for the D-mode zone is lower for a larger
mass ratiosu=0.05833 and 0.5833. Toward lower values7df mass ratio (u=0.5833 than for a smaller mass ratidu
the value ofo* corresponding to the F-mode flutter limit increases=0.05833. Since other mode-lines are not affected by changes in
gradually. The character of the oscillation and thevalue are the mass ratios, the same marks are used in plotting the calculated
seen to remain unchanged. The oscillation mode shown in the Ipfints irrespective of mass ratios in Figs. 7 and 8.
pair of Fig. 6, which is for” of 20 in the low7* region, belongs  In the high7 region (1x 10°< 7*), the magnitude ot* sud-
to the F-mode and is essentially of the same form as that for tHenly drops, namely, the flutter speed is lower toward higher val-
medium7* region. ues of 7 as shown in Fig. 4. In the region, a number of unstable
In the low 7 region, however, unstable zones are predicte@sults tend to occur in a very crowded fashion. In practice, the
preceding the F-mode flutter. As seen in Figs. 7 and 87fet70, flutter limits encountered will be the lowest ones which are plotted

u 0.05833 r* 2.24x10° # 0.05833 r* 8.00x10°
o* 1.628 £, 0.0770 o* 0.7423 £, 0.3683
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Journal of Fluids Engineering MARCH 2003, Vol. 125 / 349

Downloaded 03 Jun 2010 to 171.66.16.152. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



100 g
~ |
\_b/ | Q Unstable
210
i ©7 8 8 o o
= N e o |8 CRQO @
S
g Stable
% ] } OOoo
£ E e 11 =05833 o (M =0.05833/cf0=0.05 % &
L [ |+cfo=0 4 cfo=0.025 5
_g [ |Xcfo=0.1 x
c ol | J | | N
01 1 ||.nni At 11131 1 |||nnl Db b 1 1batl i it 1)

1.E+01 1.E+02. 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08
Tension/Stiffness Ratio ( 7 *)

Fig. 11 Predicted effects of mass ratios and friction coefficients on the web
flutter limits

in the figure. At the same time the values of the reduced flutteabove results in the high* region should be thought to be tenta-
frequencyf r become scattered, and many of them become highete ones. The result for* of 1.2x 1(f in Fig. 6 and all examples
The modes show oscillations of very high orders, which appeir Fig. 10 thus have rather limited accuracy.

as ripples superposed on a lower mode oscillation in Fig. 10. TheFor reference, the conditions where both of the wavelengths are
pressure distributions show a prevalence of the ripples. These fledmparable for the respective third modes are estimated to be for

ter modes are named F2 as a whole. 7 of around 100, which is within the low* region. For these

The ripple phenomenon is attributed to a significant differenagonditions both types of vibrations are naturally very dependent
in the characteristic wavelengths for a beam-bending vibrati@m one another through the parameters and may form an insepa-
and a tensioned-string vibration for the same frequefefyAp- rably combined mode in contrast to the apparently independent

pendiX. Around 7 of 1x10°, the wave lengths of both vibra- modes of ripples on a long-wave mode.

tions are noticeably different from one another. For example, a ) o o
tensioned string vibration for the third mod#.5 waves on the 6 Effects of Mass Ratio and Friction Coefficient

string) can coexist together with a beam bending vibration for the The effects of mass ratio and friction coefficient on the flutter
30th mode(15 waves on the begmThus ripples of the bending behavior are summarized in Figs. 11 and 12 mainly for the me-

modes appear superposed on a lower order mode of the tensiodiedn and the high?* regions. The effects of mass ratios are com-
string vibrations. The ripples might be the major cause of the Fgared foru of 0.05833 and 0.5833, with a friction coefficiery,

instability in the high7 region. of 0.05. The effects of the fluid friction coefficient are compared

Here it must be noted that the ripples of very short wavelengimongc;, of 0.0, 0.025, 0.05, and 0.1, all for mass ragioof
tend to limit the analytical accuracy owing to the limited numbed.05833.

of the segments employed in the calculatidiw=(50). From the Changes in these factors are seen to have little effects on the
authors’ experience$l], accuracy within 1 percent in the flutter F-mode flutter phenomena within the range surveyed here, par-

speed requires roughly ten segments for a wavelength. Thus ticelarly in the medium7* region. As to the lows* region, the

16
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Fig. 12 Predicted effects of mass ratios and friction coefficients on the re-
duced flutter frequencies
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@ Wind Tunnel &) Pitot Tube @ FFT Analyzer

@ Test Section ® Pressure Indicator Tension Wire
@ Web for Test (@) Fan Speed Controller (D Weight for Tension
@ Fixing Device Non—Contact Displacement Sensor

Fig. 13 Experimental arrangement for the web flutter tests

D-mode is affected by the mass ratios but the F-mode is not, @ith a noncontact laser position-sensor system, whose output is
described in the preceding section. In the hifhegion, however, analyzed by an FFT analyzer system for surveying the frequency
prediction accuracy is lower because of the limited number of tleharacteristics.

segments for one wave at present. Therefore, farl@f< r* The data and properties of the papers used for the tests are
<1x10°, the above conclusion is appropriate from the analyticgliven in Table 3. The Young's modulus of each web specimen was
view. estimated from the tip deflection of a sample sheet caused by the
uniform loading of the sheet weight itself using the deflection
7 Results of Wind Tunnel Tests formula on the uniformly loaded beam. The data are very scat-

) ] _ tered, influenced by various characteristics of the test sheet, such
The analytical data above are compared with those experimef-which side of the papéthe face or the bagks upward, which
tally obtained in wind tunnel tes@to et al.[5]). of the paper directionglongitudinal or lateral is for the beam

71 Procedure of the Wind Tunnel Tests. Thin and flexible fiPers, etc., in addition to the geometrical data. So, many measure-

sheets of paper with both ends clamped were tested on their fluflgnts were taken and averaged. .
limits in a uniform airflow in a wind. The dimensional data of the 'n€ uncertainties of the measurements are estimated as follows;

wind tunnel are given in Table 2. mass of the sheet: 0.5 percent, thickness: 5 percent, web length:

The arrangement of the experiment is schematically shown §P Percent, flow speed: 1.5 percent, tension: 0.01 percent, and
Fig. 13. Edge-clamping devices, as shown in Fig. 14, have a tH[fauency: less than 0.1 percent. The uncertainty of the Yqungs
and streamlined two-dimensional sectional shape. They are Suggdulus was thus expected to be 12 percent and the experimental
ported horizontally on knife edges, allowing both free axial moveicatter was 10 percent within a range of very small deflections. In
ment of the web and a horizontal tension load on the web. TensiSRite of the above, the experimental data obtained on flutter limits
is provided by two weight pieces of a known mass hung at the tig§attéred far more than expected. o
of two vertical wires. After a deflection in the direction via rollers, N the test, care was taken to avoid humidification of the test
the wires transmit the tension horizontally to the trailing-edge!®€t, wrinkling or edge folding of the sheet during testing, and so
device. The wires run outside of the wind tunnel channel walls ¢ These precautions tended to reduce the scattering of the ex-
both sides of the web.

Procedures of the measurement are as follows: A sheet of paper
for the test is fixed by the edge-clamping devices and weights of -
known mass are hung at the tip of the tension wires. Then tI Flow
wind tunnel fan is started and the speed is gradually increased — Test Piece
an inverter controller system. At each fan speed the flow veloci
and the web amplitude is measured. When the amplitude increa
suddenly, it is identified as a flutter speed. As shown in Fig. 1. Channe| Wal | TZZIIIIIIII [T
flow velocity is measured by means of a Pitot tube and a digit: D
differential pressure indicator. The web displacement is measur Q

Knife Edge” / —

Rod Tension Wire

Trailing Edge
Clamp

-

Table 2 Dimensions of the wind tunnel

Leading Edge Trailing Edge

Nozzle caliber 300 mm300 mm square Flow Glamp Test Piece Glamp . )
Channel length 800 mm ; Tension Wire
Jet direction horizontal — | — '
Jet velocity 0-17 m/s A i
Air source axial flow fan(0.75 Kw) 30 I™>Rod Rod L (-1
Speed control inverter control of the fan RPM D 'W
Velocity distribution +1.5% Knife Edge
Turbulence 0.5%

Fig. 14 Edge fixing device for the test piece
Journal of Fluids Engineering MARCH 2003, Vol. 125 / 351
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Table 3 Characteristic figures of the papers for test may be said that the prediction is rather reasonable for the region

Paper Copy Paper Simili Paper Tracing Pape%urveye-d In.the medium® region, 9><.102< 7 <4x10% : .

For simplicity, the data points in Figs. 15 and 16 are identified
Thicknessts (mm) 0.098 0.082 0.062 by their particular mass ratios. Each symbol represents data falling
Density ps (kg/n) 679 808 989 within a certain range. The data are seen in a mixed fashion within
\L(gﬁgghsLm((r)r?;l)Llfs (Gpa) 124 27%97775 2.48 the scatter. This suggests that the effect of mass ratios is negligible
Width bss(mm) 30.60,90 for the range tested within the experimental accuracy. It agrees

with the tendency predicted in Section 6.

It was attempted to maintain two-dimensional nature of the ex-
periment, but the outbreak of flutter interfered. It was observed
that the flutter speed tends to be somewhat higher for wider
perimental data somewhat, but the degree of improvement was fgets. This tendency is thought to be similar to that of a sheet
as much as expected. In addition to the variable properties of t&h the trailing edge freg2]. However, it was difficult to show a
papers, the gravitational effect due to the horizontal positioning 6pnsistent tendency, given the few widths tested and the wide
the sheets for testing, the three-dimensional effect due to the liggatter of the experimental data.
ited width, and the limited relative size of the wind tunnel, are to The horizontal position of the web tended to droop because of
be pointed out as the additive major causes of the data scatteri@@@vity. When the web was pulled tightly to straighten the web,

) ) the flutter speed tended to be much higher. So, the tests were

7.2 Results of Flutter Tests in the Wind Tunnel. The re- started initially with a rather slack condition with a constant ten-

sults thus obtained are plotted with respect to the flutter fluiglon. The tightness was difficult to control and is considered to
force/tension ratior* in Fig. 15 and with respect to the reducethave added to the data scatter.

frequencyfg in Fig. 16, against the tension-stiffness ratib.
Because of the limited capacity of the experimental setup, the d&@a conclusion

are limited to a relatively narrow range of the mediufnregion. -~ gy er jimits of webs with a simplified basic configuration were

The nature of the frequency change near the onset of flullgry sically predicted and the effects of the governing parameters

occurrence are varied: in some conditions the frequency remay}sne jimits and behaviors were investigated. From the results a

nearly the same; in other conditions it changes at the same ime,as o 5| ynderstanding of the phenomena are gained. Three char
the flutter occurrence. Here the frequency immediately after t

. ! Rteristic regions exist depending on the tension paraméter
flutter occurrence is employed as the experimental flutter fre--l-he experiments suggested some degree of validity of the ana-

quency. tical Its, though withi limit f th i
The dotted lines in Figs. 15 and 16 are the analytical resu{,élcisn rtz;<u1§2,< Tgu<g4xvxgo4ln a limited range of the mediufh
€ ’ X

obtained in the preceding section. Compared with these predic o improve the experimental accuracy, the authors are now

lines, the experimental data are seen to be very s_catter(_ad. Eli}flstructing a vertical wind tunnel for the flutter tests
zone of scattered data, however, includes the predicted lines. ’

Nomenclature
bs = web width (m)

35 u___ Ci, = surface fluid-friction coefficient
. + 0.05-0.10 LT E, = Young’ modulus of web materigPa
© 300 0707012 Unstable Fp = external force on the web
g 25 b % 0.15-0.20" % fg = sectional shear force
% 20 ———pnalytic L T fr = reduced frequency, E¢18)
= Y= g = a general function of botk andt
8 15 X n + G = a general function ok only after a variable separa-
o 1 NES
S 1o X X g £ | tion of a functiong
= TR e R T Is = sectional area moment
£ 9 Stable e F__i" lE o . i = order of vibration(Appendi®
0 — I ‘ j = order of vibration(Appendix
1E+02 1E+03 1E+04 1E+05 Ls = length of a weh(m)
) ) i M = sectional bending moment
Tension/Bending Stiffness 7% N = number of segments in approximating a web
) . . R = ratio of resonance frequencies of a beam bending
Fig. 15 Effect of tension parameter on the flutter limits vibre_ltion and a tensioned string vibratiéAppendiy
u T = tension(N)
& 08 — T t = ti ()
S |+ 005010 A L N = tme(s
2 45 O 0.10-0.15 ts = web thicknesgm)
% A 020-0.25 I _[_J: :t:+ " U, = velocity of the uniform flow(m/s)
® 04 X 0.15-0.20 = Tare == v = induced velocity perpendicular to the main flgm/s)
= ==~ Analytical SO R x = coordinate in the main flow directiofm)
g 03 ETT o = coordinate perpendicular to the x coordinat®
S 4o X g oolin FL L ys = sheet displacemertm)
. =] = a— -q _ . .
= —d B A B B = relative stiffness
2 01 4 T+ o Ap = pressure difference across the sheet pl&ae
2 s l% I' = vortex strength
0 I'yy = wake vortex strength discharged from the trailing
1.E+02 1.E+03 1.E+04 1.E+05 edge
Tension.Bending Stiffness T * 0 = Sh_eet Surf_ace inclination
pa = fluid density(kg/m®)
Fig. 16 Effect of tension parameter on the flutter reduced ps = density of the web mgteridlgg/nf’)
frequencies o* = flutter fluid force/tension ratio, Eq17)
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7 = tension/stiffness ratio, Eq16) For the condition of the same frequency for the two modes (
u = mass ratio, Eq(19) =1),
o = angular frequencyrad/9 - —
wBj = angular frequency of thigth mode of a beam bending j=Nr i), (A6)
vibration (Appendix From the above, relations amon@ndj are as given in the fol-
o'i = angular frequency of thih mode of a tensioned lowing.
string vibration(Appendix i 10* 10° 108 10
i i=1 j=5.6 10.0 17.8 31.7
Appendix 2 8.0 14.1 25.2 44.8
Occurrence of Ripples of Higher-Order Mode in the Web 3 9.8 17.3 30.9 54.9

Flutters. As described in the main body of the present paper, fof -

around7* of 1x 10, ripples in the web configurations become As seen frc_>m the ta_ble, for h'.gh values df, lower modes .Of .

significant. The Appendix discusses the phenomenon. tensloned-strlng vibration and.hlgher modes of beam-bendlng vi-
Essentially, several kinds of forces act on the web in an insedﬁﬁt'on tend to have frequencies close to each other, resulting in

rable manner, resulting in flutter. Here, for the simplicity, it i<€ @Ppearance of ripples by the Iatt(?,;f mode.

assumed that two types of resonance modes occur independenti{?" the other hand, for low values ot, the differences of the

i.e., a tension-governed string mode for a string with both eng§Sonance frequencies between the tensioned string vibrations and

clamped, and an elasticity-governed beam-bending mode folthe beam bending vibrations are small. Therefore ripples do not
beam with both ends clamped. The latter is named ‘bearAPPear. For example, the condition for the third mode for both

bending mode” and the former “tensioned-string mode.” i=j=3)is
The angular frequency of théth resonance mode of the 7 =100.
tensioned-string mode is given by the following equatiBarton S . ) .
[6)): The condition is in the low™ region. Near this condition, both
: vibrations will merge easily.
w; =i(wlLgy)Tlpgts for i=1,23.... Al
1 =1(mlLo)VTlps ° A1) References
Th.e anQU|ar freqluency of thd’] resqnance m.Ode of the beam- [1] Yamaguchi, N., Yokota, K., and Tsujimoto, Y., 2000, “Flutter Limits and Be-
bending mode is given by the following equatit®urton [6]): haviors of a Flexible Thin Sheet in High Speed Flow—I: Analytical Method
B .2 5 ) for Prediction of the Sheet Behavior,” ASME J. Fluids Enf22 pp. 65—-73.
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A ratio of the above both is defined as R as follows: perimental Results and Predicted Behaviors for Low Mass Ratios,” ASME J.
T, B Fluids Eng.,122 pp. 74-83.
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Viscous Fingering in a Hele-Shaw
x.ain | Gell With Finite Viscosity Ratio

Graduate Student

r ricremani’ | AN INterfacial Tension

Mem. ASME
e-mail: r.pitchumani@uconn.edu A volume tracking method was developed to simulate time-dependent unstable viscous
fingering in a Hele-Shaw cell. The effect of finite viscosity ratjobetween displacing
Department of Mechanical Engineering, and displaced fluids and their interfacial tensienon finger morphology is investigated.
University of Connecticut, It is shown that there exist four distinct finger patterns, depending upon the viscosity
Storrs, CT 06269-3139 ratio, u, , and Cd, the modified capillary number for constant flow rate, 0P - W/o,
for constant driving pressure difference. Morphology diagrams are developed to identify
the ranges of the dimensionless parameters corresponding to the various finger patterns.
The simulation results are validated with experimefi30l: 10.1115/1.1524589
1 Introduction unstable, branched fingers were reportpth-6]. McLean and

Saffman[7] solved for the steady finger width analytically as a

Viscous fingering in a Hele-Shaw cefl], originating from Jpnction ofCa’, but the mechanism, by which the finger asymp-

industrial oil recovery, was first studied by Saffman and Tayl

[2], and the complexity of fundamentals behind the phenomenb‘?\tiqa"y approaches .ha'f'c?” Wid.th’ was resolved Iaf8rg].
itself has since attracted much attention. A Hele-Shaw cell con- 'Me-dependent direct simulations have also been developed to

sists of two parallel plates with a narrow spacing; when a |eér§vestigate both stable and ur_lstable fingers. One appro_ach is the
viscous fluid is driven to displace a more viscous one in the Ceggn(;jom-f\f/vil(l)(erlr_nethoilofTwh|chlzgood deéamApIes 3re gl\éen by
an initially flat interface between the two fluids evolves into adanoff [10], |a_ng[ ], Tang[ ] and by Arneodo and co-
so-calledviscous fingeringpattern. The flow is governed by theWorkers[ls]. In this purely stochastic method, the solution of the

Hele-Shaw equatiori3], which, if both fluids are Newtonian, is Laplacian pressure equation, ER), is obtained by a probabilistic
scheme. Particles released from one end of the cell, walk ran-

written as domly until they encounter and stick to a cluster forming from the
b2 other end, which eventually grows into a finger-like pattern. Al-
ui=— mvpi 1) though the behavior of a random-walker is precisely formulated

I

by the discretized Laplacian pressure equation, it is restricted to
wherei refers to each of the two fluidsy is velocity averaged the case of vanishing displacing fluid viscosity. The approach can
over the cell thicknesb, u; dynamic viscosity, andP; pressure. not be used to simulate viscous fingering under finite viscosity
Usually, incompressibility is assumed (u;=0), which reduces ratio between the two fluids.
Eq. (1) to a Laplacian equation for the pressure in both fluids Numerical solutions of the Eq$1)—(3) governing the viscous

V2P —0 @ fingering phenomenon have been reported using boundary integral
i method by DeGregoria and Schwaffiz,15, Hou et al.[16,17],

Across the interface, the pressure is continuous if the two fluiéed Nie and Tiari18], the vortex-in-cell method by Tryggvason
are miscible; otherwise, a pressure jump condition should be n#td Aref [19], and Meiburg and Homsy20], and the volume

tracking method by Whitakd21]. In a particular approach of the

Pi—Py=0-« ®) boundary integral method, called the conformal mapping method
wherea is interfacial tension an the curvature of the interface (for example,[22]), the moving interface is transformed into a
projected onto the Hele-Shaw cell plane. fixed boundary in a complex domain, and the interface velocities

In most studies so far, the viscosity of the displacing fluid i8¢ derived from the.cpmplex boundary velocities. In .the .vortex-
neglected, which renders a uniform pressure distribution in itd-Cell method, a vorticity form of the Hele-Shaw equation is used
side. The interface then becomes part of boundaries enclosing {@btain the interface as the only location that is not irrotational,
more viscous displaced fluid. As indicated by the experiments 8fd the velocities are reconstructed from the vorticities. Good
Park and Homsy4], Maxworthy [5], and Kopf-Sill and Homsy adreement with McLean and Saffman’s analytical solutiofj,

[6], in the absence of the displacing fluid viscosity the fingdPr Stable fingers was reported by using either of these two meth-
shape and morphology could be determined by a single parame®éis With zero displacing fluid viscosity, and the authors also ex-

the modified capillary number tended the use of the method to selected unstable fingering cases.
Both of the above-mentioned methods feature a Lagrangian ap-
, Uu (W 2 proach to tracking the interface. The volume tracking method,
Ca'= o \b/’ 4) [21], on the other hand, employs an Eulerian formulation. Here

] ] ) ) ) ~ “volume” refers to a valueF assigned to each cell that forms a
whereU is the velocity of the fingery the viscosity of the dis- fixed mesh over the whole computational domain. Specifically,
placed fluid, o interfacial tension,W the half Hele-Shaw cell thjs valueF represents the fraction of a cell that is occupied by the
width, b the cell thickness. For lovCa’, a single, long, steady displacing fluid. A time-dependent advection equation, given be-
finger called eéSaffman-Taylor fingewas obtained; for larg€a’,  low, is solved to obtairF throughout the computational domain,

from which the interface is constructed through the cells having

1To whom correspondence should be addressed. O0<F<1.
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The velocitiesu andv, in the above equation and the pressure ix3 stencil around the cell, j) of interest as shown in Fig.(4),

each cell could be directly solved using a finite difference methade volumes of fluid in each of the three columns can be summed

without resorting to special transformations. In Whitaker’'s workup to give three dimensionless volume heights,

[21], a SLIC (simple line interface calculatignalgorithm was

implemented to treat the interface in each cell as lines aligned ) ) o

with one of the logical mesh coordinates. However, using the Hn(k,j)= 2 F(k1), k=i-1ii+1,

SLIC method, the Saffman and Taylor finger was reproduced only =it

qualitatively, and furthermore, no significant development was rérom which the interface slope of the céll j) may be approxi-

ported in regard to simulation of unstable fingers. mated, assuming equal mesh spacing inxlaady-directions, as
It is evident from the foregoing discussion that numerical simu- ) ) ) )

lation of viscous fingering with finite viscosity ratio and finite o Ha(i+1,))—Hy(i—1))

interfacial tension between the two fluids has been the subject of Sh(ip)= 2 '

relatively little attention, and it is the intent of the present study to . P .

fill this void. Specifically, the study seeks to systematically ex-owever, if the stencil in Fig. () were rotated by 90 deg, which

plore the influence of the viscosity ratig (defined as the ratio of COI"esponds to a vertical interface of the dglj), the above finite

displaced fluid viscosity to that of displacing orend the inter- differencing based on columns yields a poor estimate of the slope.

facial tension(expressed in a suitably nondimensionalized forn{t iS More appropriate in this case to define three more volume

on finger morphologies. A numerical method based on the volurl€ights as

I=j+1

tracking formulation coupled with a piecewise linear interface cal- k=i+1
culation (PLIC) scheme is used to simulate the evolution of the H,(i,1)= z F(kI), 1=j—1j,j+1
fingers with time. With the focus on Newtonian fluid systems, the S &L T R

results of the simulations are used to identify, for the first time, . . . -

ranges of the dimensionless parameters associated with the vVARICh are simply summations of volumes of fluid in each of the

ous finger morphologies. three rows, and calcula_te an interface slope of the(i;g)l viewed
The paper is organized as follows: Section 2 presents a descf[@M the rotated coordinates as

tion of the numerical simulation technique based on the volume H,(i,j+1)—H,(i,j—1)

tracking method with modifications to accurately reconstruct the S,(i,j)=—— o .

complex finger interfaces. Section 3 provides validation of the 2

numerical method by considering available data in the literaturgpe jnverse ofS,(i,j) is the interface slope viewed from the
and further, details the results of the study on simulation of Vigyiginal coordinates, and its is a much better approximation than
cous fingering for finite viscosity ratio and interfacial tension. S.(i,j). Since the interface orientation is generally unknown a
. . . priori, both the horizontal volume height,,(i,j), hence the hori-

2 Numerical Simulation Method zontal slopeS,(i,j), and the vertical volume height,(i,j),

The numerical scheme used for the simulation of the viscotience the vertical slop8,(i,j), are computed. Comparison of the
fingering phenomenon is the volume tracking method with moda&bsolute values 0§, andS, determines if the interface is “hori-
fications tailored for a reliable reconstruction of the complex firgontal” or “vertical,” and, in turn, if S, or S, should be used to
ger morphologies. The essence of the volume tracking methodaigproximate the interface slof® Specifically, if|S,|<|S,|, the
to design a scheme that will accurately estimate interface infanterface is “horizontal,” andS;, is a more accurate estimation of
mation, such as orientation, position, and curvature, solely basddpe tharS, , thusS=S;,; conversely, iff S,|>|S,|, the interface
on the volume of fluidF data in each cell. The orientation andis “vertical,” and S=S, instead.
position are important to evaluation of fluid advection along the Note that even though only one of these two slopes is chosen to
interface; the curvature is needed to calculate the local interfaciapresent the real interface, the other is still important in that its
tension that could strongly affect the evolution of the interfacesign reveals which side of the interface the displacing fluid re-
The volume tracking method considered here is based on the csitles. For example, in Fig.(d), the interface in the celli, j) is
cept of piecewise linear interface calculati@®LIC) scheme in- “horizontal,” owing to the fact tha{S;(i,j)|<|S,(i,j)|. Further,
troduced by Young§23]. In the PLIC scheme, a line defined by asinceS,(i,j)<0, the nonzero volumes of fluid are discerned to be
slope and intercepts with the cell faces represents the local interthe bottom area of the stencil. On the other hand, if it were a
face orientation and position. Many variants of PLIC schemésertical” interface in the cell(i, j), then the sign 08;(i,j) would
have been developed with different techniques of evaluating thave been used to determine whether the volumes of fluid were in
slope, intercepts, and curvature, and for an elaborate descriptiba left or in the right part of the stencil. The information on
of the algorithm, the reader is referred to the work of Rider anghich side of the interface contains the displacifmy equiva-
Kothe [24]. lently, the displacedfluid volume will assist in finding the cell

In the scheme discussed in this section, the slope is the fibgiundary fractions, as will be explained in the following descrip-
information derived from the volume of fluid data, which is theriion. For the discussion below, it is convenient to define the slope
used to locate the intercepts, boundary fractions f, f., fs, that gives such information as thexiliary slope and the one that
andf,, on the west, east, south, and north faces of the cell, respeepresents the real slope as fivincipal slope
tively. The boundary fractions are, in turn, used for computing The boundary fractions may be derived from the volumes of
advection fluxes. The computing of the curvature, and hence tiheaid in the cells constituting the stencil. For the cgllj) with a
interfacial tension, is also facilitated by the slope informatiorthorizontal” interface illustrated in Fig. (@), the west and the
Within this basic framework, modifications are introduced to aeast boundary fraction$,, andf., can be obtained directly from
count for situations where the interface experiences various abrtipe horizontal volume heights in the stencil. First, two boundary
changes within X3 grid stencils. Therefore, the scheme is renheights,Y,, andY,, which are measured on the west and the east
dered suitable for simulating unstable viscous fingering within theell faces, respectively, are defined as follows:
framework of the volume tracking method. The following subsec- ) . . . . .
tions outline the various calculations involved in the numerical _Hn(= 1))+ Hp()) Ye:Hh('-JHHh("LlJ)

W 2 ' 2 '

simulation algorithm.

2.1 Slope and Boundary Fraction Calculation. The inter- Approximating the interface in the cell, j) by a straight line
face orientation, or slope, can generally be obtained by finite difonnecting these two boundary heights from the west cell face to
ferencing of local volume of fluid. Specifically, considering a 3he east cell face, they can be readily related jandf, as
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Fig. 1 (a) Calculation of boundary fractions and interface
slope based on volume of fill fractionsina 3 X3 stencil around
each cell. Numerics at the upper-right corner of each cell de-
note the volume fractions of the displacing fluid (depicted by
the shaded region ). (b) Schematic of the “shooting” method to
correct estimations on boundary fractions in situations where
interface orientation has an abrupt change within a 3 X3 sten-
cil. (c) Choice of the appropriate neighboring interface cells for
obtaining a good approximation of curvature of center cell in a
3X3 stencil.

fy=min[1,max0,Y,—1)], fe=min[1,max0,Y.—1)].

(6)

cases including those where the interface may not intersect with
the west or the east cell boundary, as exemplified by the dashed
and the chain-dashed lines in Figal

The calculation of the boundary fractions on the north and
south faces of the cell is as follows. If the straight line described
above does not intersect with either the north or the south face of
the cell(i, j), then the boundary fraction of one of the faces is 0,
and the other is 1. The assignment of the appropriate value de-
pends on the sign of the auxiliary slope, which, in the case of the
illustration in Fig. Xa) is S,(i,j): If S,(i,]) is negative, the south
boundary fraction,fs=1, and the north boundary fractior,,
=0; if S,(i,]) is positive, then their values are interchanged.

If the straight line connecting the boundary heighifsand Y,
runs through either the north or the south face of the gj), as
indicated by the dashed and the chain-dashed lines in Fag, 1
the values of the north and the south boundary fractions rely on
three factors(1) whether the north or the south face of the ¢gll
j) is intersected by the straight lin€2) the sign of the auxiliary
slope, and3) which of the boundary height¥,,(i,j) or Y¢(i,j),
is larger. For instance, consider the situation where the interface
intersects the north cell face as shown by the dashed line in Fig.
1(a). Since the sign of the auxiliary slop8&,(i,j), is negative,
which corresponds to the displacing fluid being below the inter-
face, the south boundary fraction of the c@llj), fs=1. Its op-
posite side, the north face of the céllj), has a fractional bound-
ary value between 0 and 1. For the interface configuration shown
in Fig. 1(a), sinceY,(i,j)<Y(i,j), the fraction of the north face
to the right of the intersection with the straight line connecting the
boundary height¥,, andY, is taken as the north boundary frac-
tion. If Y, (i,j)>Y.(i,j), and factorg1) and(2) do not change,
the appropriate choice of the north boundary fraction would be the
fraction of the north cell face to the left of the intersection with
the straight line. The north boundary fractidp, will equal 0 or
1 if the interface runs through the south cell face, as denoted by
the chain-dashed line in Fig.(d, and accordingly the south
boundary fractions will lie in the range<0f ;< 1. If the sign of the
auxiliary slope is negative, i.e., the displacing fluid is below the
interface, the north boundary fraction is 0; otherwise, it is 1. On
the south face, the fraction to the right of the intersection with the
straight line is taken as an estimate of the south boundary fraction
if Yu(i,j)<Y(i,j); otherwise, the left fraction is used.

The value of the fractional portions are computed as the geo-
metric intercepts with the north or the south cell face by the
straight line that connects the two boundary heighitsand Y.,
which, as mentioned earlier, are measured on the west and the east
cell faces, respectively. With all the considerations discussed
above, a generalized formulation for the north and the south
boundary fractionsf,, andfy, may be written as follows:

_ —Su(i,J)}, B { Su(i,J')}
fs_ma{Al’A2—|SU(i,j)| ; fp=ma Al’A2—|SU(i,j)| 7
where

max0,Y;—2) lY,—1]

VI 2[+ Y2 T2 min(0Y, - D[+ [V 1

Yi=maxYy,Ye); Yo=min(Y,,,Y,).

Note thatS,(i,j) is used above as the auxiliary slope, whose sign,
rather than magnitude, is relevant for the calculating of the bound-
ary fractions. The set of expressions above holds for the situation
where the interface is horizontal as depicted in Fig).JA similar

set of relationships for a vertical interface could be readily ob-
tained by defining a pair of vertical volume heightg,andY,,, in
place ofY,, andY,, respectively, and using,(i,j) as the auxil-
iary slope. In this casd andf,, are calculated using expressions
similar to those in Eq(6), while the equivalent of Eq(7) deter-

Note that the boundary fractions are explicitly limited in the rangminesf,, andf,. In the simulations, the algorithm first determines
of 0 to 1, so that physically correct values will be obtained in athe interface orientation, and then chooses corresponding set of
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formulation to calculate all four boundary fractions for each celll(c), the interface cell i(+1,j—1) is chosen in place ofi(
In the case of Fig. (), the boundary fractions as computed are-1,j), and the latter of the above expressions is used to calculate
fw=0.51,f,=0.75,fs=1.00, andf,=0.00. S(i,j)’. The general implementation of such algorithm is that the

Following the foregoing procedure, each cell is assigned a seflumes of the cells are compared first, andF{i+1,j)—0.5
of fy, fe, fs, andf, values. However, these values do not nec<|F(i+1,—1)—0.5, the former expression f&(i,j)’ is used;
essarily match those calculated by the neighboring cells for thgherwise, the latter is chosen. Note that the derivative is evalu-
same shared boundaries. Since this is unphysical, and a boundgaag by finite differencing of therincipal slopes, so that in the
must have a unique boundary fraction, the value correspondingdi§ove expression§(i —1,j) andS(i,j) are the horizontal slopes
the cell having a greater volume of fluif, (with respect to its of the cell (—1,) and(i, j), while S(i+1,j) andS(i+1,j—1)
neighboj, is taken as the boundary fraction on their common facgre the inverse of the vertical slopes of these two cells but taking
This rule was generally found in the present study to yield a bettgfe sign of their horizontal slopes.
estimate of boundary fractions for those cells with an interface ) . )

The algorithm developed so far performs well for gradual innterface reconstruction, discussed in the foregoing subsections,
terface orientation changes. However, in unstable viscous finge?§, accurate update of the volume of fluid fractions is equally
the orientation may exhibit abrupt changes locally withix 3 ~ important for an effective simulation of the flow phenomenon.
stencil, as exemplified in Fig.(h). Such a situation can be dis- The principal issue is the evaluation of advection terms in(E.
cerned by comparing the sign 68,|—|S,| for all the interface Once the velocity field is known. In a finite difference implemen-
cells within the stencil—if the sign changes, then the orientatidation, it is equivalent to evaluating fluxes Bfover the cell faces
changes, either from horizontal to vertical, or vice-verse. In sué}ring a time-steg\t. Two different methodologies to computing
cases, since the slopes and boundary fractions computed in i@ boundary flux are reported in the literatuji24].
way described above may not be sufficiently accurate, a “shoot-

» Algebraic MethodThe boundary fluxes are expressed as up-
ing” correction method, as illustrated in Fig(t), was imple- g y P P

. Al wind or downwind contributions depending upon the interface
mented. In this method, the smaller pfy,—Hp(i.j)| and [Ye  qrientation. If the flow is parallel to the interface, an upwind flux
—Hp( 'Jn?e|w's use:]je\%s the iwount of correctian to rglv)vtaln anew s ysed; otherwise, a downwind flux is adopted in general. A cor-
set of Y, and Y™ as: Yy, "=Hp(i,j) = Ah, andY ™" =Hy(i,])  rection is added to prevent more volume than curfeavailable
+Ah. The basic idea of “shooting”is that if the slope on the siden the cell, or more void than current (4F) from being fluxed

with less orientation changsuch as the right face of the céllj)  out. The volume of fluidVOF) method by Hirt and Nichol§26]
in Fig. 1(b)) is maintained towards the opposite side of the celfeatures this algebraic approximation.

the intercepts and boundary fractions calculated as such would be Geometric MethodThe boundary fractions$,,, f., fs, and
much closer to their real values. After this correction, the above are used in the calculation of the boundary fluxes inB}.In
formulation is used to obtain better estimations of the boundagysimpler treatment, called the operator-splitting method, fluxes
fractions and the slopes. are swept in one direction at a time. An unsplit algorithm will

22 Interface Curvature Calculation. One of the methods consider the corner regions of the cell in much more detail, and
: . in's if€ads to a truly multidimensional flux calculation, albeit at a

erative algorithm{25], which is based on the philosophy of tryingd'€ater computational investment.

to find a circle that will cut out exact values Bffor the cells in A geometric method was implemented in the present study. The
the 3x3 stencil. In the present study, since the slope informatiGfuxes are approximated by the boundary fractions obtained in
is known, as developed in Section 2.1, the curvature was detgection 2.1 in an operator splitting fashion, and a correction based
mined directly, without invoking an iterative calculation. The curgn bounding the maximum and the minimum fluid volume frac-
vature may be related to the slope as tion in a cell is employed. The operator splitting scheme was
—q? 2 chosen, because it is accurate enough and computationally faster
y/dx ) ) ' i - - ;
k= ——————> (for a horizontal interface (8a) ©On the fine mesh used in the simulations. The net summatibn,
[1+(dy/dx)] of the fluxes across the four faces of each cell, corrected to ensure
— d?x/dy? physical consistency.e., 0<F=1), is used to update the volume
=————— = (for a vertical interfacg (8n) of fill fraction. An adjustment scheme is designed to redistribute
[1+(dx/dy)] any minute surpluses(,q+ AF — 1.0) or deficits Eqq+ AF) into
Such an algorithm allows for a relatively straightforward impleth® outboundboundary fluxes. If a cell has more than one out-
mentation, except that care must be taken in evaluating derivatiRnd flux, then the redistributions are apportioned with respect to
of the slopes in the above equations. The method is illustrated B¢ velocities. The read_1ustment is cr?\rr!ed out iteratively until all
the case shown in Fig (@, where the interface runs through cell<c€lls have volume of fluid fractions within the range of 0 to 1.

(i—1j) and(i, j) horizontally, then changes its orientation to the 2 4 velocity and Pressure Calculations. For interior areas
vertical while passing through cells£ 1,j) and (+1]j—1). The f poth fluids in a Hele-Shaw cell, a discretization of E@)

curvature of the interfacg cell, j) is s_ought by discretizing th? yields a five-point Laplacian finite difference formula
first of the above analytical expressions for the curvature, since

the interface in the celli, j) is horizontal. The derivative of slope Pi—1jTPis1j+tPij-1+Pij+1—4P;;=0. 9)

of the cell(i, j) is seen to be either For interface cells, a similar five-point formula can be obtained by

S(i+1,j)—S(i—1,) utilizing Eq. (1) for the velocity. An effective viscosity for inter-
S(iLj)'= SAX , or face cells may be defined as

S(i+1j-1)-S(i-1}) W F (7P, o
S(i,j)' = : SAX —, whereu, is the viscosity of displacing fluid and, the viscosity

of displaced fluid. Without invoking interfacial tension for the
i.e., the two interface cells in columnr- 1 could be used to evalu- time being, a pressure driven flow is given by Hele-Shaw equation
ateS(i,j)’. The choice of the appropriate expression is based @&

the following consideration: As explained in Section 2.1, slopes b2 P. .. —P. .

calculated in those cells with an interface line cutting out corners Vy=— < e R (11&)
may not be as accurate as in the other cases. Therefore, in Fig. 12~ 1125 Ax
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b2 Pij—Pisa velocity among them is found. For each interface cell, its normal

Ue=— 55— Ax (11b)  velocity is scaled with respect to the maximum velocity to obtain
M (i+172) the probability assigned to the interface cell. A random number
b2 P 1—Pi between 0 to 1 is generated for each interface cell, and compared
Ug=— o0 : A : (11c)  with its associated probability to determine if the interface cell is
Hij-112 y to be selected for flow advancement. The viscosities of those se-
b2 P, i—P iy lected cells are changeq to viscosity _of invading flinelgardless
Ug=— - ] d (11d) of the volume of fill fractionsF, associated with the cejlsand a
120 4112 Ay new pressure field is calculated for next time-step. The velocities
whereu,,, u., Us, andu, are velocities at four boundaries of af:c;m?uted based on the pressure field are used to advance the
interface.

cell, ufi 125y + MGis12jy s MGij-1z . aNd uf .y are effective
viscosities at four boundaries obtained by averaging the viscosi
ties of the two neighboring cells sharing the common bounda
face, andAx and Ay are grid sizes. Since the fluids are incoms
pressible, volume conservation for a cell at any time is given b,

It is evident that the method uses a deterministic velocity field
update the interface, thereby ensuring mass conservation. By
ay of contrast, approaches based on randomization of the inter-
ce velocity,[14,20, may result in a spurious “excess” mass or
deficit” mass which are not physically realistic. It is noted that
UyAy+UAX=UAY+Uu,AX. (12) other means of randomization may also be explored, but as will be
_— . . . shown in the next section, the approach presented is adequate as
gﬁ?jﬂgﬂ‘&f&?(ilnﬁ)nfa(gédgélrl‘stom(ltﬁé3;'06:%50? pressure differ- evidenced by the comparison of simulations with experimental
data. Furthermore, the introduction of randomness based on the
ayPi_1jtacPisijtasPj_1+a,Pij.1—P;;=0. (13) interfacial velocity information, instead of employing a tunable

. . . . . noise parameter, renders the approach attractive.
Accounting for interfacial tension, using E@), a more general P PP

formulation of pressure results as

auPi_ 1+ 8P 1+ a1 +aP 1~ P = o> Ax; 3 Results and Discussion
Prior to its application to simulating viscous fingering phenom-
(14) : ) X
enon, the numerical method was validated against benchmark so-
where lutions, to assess the accuracy of the developed algorithm. The

validation studies are discussed in Section 3.1. Subsequently, the
2 Axi=ay(ki_1j— K j)+tag(kir1j— ki) +taskij—1—«;;)  validated model is used to explore viscous fingering in the pres-
ence of finite viscosity ratio and interfacial surface tension. The
+an(Ki 1= Kij)- results of these studies are described in Section 3.2.

Note that for the noninterfacial cells, their curvatures are simply 3.1 Validation of the Numerical Method. First, the curva-
zeroes, and the formulation defaults to that in Ep). The gov- ture calculation method outlined in Section 2.2 was tested by con-
erning equations are subject to appropriate boundary conditionssiatering a sinusoidal functiony= 3+ 5 sin 2mx, 0<x<1 on a
the four walls of a rectangular Hele-Shaw cell, as discussed in th@x 20 mesh, which was also used as the test case by Cl2&in
later sections. Figure 2 shows a comparison of the numerically computed values
The system of linear equations for pressure is solved iterativedy the curvature(discrete symbo)sat variousx values with the
using thepreconditioned biconjugate gradie(RBCG method. In  exact solution(shown by the continuous linghat was derived
order to handle cases in which the PBCG can not converge aamalytically for the sinusoidal function. It is seen that the curva-
certain time-step, the lower-upper triangular matitixJ) decom- ture values computed by the present algorithm are in good agree-
position method was used as a backup solver at that time-stagent with the analytical solution over the entire range of the func-
The convergence criterion was based on a residallefined tion. This provides validation of the curvature calculation
from Eq.(12) as algorithm, which forms the basis for incorporating the effects of
ot Uee U U surface tension in the viscous fingering simulation discussed in
= wos e n ) the next section.
%(|uw|+|us|+|ue|+|un|) A second validation of the computational technique was con-
) _ ) _ . ducted on the simulation of steady Saffman-Taylor finger growth
The iterative solution procedure was continued uatiwas less jn a Hele-Shaw cell, for which an analytical solution of the finger
than 0.001 for all t.he cells in thg computational domain. Thgidth is reported by McLean and Saffmf. The simulations
time-stepAt for solving the advection E¢(5) was evaluated as were carried out on a rectangular Hele-Shaw cell with a length-
1 h to-width ratio of 3:1, and consisting of a line inlet and a line exit
=— (15) located along the two shorter sides of the cell. The line inlet is
4 U] described by a constant pressure boundary condition, while the
which satisfied the Courant-Friedrichs-Lewy conditidf|At/h  line outlet on the opposite end is set with a constant efflux fate,
<1, where|U| is the maximum speed of the flow at the interfaceAs the Saffman-Taylor finger progresses steadilymay be re-
andh=Ax=Ay for a square mesh used in the present study. lated to finger tip velocityJ by
Viscous fingering is inherently an instability phenomenon, the Q=U-b-\
. . . . . f
simulation of which requires a certain amount of randomness to
be introduced in the computation. The randomness serves to bradiere\¢ is the finger width, and the cell thickness. Once the
down the symmetry in the flow pattern and to introduce unstablieger tip velocity U is known, the modified capillary number,
characteristics such as bifurcati¢iip-splitting) at the finger tip. Ca’, can be determined using the expression provided previously
Further, the instability is sought to be introduced in the computéEq. (4)). The two lengthwise side walls are treated as being im-
tions based on the physics of the problem rather than as purplrmeable with free slip boundary conditions. An initial sinu-
random perturbations. With the foregoing objectives, the followsoidal interface of one period with its peak equal to 1/8th of the
ing simulation procedure was implemented. At each time-step duell width at the centerline is introduced to initiate the growth of
ing the simulation, all interface cells are assigned their normele steady finger, and randomness in the interface progression was
velocities calculated from previous time-step, and the maximunot used in this validation study. The simulations were carried out

At
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5T grid points along the length of the cell. In a separate numerical
- . L] mesh convergence study, four different grid sizes ok 80, 40
10 ° Eumerlcal 'Calculatlon; X120, 80x 240, and 166 480 were successively used to obtain
L xact Solution ] ) . . g oo
— I . the finger widths for the differer€a’ numbers indicated in Fig.
e 5F ] 3. The absolute errors relative to the solution by McLean and
2 F ] Saffman[7] were found to decrease by a factor of 4 for every
) 0: ] doubling of the number of grid points, which suggests that
2t : the numerical method has a second-order spatial accuracy. Al-
g r ] though not determined explicitly in this study, the temporal accu-
3 SE 7 racy is expected to follow that of similar methods reported in the
- ] literature,[23,24].
10 ] Furthermore, the mesh convergence study revealed that the 80
i ] X240 mesh was adequate to obtain converged results over the
T L S S L S S T B S S range of parameters considered. Indeed, Fig. 3 demonstrates that
0.0 0.2 04 06 0.8 1.0 this discretization yields results that accurately match the McLean
Location, x [m] and Saffman solution. Further simulations presented in this article
Fig. 2 Validaton of curvature calculation on y=112 are therefore based on a discretization of 80 grid points along the

+(3/10)sin 2 rx. Continuous line denotes the exact curvature cell width, and a proport!onal number "?"0“9 the mold length,
as C(x)==(1.2m2)sin 2 mx[1+©@n225)cos 2 2mx]¥2, and the base_d on the_len_gth-to-W|dth aspect ratio. Although the chosen
symbols represent the curvatures computed by the numerical spatial discretization was based on the convergence of the stable
method. Saffman-Taylor finger, for which a systematic mesh convergence
analysis is possible, the discretization was also adequate to
achieve morphological convergence in the case of unstable finger-
for a range of surface tensidn), viscosity of the fluid in the cell INg; s discussed later in this section. For a chosen mesh size, the
(), and the efflux rateQ. In each case, the steady width of thdime step used in the simulations was determined such that the
Saffman-Taylor finger was recorded. mes_h Courant number was ][/B_q. (15)]. '
The results of the validation are presented in Fig. 3, in terms of 't IS réported based on experimental studjés, that the fingers
the ratio of the finger widthX;) to the cell width(W), \, as a exhibit tlp-spllttlng aboye acr_ltlcal pqplllaw number of aboEJt 100.
function of a dimensionless group defined by Tryggvason af@ the present simulations tip-splitting was observed @’ >
Aref [19]: 2m(37)Y2 where 7= (b%12u)(cb/2QW). The con- _~60 on a_mesh_c_)f'8@240._Th|s may l:_)e_ attributed to ngmerlcally
tinuous line in the plot denotes the solution reported by McLea{HdUCE(.j instabilities which are _difficult to 'curtall in the .
and Saffmari7], expressed in terms of the dimensionless pararfimuiations—a trend also reported by Degregoria and Schwartz in
eters, while the discrete markers represent the simulation resuifE!" boundary-lntegral computaﬂ_or[ﬂﬁ]. Itis yvorth noting that
The plot also identifies the modified capillary numbets/’, as- t € e_arly onset of f_mger tip-splitting n th? simulations doe,s not
sociated with the data points. It is seen that the volume trackifgPa" the exploration of unstable fingering for rangesGx
method used in the present study gives a good agreement wWiHHer away from the transition point.
McLean and Saffman’s solution for all the cases considered. For ] ) o ) )
27(37)Y2>v3, it is known from linear stability analysig15], ~ 3-2 Finger Morphologies Under Finite Viscosity Ratio and
that stable fingers can not be generated, which was also confirm@@rfacial Tension. Although it is qualitatively known that the
by the present simulations. For these cases, since a steady wiiggosity ratiou, defined as the displaced fluid viscosity to the
can not be identified, a comparison with the benchmark solutiongésPlacing fluid viscosity must be “high” enough to favor viscous
not possible, and they are excluded from the plot. Overall, th&gering, itis not readily evident from the literature if there exists
physical trend in the simulation data are seen to validate well withCtitical ., below which the fingering could not happen. Further,
the analytical solution. it is of interest to determine the variation of the criticah’ that
The simulation results in Fig. 3 correspond to a numerical me#harks the onset of the unstable fingering, with the viscosity ratio
consisting of 80 grid points along the width of the cell, and 24@.. The goal of the present study is therefore to systematically
map the various finger morphologies ont€a’ — u, space. Simi-
larly, for viscous fingers resulting from a constant pressure injec-
0.7 O ————w tion, a morphology diagram in terms of a suitably nondimension-
- ] alized pressure difference and the viscosity ratio is sought to be
McLean and Saffman [7] 1 developed.
Numerical Simulation Ca'=1.3 With the focus on the evolution of a single finger, the inlet in
our simulation is set to be a narrow opening, equaj%m of the
cell width, at the center of one of the smaller sides of the cell.
Both constant pressure and constant flow-rate-based injection of
the low viscosity fluid are investigated. The opposite end of the
cell, directly across the injection face, is a line outlet with constant
pressure. The rest of the cell boundaries are set to no-flow condi-
tion normal to the bounding surface. The cell length was consid-
ered to be twice its width, and the simulations were carried out on
a 80x 160 mesh with random interface progression turned on.
b s il bl For the constant flow rate study, tjein the modified capillary
00 02 04 05 07 09 11 13 14 16 1.8 number,Ca’, is defined as the displaced fluid viscosjty. The
Dimensionless Group, 2n(3r)”2 viscosity, w,, and the interfacial tensiow; were varied to obtain
a wide range ofx, andCa’ in the simulations. However, thea’
Fig. 3 Dimensionless width A of a Saffman-Taylor finger as a can not be precisely determined beforehand without knowing the

0.65

0.60

0.55 Ca'=13.5 _“"Ca=9.1

Dimensionless Finger Width, A

0.50

function of 2 (3 7)¥2. Solid line is McLean and Saffman’s solu- actual finger tip velocity, and its evaluation will be discussed later
tion, and the symbols are simulation results using the present in this section. For conciseness, results of only 20 typical cases
algorithm. from all that were simulated are presented here in Fig. 4. They are
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the later stage of the finger, the simulation suggests that the
branches tend to sever from the finger main body into many small
submesh-size fluid blobs. Frame&)3 3(d), 3(e), and 4c) also
exhibit coalescence to various degrees. The pattern in frahje 4
represents a transition from the coalescent to stable fingers, and

the abovementioned critic@la’ may be defined at this transition.

1a 1b 1c 1d Te « Multiscale Fingering As theCa’ and theu, exceed certain
critical values, each branching begins to occur at several length
scales, resulting in an incipieigtd) and 2d) to full arborescent
pattern(1(e) and Ze) in Fig. 4). Competition between higher level
finger tips can be observed as ifeR and eventually only one
prevails. The structures strongly suggest fractal characteristics that
are usually found in miscible, non-Newtonian viscous finger ex-
periments, wher€a’ is infinity.

e
nkiiiee

2a

Viscosity Ratio, u,
g

As mentioned earlier, th€a’' used to define each case was
evaluated with the finger tip velocity). The velocities were ob-
tained by linearly fitting the tip locations at multiple time in-
stances that are readily known from the simulations. Figure 5
shows a few example cases from the set in Fig. 4. Constant finger
tip velocities, as indicated by the close correspondence of the data
points with the linear regression fits in Fig. 5, were achieved by
the constant flow rate injectigrand this justifies the use @fa’ as
an appropriate governing parameter. In contrast, as will be dis-
cussed later in this section, tltenstant pressure injectiocases
are described by a different dimensionless parameter. It is also

4a evident from Fig. 5 that the finger growth slows down with the
small large increasing level of branching. The fastest growth is of Saffman-
Capillary Number, Ca' Taylor like fingers, such as(d), which requires only half the time
needed by highly branched fingers, such @, To reach the same
Fig.4 Finger morphologies as a function of ~ Ca’ and g, forthe  locations. . o
case of constant flow rate injection. The corresponding ca’ The results of all the simulated cases were categorized into one
and u, values for each frame are given in Table 1. of four finger types that were identified. The simulation results
were then mapped onto tl@a’ — u, space, giving a finger mor-
phology diagram shown in Fig. 6, which features four zones as

——

3a

small

labeled 1a) to 4(e), and are roughly arranged in the ascendin{f!lOWs:
order with respect t€a’ (a—e) andu, (4—1), as tabulated in  « Stable Zonelt is found that in lower capillary number region,
Table 1. From Fig. 4, four distinct finger patterns are identified:for which the characteristic upper limit is seen to be aroGrad

« Saffman-Taylor-Like FingerThis type of pattern(seen in =630 and independent of the viscosity ratio, branching can hardly
frames 1a), 2(a), 3(a), and 4a) in Fig. 4) is characterized by a 9row from the main finger body. As the capillary number de-
single, long stretching finger, as wide as one-third of the celféases in this region, the finger gets more and more stabilized,
width, with minimal or no branching. Both its geometric feature§Wing to the increased interfacial tension. This trend is shown by
and constant progression speed, as we shall see later, resembl€¥ggnination of frames (), 2(a), and 3a) (all of which have
steady Saffman-Taylor fingers. The interfacial tensioplays a Ca’'=632) with frame 4a) (Ca’'=130) in Fig. 4 corresponding
significant role in stabilizing the fingers, because the pattern i the data points denoted by filled circles in Fig. 6. Among them,
only found at small capillary numbekgquivalently largeo) for one that most resembles the Saffman-Taylor fingers is obtained
all viscosity ratios. aroundCa’ =130 (frame 4a) in Fig. 4). Further decrease of cap-

« Dendritic Fingering For eachu, , asCa’ increases, the fin- illary number to less than 100, as explored in Section 3.1 and Fig.
gers begin to split in a periodic manner, exhibiting an incipierit, Will eventually yield steady state Saffman-Taylor fingers. In
dendritic growth. However, no secondary level of branching apiew of such a stabilization fo€a’ <630, this region is classified
pears. These are exemplified by framéis)12(b), 3(b), and 1c), as the stable zone.

2(c) in Fig. 4. » Coalescence Zoné-or Ca’'>630, the tip-splitting phenom-

» Coalescent FingeringWhen w, is not high enough, and for enon is dominant. However, if the viscosity ratio is not high
Ca’ exceeding a critical value, it is seen that growth of the tips @nough to exceed a critical, ;~300, the branches of fingers
significantly influenced by other parts of the finger. Continuouwill always merge inwardly in their later stages to the main finger
joining and merging of finger branches leads to no distinct fingbodies. This coalescence behavior is even more pronounced as
formation. The early stage of finger development in fram@j 4 Ca’ increases up to infinity, as long as the viscosity ratio is main-
and 4e) in Fig. 4 best demonstrates thisalescenc&ehavior. In tained belowu, . It is seen that within this lower viscosity ratio

Table 1 Modified capillary number and viscosity ratio values (Ca',p,) corresponding to the
simulations in Fig. 4
a b c d e

1 632, 1d 6320, 1¢ 6.32x10%, 1000 6.3X 10°, 1000 6.3% 10F, 1000
2 632, 3162 2000, 1000  6.32x10%, 776 6.3%10°, 776 6.3 107, 776
3 632, 1000 6320, 562 2x10% 316 6.3% 10°, 562 2x10', 316

4 130, 316 632, 316 2% 10°, 316 6.3% 10, 100 6.3%10°, 100
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40— T P =10° P=10° P =10
F — " 1a,p =10, Ca' = 632 N W, = 102 # = 10° n, =10
35— - 1e, u = 10° Ca' = 6.32x10° R
F — — -2, u:=776, Ca' = 6320 L
30F--~-- 3b, w, = 562, Ca' = 6320 L e T
— [~""-4an=316Ca=130 . .~ ]
Q 25F 4d, p = 100, Ca' = 63200, = 7+ 3
2 - //. - ° 3
= 20F R - ]
g 155— ‘ L = E a b ¢
= - ‘.‘:’ ; E P =105 P =108 P'=w
10 et 3 m, =10 B, =100 b= 10°
5F .
% 20
Finger-tip Location [cm]
d

Fig. 5 Finger-tip location as a function of time for a constant e f

flow rate injection. The labels correspond to the finger patterns

in Fig. 4 Fig. 7 Finger morphologies as a function of P* and u, for

select cases of constant pressure injection

region, in the case of high capillary numbe@a’=6.32x 10" in  cosity ratios favor the formation of the multiscale fingers by re-
Fig. 6, coalescence could take place at multiple leteflsframes  quiring smaller threshol@a’ values. For instance, at, = 10* the
A(d), 4(e) in Fig. 4). multiscale finger pattern starts fro@a’ ~6.3x 10%; while at u,

* Transition ZoneAs the viscosity ratio exceeds, nn~300 =560, it can not be obtained untla’ ~6.3x 1¢°, which is two
and the capillary number is beyor@la’>630, finger branches orders of magnitude higher. This feature is quantified in Fig. 6 by
can not only develop from the main body, but also stay apart frofe curve that divides the multiscale zone and the transition zone.
each other during their progression through the cell. However, the ) . . . .
pattern shared by the cases denoted the inverted-triangle symbolé is evident from the preceding discussion that the viscous
in Fig. 6 are mostly of the dendritic type. At higher viscosityfingering phenomenon is fully characterized by the modified cap-
ratios, such patterns span a relatively narrower capillary numidbary numberCa’ and the viscosity ratige, when it is driven by
ranges starting fromCa’'=630. The range is observed to bethe constant flow rate at the inlet of the Hele-Shaw cell. However,

monotonically widened as the viscosity ratio decreases until aihen the driving force is specified by the constant pressure dif-
other critical s, na=560 is reached. At viscosity ratios fromference AP, between the inlet and the outlet, a nondimensional-
fir,min 10 iy max and Ca’>630, the fingers undergo a transition'zation of the governing Eqsi1)—(3) yields a new parameter,
from coalescence to multiscale fingering. If the dendritic fingd?™ =AP- W/, which will, along with the viscosity ratiqu, ,
pattern could also be viewed as a transition from the stable fingégtermine the finger morphologies.

to the multiscale finger, a transition region can be identified as in Simulations with differen®*s andu,s also yielded four finger
Fig. 6. patterns that are similar to those found in the study of constant

« Multiscale Zone When the viscosity ratio is greater thanflow rate injection. As such, the detailed results, like those shown
/'Lr,max:560| the multiscale finger pattern will be reached, prdn Flg 4, are omitted here in the interest of brevity. Six select
vided that the capillary number is also greater than some threshe$es are shown in Fig. 7 to exemplify some unique features.
values depending on the viscosity ratio. Referring to the regiddriefly, the parameteP*, like Ca’, is a measure of the dynamic
occupied by square markers in Fig. 6, it is seen that higher vilorce (AP) relative to the stabilizing forcés). Frames(a), (b),
and(c), in Fig. 7 illustrate the stable morphologies with increasing
u, for a fixed value ofP*, while frames(d), (e), and(f) corre-
spond to the morphological differences for a fixed as the pa-
rameterP* is increased. A®* increases, whilex, is kept con-
stant and beyond a critical value of 560, the interface tends to be
unstable, and a branched finger pattern is eventually reached. This
morphology change is clearly demonstrated by fratbggd), (e),
and(f) in Fig. 7, all of which share the same = 1000, but with
progressively decreasing interfacial tension effects. The case of
P* =« (framef) denotes complete miscibility between the fluids,
wherebyo=0.

Further, in Fig. 7, the Saffman-Taylor like fingea), (b), and
(c) are seen to be tapered near their ends, and the multiscale
fingers(d), (e), and (f) appear more branched compared to the
constant flow rate cases with the same viscosity ratidgframes
1(c), 1(d), and 1e) in Fig. 4). Both these effects may be explained

102 10° 10° 10° 10° 107 10° by tip acceleration induced by the consta®. Figure 8 shows
: - 2 the finger-tip position with time for the six cases in Fig. 7, and

Capillary Number, Ca’ = (Up/o)(\W/b) clearly demonstrates the pronounced finger-tip acceleration, espe-
Fig.6 Finger morphology diagramona  Ca’— s, space for the cially in tht_e later stages _of the process. It may be recalled by way
case of constant flow rate injection. All the simulated cases are of comparison that the finger-tip pl’OgI‘ESSIO!’] _Wa$ ata rlearly uni-
discerned as being one of multiscale  (square ), coalescence  form rate for the constant flow-rate-based injectidefs Fig. 5.
(triangle ), transition (inverted-triangle ), and stable (circle) The tapering of the Saffman-Taylor-like fingers may be regarded
fingers. as a reduction in the flow channel area corresponding to the in-

10"

"y
T lIIIVII

10°

Stable

Viscosity Ratio
~mmman
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I R L N exhibited by the simulation and the cost of simulation. Due to the
104k random nature of the instability phenomenon, an exact conver-
E gence study as in stable Saffman-Taylor finger evolution, is not
- possible. However, the morphologies of the unstable fingering de-
— I termined by the underlying physics should be statistically
[T 3 . . . - s .
0 10°F . invariant—i.e., _the fingers shoulq e_xhlblt morpholog_lc_al
= F e e a aa convergence—with respect to the grid size, beyond a sufficient
@ -2 8'/2 PRPSTCT et resolution. In this study, morphological convergence was found on
£ ,l° A,/(( At T (@ = 10? . a 80x240 grid, for the 1:3 Hele-Shaw cell aspect ratio consid-
=107 /° A " “(b)p, =10 tP'=10] ered. This was established by the fact that when selected cases
F oA I (> = 10* from each morphological zone reported in Figs. 5 and 9 were
I / BT (d)P = 106 —10° simulated on a 160480 grid, no new morphological patterns
10'L _Z (@) P =10°rH were discerned. It must be mentioned that the demarcations of the
S T R |/ L N AP four zones in each of Figs. 5 and 9 should not be interpreted to be
0 5 10 15 20 sharp delineations. This is owing to the inherent randomness as-
Finger-tip Location [cm] sociated with the instability phenomenon, which is also evident in
experiments, where no two runs at nominally identical conditions
Fig. 8 Finger-tip location as a function of time for constant exhibit precisely identical finger patterns. Nevertheless, the delin-
Egesiure injection, corresponding to the finger patterns in eations serve as a general guideline for distinguishing the various
9 regimes.

The volume tracking simulations presented in this study re-
vealed, to within the accuracy of the simulations, the existence of

creasing velocity at the finger tio so as to maintain the same VOIm_ultiscale and coalescent morphologies in the case of immiscible
9 y gertip gers. While coalescence and finger merging have been well-

metric flow rate. Further, since the tip acceleration is equivalent cumented in the context of miscible fingerifior e.g., Zimmer-

an ,lncreasmg IocaCa_ at the_flnger tip, it _foIIows _from _th_e man and Homsy27] and Petitieans et aJ28]) the present study

Ca’— u, morphology diagraniFig. 6) that the fingers will exhibit  jemonstrates possible presence of such patterns in immiscibie fin-

a greater degree of branching. _ ering. In order to verify the existence of the different morpholo-
Based on the simulation results, a morphology diagram for thigas in their relevant parameter regimes, a series of viscous fin-

constant pressure injection can be built oR"a— ., space. Such gering experiments were conducted in a Hele-Shaw cell. The

a diagram is shown in Fig. 9 with all the simulated cases denotgdperiments were performed using a regulated constant pressure

by four qif‘ferent symbols _representir_wg the four different_ fing%jection source. Figure 10 illustrates the time evolution of a
types. It is found from the figure that, independent of the viscosity

ratio, there exists a critica* = 10%, below which a stable zone
could be classified. At higheP* values than 19 the critical
viscosity ratios u; min=316 and u, n,—=560 separating the
coalescence, transitipnand multiscale regimes are about the
same as in the constant flow rate study. However, the critical
values of the viscosity ratig,, and theP* for dividing the mul-
tiscale zone and the transition zone are seen to be mutually inde-
pendent, unlike the relationship betwegpandCa’ found in the
constant flow rate based injection. It is evident from Fig. 9 that the
region w,>1000 andP*>10° represents the multiscale finger
regime.

The grid size used to simulate unstable fingering is determined
by a balance between the important overall physics that could be

10°E o
=" I O
S
©
C10°L o
= f
@ - Stable
O
2 [
>
10°L o
10° 10°* 10° 10°
P’ = APW/c
Fig. 10 Evolution of a multiscaled finger pattern in simulation
Fig. 9 Finger morphology diagramona  P*—pu, space for con- and experiment for a constant pressure injection of air into
stant pressure injection. All the simulated cases are classified glycerin. Frames with dark background and white fingers de-
as being one of multiscale (square), coalescence (triangle ), note experiments, while frames with black fingers on a white
transition (inverted-triangle ), and stable (circle ) fingers. background are the simulation results.
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highly branched finger caused by constant pressure, point inj@pplication. The focus of the study was on Newtonian fluids, al-
tion of air into glycerin. The experiment results, shown on the lefhough the numerical methodology presented may be readily ex-
half of each frame, are compared with the time-dependent sintended to non-Newtonian systems as well, as will be reported in a
lation for the same materials, boundary conditions, and geomefagure work.

as of the experiment. The dimensionless parameters for this case

evaluate toP* =1.08< 10° and u,=4.3x 10%, which falls in the 4 Conclusions

multiscale zone in Fig. 9. Although the result of the simulation
is limited in the amount of details, due to the finite mesh si
(80x160), it presents a good qualitative resemblance of

A volume-tracking method capable of evolving rather complex
terfaces was developed to simulate unstable viscous fingering of
. . . . . ewtonian fluids in a Hele-Shaw cell. The effect of finite viscos-
the essential features of the multiscale finger obtained in t § ratio and interfacial tension on fingering morphology is found
experiment, . . S . .. to be characterized by four distinct finger types, among which
A second experiment involved Injection of mineral oil intoyjgh .y pranched pattern and coalescent pattern are produced, for
glycerin, for which u,~213, and Ca’=x since these two g first time, by the time-dependent simulations. Finger morphol-
fluids are miscible. The morphology mafsigs. 6 and 9 sug- gy diagrams were developed in terms of the viscosity raio
gest the formation of coalescent fingering for these parametersy the modified capillary numb@&a’ = U u/o(W/b)? for con-
Figure 11 presents the experimental res@ltp frames along stant injection flow rate, oi’=AP-W/o, for constant driving

with the simulated finger patterriottom framep at the corre- oqq e difference. The effectiveness of the method was demon-
sponding times. It is seen from the experiment that contmuo@&ated by comparison with other viscous fingering simulations in

merging of the finger arms inhibi@s any potential branch groWﬂfhe literature as well as with experiments conducted as part of the
Due to the coalescence, many isolated small areas of glyce&uady_

are formed as also suggested by the simulation of coalescent
fingers. Overall, the simulations are seen to successfully repro-
duce the observed phenomena. The lighter shade of gray obserdé&nowledgments

in the finger-tip regions of the second experiment frame signifiesThe authors acknowledge funding for the work from the Na-

that glycerin, dyed with dark color, was not displaced completelyonal Science Foundation through Grant Nos. DMI-9908450 and
by the mineral oil. Thus, strictly speaking, the two-dimensionatTs-9912093.
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Introduction and those by Steger and Warmif], van Leer[7], and Walters

A phenomenon of interest in free-surface film flows under ce(ra-t gllnE:Se] Zt]reucstrl: ;ﬁgvs-r\]/vtangrﬂgéu\gggg iﬂggdg\e/?rgggrr& ag?.being
tain conditions_is the _formation of a s_ud_den discontinuity _in thﬁonhomogeneous functions of the primitive variables, the appli-
dep_th O.f a fl_owmg liquid; i.e., a_t_hydraullc Jump, as the flow in th.ecation of FVS schemes to the solution of these equations has been
radial direction makes a transition from supercritical to a subCritfiniteq ‘mainly due to the difficulty in finding the proper split of

cal regime. Significant back-flow may be present at the jump Igse fiyx vectors. However, a number of numerical studies for the

cation with a corresponding loss of mechanical energy due to tg|ow-water equations using schemes based on the FDS method

abrupt change in depth. In general, the region of increased fifBye peen carried out. Examples include the study of flow in a

thickness corresponds to a zone of substantially amplified turtithannel of infinite width,[9], the simulation of open channel
lence. From a thermal standpoint, the location of the hydrauligpws coupled with flux limiters[10], and the analysis of two-
jump is critical because of the degraded transport characteristifithensional free-surface flow equations employing a high-order
that exist there. This region is unsteady, and depends heavily @8dunov-type scheme based on monotone upstream-centered
the drainage configuration downstream. scheme for conservation lawd1USCL) variable extrapolation
Thin film flows can be characterized as shallow-water flows iand slope limiters[11], among others.
which the vertical dimension is much smaller than any typical In the current work we are interested in the analysis of free-
horizontal length scale. Important applications of the shallovgurface thin film flows, for which a hydraulic jump may exist,
water equations include the prediction of weather, simulation oking the shallow water equations as mathematical model. To this
tidal flows, storm surges, river flows, and dam-break waves. end, we use a finite difference scheme based on a new split of the
For engineering applications numerical solution of the goverilux vector to solve the governing equations. A first-order upwind
ing equations is a useful tool for aiding in the prediction of locadlifferentiation is enforced at the location of the shock whereas a
flow properties of the fluid. From a numerical standpoint, a majdvigher order upwind differentiation is employed elsewhere. A
difficulty in analyzing the hydraulic jump stems from the disconstraight forward formulation of the governing equations is pre-
tinuity of the fluid depth across the jump, which must be accigented followed by a discussion of the split of the flux vector that
rately captured by the numerical method. accounts for the inhomogeneity of the shallow-water model. The
Due to the similarity between the depth-averaged equations #féects of the FVS on the accuracy and consistency of the spatial
the two-dimensional compressible Navier-Stokes equations, tigcretization are studied next. Finally, three thin film problems
methods developed to solve the compressible flow may also (¢ one-dimensional dam break proble(@) radial flow without
used to study the shallow water equations and therefore to anal{#®P. and(3) radial flow with jump, are investigated with empha-
hydraulic jumps in thin flows. sis in the capability of the technique to capture discontinuities in
Several finite difference schemes have been developed for g flow field.
simulation of gas dynamics equations and are available in the
literature. The main difference among them is the way they ad-
dress the problem of shock waves formation, which is of fundajgthematical Model
mental importance in the overall accuracy of the calculations.
These techniques are based either on central-difference formulaGoverning Equations. We present the governing Navier-
tions, [1,2], or on upwind-difference discretizations. Though th&tokes and c_ontinuity equations for incompressible fluid with con-
earlier schemes give fairly accurate results in the case of smo&tant properties,
and weak-shocks, the precision given by the latter methods, even
for problems containing strong shock waves, is supe&r,Rep-

. . V-u=0 1
resentatives of upwind schemes are those by[Rpand Yee and (1)
Harten[5], based on flux difference splittingFDS) techniques,

- Ju
1Address correspondence to ASU, P.O. Box 6106, Tempe, AZ 85287-6106. 5t +u-Vu=—-Vp+ vV2u+ ge,, (2)
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Y. Matsumoto. wheree, is the unit vector in the vertical direction= (u,v,w)
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represents the Cartesian velocity vector compongritsthe pres- Table 1 Boundary conditions for the shallow-water equations
sure; v is the kinematic viscosityp is the density, andj is the
gravitational acceleration. In the following, the physical space will Ngm\?vzrré’f NTr?J\,t;%Of “é‘gggg;ff
be denoted byx, y, ), and the computational space & 7, ). y

- ’ . h . Case Condition Characteristics Characteristics Conditions
Assuming that vertical acceleration, wind stresses and Coriolis

effects are negligible, the bottom slope is small, and considering ~ U.<-ay&+& 0 3 3
that the friction losses can be computed using uniform steady flow ——a&Z+£<U.<0 2 2
formulas,[12], the set of equationgl)—(2) can be vertically av- 3  0<U.<a\&+& 2 1 1
eraged to obtain the two-dimensional unsteady shallow flow equa# U.> —aJ?XTgyfv 3 0 0

tions. The depth-averaged equations of motion can be written-n
conservation law form as

JQ JE oF
X Ty () vectors. If we defineU,=&U+&V, Vo=nU+nV and a
=./gh, the characteristic directions in theand z-coordinates,
where respectively, can be written as
A hu hv N=Uc, Npz=UctaVé+é ®)
h? huv v
Q=|hU|; E= hU2+97 . F= NE 71=Ve, vaa=Veravmty 9)
hv HUV2 hV2+ % whereU. andV, are the characteristic velocities.
Boundary Conditions. The system of equation&) cannot
0 be solved without assigning appropriate initial and boundary con-
oz 7 ditions. For a hyperbolic system the required number of boundary
—gh=tb_ Ibx conditions is related to the behavior of the characteristics. At any
S= X p |. (4) point on the boundary one must specify as many conditions as
gz T there are characteristic planes entering the region. The character-
fgha—f = istic directions of propagation are given in E¢8)—(9). Consid-
y p ering the radial velocity as positive if the flow is outward, we may

Hereh is the water depth measured vertically,and VV are the have the situations shown in Table 1. Cases 1 and 4, in the table,
Cartesian depth-averaged velocity componenyss the channel are concerned with supercritical flow,>F1. where Fr=U/\[gh is
bottom elevationt is time, g is the gravitational acceleration, andthe Froude number. Supercritical flows do not occur very often.
Thx @nd 7,y are the bottom shear stress components. The bottdrflr the more frequent cases, 2 and 3<Ej), we must specify
stress is an unknown quantity in the shallow water equations afigher one or two boundary conditions depending on whether the
has to be expressed in terms of the other variables in orderfi@w is directed outward or inward. N

“close” the system. In the current formulation the effective stress For supercritical flow (F+1), the boundary conditions used
components are neglected and the shear stress on the botto¥YGES: (&) upstream boundary: the longitudinal veloclty trans-
approximated using the Chezy formulas verse velocityV and the deptih are specified and do not change
during computations, ang) downstream boundary: all the vari-
ables, i.e.U, V, andh are extrapolated from the interior points.
For subcritical flow (F« 1), the corresponding boundary condi-
tions are(a) upstream boundary: the depthis specified and the
whereC is the Chezy constanf13]. The advantage of this ap- longitudinal velocityU is extrapolated from the interior points,
proach(assuming the pressure distribution to be hydrostaiic and (b) downstream boundary: the velocitigsandV are speci-
that leads to a considerable simplification in both the mathemafied and the depth is extrapolated from the interior points.

cal formulation and the numerical solution without degrading the

accuracy of the overall solution, for most engineering applica-

tions, [14]. o _ _ Splitting Scheme
Equation(3) can be written in generalized coordinates as

9 9
Tox= gz V(U VA 7y =5 V(U2 VA2 (5)

The splitting of the flux vector& and F, in Eq. (6), can be
a0 E 9F . accomplished in a number of ways. The most common choice is
o + (7_5 + o= S, (6) in accord to the sign of the eigenvalues of the system, where the
K flux vectors can be split into subvectors. Each subvector is asso-
where represents the standard form of the conserved variabl&tated with the positive or negative eigenvalues of the flux matrix
Because of the particular structure of these equations, it is pd@cobian. ThusA can be split asA=A"+A~ where A*

sible to write =E,A'E ' andA-=E,A"E, !, where the elements ¢t and
. R . . A~ are the positive and negative eigenvalues, respectively. Simi-
sza_Q and f:é‘?_Q 7y larly B=B"+B", whereB*=F I""F ' andB =F I'"F "
9¢ & an an’ In the case of the Euler equations, the fluxes associated with

these Jacobians are obtained from the property of homogeneity of
the flux vectorE(®Q). If the flux vectorE is an homogeneous
function of degree one i), one ha€£=AQ. In a similar fashion,

F can be written as-=BQ. The property of homogeneity was
L ; X N : used by Steger and Warmiii§] to split the flux vector into for-
d]rectlon of propagatlon of the mforr_natlon IS determined _by thﬁ/ard ar):d bagkward contriblrjﬁt?(])ns. TFt)we eigenvalues of the Jacobian
sign of the eigenvalues of the Jacobian matrieesndB, which mayrix of the full flux were split into non-negative and nonpositive
are all real. ForA andB a similarity transformation exists suchgroups. An alternate flux splitting with continuously differentiable
that A=E,AE, * andB=F,I'F %, whereA andT are the diag- flux contributions that lead to smoother solutions at sonic points
onal matrices of eigenvalues, akg andF, the associated eigen- was introduced in van Legi7]. An important remark to be made

where ,5: and Aé are the flux Jacobian matrices, i.edy;
=0E;/9Q; andBj;=dF;/dQ;. The elements of Eq$6)—(7) are
shown in the Appendix.

The system of equation) is hyperbolic and therefore the
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is that the concept of flux splitting as previously defined, is totally

dependent on the fact that the fluxes are homogeneous functions ET=A"Q and E"=A"Q, (10)
of degree one iQ. and

Although the system of equatior() is hyperbolic and has
some similarities with the Euler equations for compressible flows, E+ :§+Q and E- :E—Q_ (11)

there are some differences: the Jacobian matcasdB of the
shallow-water equations are not homogeneous functions of degfieethis end, we introduce the modified Jacobian matn%md
one |nQ Thence, the flux vectors of E¢6) cannot be expressed &
asE=AQ, andF=B0.

It is possible to use the FVS method to solve the shallow-water

B, where

= _a = A -1
equations by splitting the flux vectoEsandF in Eq. (6) accord- A=EAE, (12)
ingto E=E*+E~ andE=F*+F~, where with the diagonal matrix of eigenvalues
|
[ ng2+ ng?, 0 0 ]
Q:
= 0 Q2 t £,Qa 1 1/2Q:VQu9(&c+ £)) 0
A= o : (13)
0 0 £Qat £,Qs— 1/2Q1VQu9(&+ &)
i Q1 |
and the corresponding expression for the modified Jaccﬁbian
B=F [ 1, (14)
with the diagonal matrix of eigenvalues
[ 73Qa+ 77yQ3 0 0 ]
Q:
P 0 7xQ2+ 17,Q3+ 1/(22Q1\/Q19( it 7y) 0 . (15)
1
0 0 75Qz+ 7yQ3—1/2Q,VQ19( ne+ 7732,)
I Q1 |

It is now possible to obtain a well-behaved solution by splitting
the spatial derivatives in two parts associated with the character-
istic speeds. The flux vectors can be split into subvectors, such
that each subvector is associated with positive or negative eigen-

[(A++A )nAQn+l]

2 68

4 R+ L R—\NAAN+1
+5—n[(B +B7)"AQ" ]

values of the modlfled Jacoblan matrlx Therefdker;an be spllt
according  to A A*+A where A+ E A*EA , and A Ar

=E,A"E, . The elements of the diagonal matrick$ and A~ C1+6,
are the positive and negative eigenvalues of the modified Jacobian

n

9 + +
5§[E +E ]+—[F +E7]

matrix. Similarly, we write for thencoordinate§=§*+§’ _(AF0)AT,, 91ATASn71 01 (A=

+
+ + +
whereB* FITF ! andB- =F I F L 1+ 62 1+ 6, 1+6,

A andF were modlfled from the original eigenvalues of the
Jacobiand\ andB (see the Appendixo introduce a new splitting
of the flux vectorsE andF. In a later section we will discuss the
effect of modifying the characteristic speed on the consistency antlere the difference approximations fa¥(E*+E~)/8¢ are
accuracy of the scheme. shown in the next section. For the numerical simulations pre-

sented here, an explicit scheme is chosép<0 and §,=0) to
solve Eq.(16).

(16)

Spatial Differencing Scheme. The upwind differencing of
. . the convective terms is based on the flux splitting technique,
Discretization Schemes where the spatial derivatives Bf" andE ~ are approximated with
The governing equation&) are solved by marching in time backward and forward difference operators, respectively. Combin-
from some known set of initial conditions. The general form oing the standard first and second-order backward/forward differ-
the time-difference approximation is given by ences the spatial derivatives can be expressed as
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(5E+<Q>> BB (BB
8¢ ), Aé 2M¢

_diaELiED)
2A¢

A comparison of numerical results for the dam-break problem,
obtained with the discretized forms of Eq4.7)—(18), and Eq.
(22) will be presented in the section of numerical experiments.

Accuracy and Consistency Analyses. We now analyze the
(17) impact on the order of accuracy and consistency of the scheme
due to the modification of the characteristic spe@genvalues

and of the modified Jacobian matricédsandB of our flux-splitting.
. oA Al Al Consider for simplicity the one-dimensional shallow-water
o€ (Q)) _EB)  ELED equation
o/, A¢ 2A¢
_dia(BL By 1) oG GET GE
—+ +—-=
2A¢ FRRY: E 0 (25)

Equation(17) can also be written as

discretized in space and time with the following first-order

5|A5+) _ B 1o El 1
i

5¢ A¢ (19) scheme as
with
- . . AT . . . .
Ei++1/2:Er_¢7l(Ei+_Er—1); (20) in+l_Qin:_A_§ (B —E)+(E i —ED]
which is equivalent to obtaining the value iBfat the center of the AT

— R =+ £—\1n
cell followed by a forward extrapolation. The parametesippear- T Aé (B B ) (B tEDN (26)
ing in Egs.(17)—(18) limits the higher-order terms by acting as a
nonlinear switch¢ enhances shock capturing by dropping from a
second-order to a first-order scheme near discontinuities so thaf) | expressing the absolute value &f as |E|=E*—E~
oscillations in large gradient regions such as in the vicinity of a % . % 4 Fay o Ra F A

shock are suppressed. The spatial differencing is second-order TdA|Q, where|A|=E,|A|E, ~, and usinge=A"Q+A"Q with

#=1 and first-order foip=0. The value of¢ is determined lo- A*Q=E* andA-Q=E", we can recast Eq26) as

cally from
2|A.QiV:Qill+e "
=l Q-)§2+(§V Q)7re (1) ane1 A AU L
gl gl i _Qi__m(EH—l_Ei—l)
where € is a small numbelO(10 ®), [8], and n is a positive
number (6<n=<1) used to capture the shock profile. The opera- AT . . . n
tors A, andV; are the standard forward and backward difference + X§(|E|i+l_z|E|iJr IEli-0)", @7)

operators, respectively.

A spatial-discretization alternative is first, to extrapolate nodal
point values ofQ toward the face of the cell, and then to obtai
E* at the interfaces. This is implemented as a flux balance acr
the cell and leads to the following approximation:

Mo show an artificial viscosity term proportional to the second
Yetivative of the absolute flux valy&|. It can be noticed from
Eq. (27) that the consistency of the scheme is maintained.

SE(O) After a Taylor expansion of |El;,,—|E|;) and (E];
( 5E ) —|E[i-1), we can transform Eq27) in a form that explicits the
' absolute value of the modified Jacobid; e.g.,
:[E+(Qf+1/2)* ET(Q 1) +E (Q 1) —E(Q1p)]

Ag A~ A~ = ~ ~ ~ ~
(22) |E|i+1_|E|i:|A|i+(l/2)(Qi+1_Qi—1)+O(A§)(Qi+1_Qi—l()2vs)
whereE*(Q7) denotesE™ evaluated a*, and

A_ ~ _ = -
Qiv1r2= Qi 7 [k GIVet (1 DAAQj (23) |E|i_|E|i—1:|A|i—(1/2)(Qi+1_Qi—1)+O(A§)(Qi+1_Qi—1()2-9)
A 2 ¢|++ + + A
Q%12 =Qiv1y— a 1[(1+K¢i+1)A§+(l_K¢i+l)V§]Qi+1VJ‘.

(24) Using Egs.(28)—(29), Eq. (27) becomes, to the first-order accu-

rac
The aforementioned method, developed by van LL&gris often y

referred as the MUSCL-type approach. In E(3)—(24), « de-
termines the spatial accuracy of the difference approximation. For
fully upwind differencing, the choic&=—1 is used whereas
=1/3 corresponds to the upwind-biased third-order schem
[15,16]. Analogous expressionsA(<17)—(22) may be obtained for
the gradient of the fluxes(F* +F~)/ 5.

An+l  An At . N n AT = ~ ~
gi _Qi:_E(EH—l_Ei—l) +m[|A|i+(1/2)(Qi+l_Qi)

— Al @z Q— Q- )"+ O(AG?). (30)
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Equationg26) and(27) are equivalent formulations of the first-dam-breaking, the second corresponds to a radial flow within a
order conservative upwind schert@b) for smooth variations of supercritical region in the domain for which no hydraulic jump
Q. One can write Eq(26) in terms of the numerical flux, as exists, and the third is a radial flow in the presence of supercritical

Ar and subcritical regions which induce a hydraulic jump.

Q= — E(EiH/Z_ 12" (31) One-Dimensional Dam-Breaking Problem. This problem
A Ay Al consists of a dam located at the origin={0) in a rectangular
with E;1,=E; +E;} 1, or up to second-order accuracy as channel, that extends ttieo, in which fluid is initially at rest on
R 1. . 1~ R R R both sides. The-coordinate is in the downstream direction of the
Eiﬂl,z):E(EiJrEHl)— EAH(uz)(QHl—Qi)+O(AQ2)- cha_mnel. The_ initial heigh_t of the fIL_Jid on the Iefx{_O) is1lm
(32) while the height on the rlghtx(_>0) is 0.8 m. For this problem,
[17] developed an exact solution based on the theory of charac-
It can be observed that the modification of the characteristic spegfstics to analyze the behavior of the fluid after the dam breaks.
does not affect the order of accuracy of the scheme, as it is partfe numerical simulations were carried out using the proposed

an artificial dissipation terrfil6]. FVS along with four different schemes: a first-order upwind, a
. . second-order upwind, and two different schemes that use slope
Numerical Experiments limiters.

Three problems are solved in order to examine the proposedrigures 1a)—1(d) illustrate comparisons of the results obtained
FVS. The first is the analysis of the well-known one-dimension&élom the numerical procedure with the exact solution at time
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g f g F
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Fig. 1 Water depth of the dam-break problem in a rectangular channel at time t=0.10 second and 440 grid points. (a) Exact

solution; — < — first-order scheme. (b) Exact solution; — O- second-order scheme. (c¢) Exact solution; — V- scheme based on
flux extrapolation E  with limiter. (d) Exact solution; — A— scheme based on variable extrapolation Q (MUSCL) with limiter.
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0.055 - Zi
5 . |7
: : 0| G
9 0.050:— —: v,
g : ;
w - ]
0.045 E- -: r
0.040 - < Fig. 3 Schematic of the experiment layout of Sadler and Hig-
n ] gins [18]
0.035 4
E. T T T T .5 of Sadler and Higging18]. A layout of their experimental setup is
0.030, 200 400 600 800 1000 1200 Shown in Fig. 3; the reported geometrical parameters and flow

rates are presented in Table 3 as case 1. It consists of a 2(84 m
N ft) square sheet of Plexiglas mounted horizontally on a 15.26cm
in) diameter vertical pipe. Both Plexiglas and pipe were fixed to a
structure. Water was discharged from a nozzle, from below, onto a
20.3 cm(8 in) diameter disk located at a height of 5 nii16 in
above the sheet of Plexiglas. The water was then collected through
a series of drains arranged in a circular fashion located at a dis-
. ) tance of 68.6 cm27 in) from the center. In the experiment, the
=0.10 seconds using 440 mesh points. It can be observed fre@pth of the flow was measured with a point gauge mounted on an
the figures that, in general, the discontinuities are captured by aHn under steady-state conditions.

the schemes, but some differences in accuracy are evident. FoEgr sjmulation purposes, we use a flow rate @,
instance, Fig. () shows that the first-order upwind scheme has  gogg mi/s (0.345 cf3, as reported by Sadler and Higgiiis],
good properties of monotonicity, however it suffers from severg, 5 value of the Chezy constadt= 80, [19], which is in the
inaccuracies because of the high level of truncation error. On t| ge commonly used for practical en’gineéring calculations. It
other hand, the second-order upwind scheme, shown in B. 1 ) st pe noted that a simplification of the problem can be obtained
yields low levels of numerical dissipation, but steep gradients projce the flow is axisymmetric, so that a one-dimensional version
duce an oscillating behavior due to its numerical dispersion. i} ihe shallow-water equations in cylindrical coordinates may be

Fig. 1(c) the slope limiter technique based on extrapolation of theseq * Nonetheless, we consider a two-dimensional discretization
flux vectorE shows a substantial reduction in the amplitude of the

oscillations at the discontinuities but cannot be completely sup-
pressed. Finally, the results obtained from coupling FVS with the
MUSCL technique indicate that the method is able to capture ]
discontinuities in a sharp way, avoiding any unrealistic oscillation
as illustrated in Fig. (). Case r;(m) ro(m zm Q, (MY Experiment
The maximum relative error ih, €, at the points of discon- —
tinuity and time of 0.10 s is plotted in Fig. 2 as a function of mesh1 0102 0686 5x10°%  0.0098  Sadler and Higgir48]
refinement, for the MUSCL scheme. Similar results were obtained® ~ 0:082 0914 8x107°  0.0170 Ahmad21]
for the velocityU. A uniform grid was used in the computation.
The time-step was refined proportional to the grid spacing. Figu~~ g 0o6
2 shows that the present method is first-order accurate at the sh
locations. The maximum relative error lnat time 0.10 s away
from the shock is presented in Table 2 as function of mesh refir
ment. The experimentally established orders or accuracy are &
shown in this table as function of mesh refinement. In our con
putation, we usea = 1/3 which corresponds to the upwind-biasec 9.004
third-order schemd,15].

Radial Flow Without Jump. We simulate the radial flow =&
with the proposed flux vector splitting method coupled with th
MUSCL technique and compare the results with the experimer

Fig. 2 Maximum relative error of h as a function of mesh re-
finement for the dam-break problem on a rectangular channel
at time t=0.10 s at the points of discontinuity

ble 3 Conditions from experiments for the solution of the
allow-water equations

[m]

0.002
Table 2 Convergence test results for the dam-break problem
away from the discontinuity region
N €max (M) Order 0.0000 0'2 014 016 0.8
100 - - rim
200 2.2589392& 107 ° 1.9716
300 8.5893934% 10°© 2.3847 Fig. 4 Comparison of numerical solutions and experiments
400 3.5893936( 10 © 3.0327 for Q,=0.0098 m%/s (0.345 cfs); -V- (121X121) grid points;
-O- (241X 121) grid points; < Sadler and Higgins [18]
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Fig. 5 Schematic of the experiment layout of Ahmad ~ [21] Fig. 7 Evolution of the eigenvalues and appearance of the hy-

draulic jump; — O— N3; —D>— v3; — height h. FVS with slope
limiter solution; (241X121) grid points.

of the domain in order to illustrate potential applications of the

method for nonaxisymmetric f_Io_V\_/EZO]. The upstream values th nk of diameter 2.29 n(7.5 ft). A ring of 1.83 m(6 ft) inside
h, U, andV are assigned as initial conditions for the numericaj. meter, 2.14 ni7 f) outside diameter, and 2.5 cff in) thick-
runs at all the grid points. The upstream boundary condition is B o<\ a5 placed on the plywood disk to control the downstream
the Dirichlet type(case 1 of Table )1 Since the flow is superecriti- depth and consequently the location of the jump. A 10.24iim)
cal within the domain, the boundary condition downstream corr fameter pipe was used to convey the water o.nto th'e disc. The
sponds to the Neumann type. Therefore the values of the variables - - -« potween the nozzle and the disc was kept at QLetﬂ:6-
are extrapolated using the values at the interior points. In t
azimuthal direction periodic boundary conditions were imple- #or the numerical simulation we use the flow conditions re-

mented. The numerical scheme was tested until grid independ Bted by Ahmad21] which are presented as case 2 in Table 3.

ZOI‘If]t'OnS tvhverfgln?bhta!nﬁtd fb?’t\sﬂl;c%?f‘?s'rvi'ty retflnlr;%hehmes:t. F'_? fhce the flow is supercritical in the upstream region, the variables
shows the 1i eight for two ditterent Sets of mesh points. h@,v, andh, once specified, remain unchanged during the iteration

FVS-based model was run until steady state was reached. tocess. At the downstream boundaty, and V are defined

fro'?n ﬁﬁ?p?gsggegeév\yge%etg% dn:erert'ﬁsl eialé:ﬁﬁgg{]:i rc()eztl?lltrs] ereadh is extrapolated from the interior points. Periodic bound-
prop P conditions are prescribed in the azimuthal direction. For the

S%i:li;aggeﬂﬁg?r:gglf%;ﬁ mgsﬁqgtgg I:n';I?H:.Szltjfzcvéat?(;fﬁgrgﬁ &esent case, the value of the Chezy constant was chos€n as

P . X profil =90, [19], and the time-step\7 was restricted to a CFE0.5.

experimentally for the current analysis are shown in thl%
)

figure. The numerical results displ ) d aqreement esults from this run are shown in Fig. 6. The values of the speed
el%eeri.mer?ts umerical results display a very good agreement wi propagation(eigenvalues\; and y3) are shown in Fig. 7 as a

function of the radial position. From Fig. 7, it is clear that the
Radial Flow With Jump. The radially spreading flow of a change of sign of the eigenvalug coincides with the location of

thin liquid film is simulated in the presence of supercritical anthe jump, as expected. It is also important to note that the location

subcritical regions. The shock-capturing capabilities of our Fvgf the jump coincides at a location where the characteristics inter-

method are tested and the results are compared with the laborag&ggt. In our test, we start from an initial condition and stop the

test data obtained H21]. A schematic of the experimental layoutcomputation when the change in water depth reaches a prescribed

is shown in Fig. 5. It consisted of a 2.14 (M ft) diameter by 2.5 tolerance ofe=1.0x10"> m.

cm (1 in) thickness circular plywood disc placed in a circular steel The computed results from the proposed scheme and the mea-

surements of Ahmad21] are shown in Fig. 6 for comparison.

From the figure it can be observed first that the film heights from

0 0.2 0.4 0.8 0.8 the simulations using a mesh of 12121 points, are almost iden-
0.040 7 T T T 0.040  tical when increasing the number of grid points in the radial-
0.035 - o O 0.035 azimuthal directions to 244121, for the same initial conditions
indicating grid independence. Moreover, when comparing the nu-
0.030 | 40.030 merical simulations with the experimental measurements becomes
0.025 | p do.02s clear tha_t t_he method simu_lates the supercritical_flow accurately,
T . and that it is able to determine the location of the jump. The sharp
=0.020 - Jo.s20 transition from supercritical to subcritical flow is clearly shown in
© Fig. 6. In the region of transition from supercritical to subcritical
0.015 10.018  flow, the computed water-depth magnitude is very close to the
0.010 - Jo.010 measured height reported in the expgriment. In the_ subcritical re-
: ‘ gion where the flow is turbulent, the difference in heights between
0.005 4e0.008 Simulations and experiments becomes larger. These differences
M%%—GL may be due on one side to experimental uncertainties which are
0.000, 0.2 od 9% 0.8 0.000  increased in the turbulent region, and on the other, to the energy

riml dissipated at the location of the jump, which is not accounted for

in the shallow-water formulation.
Fig. 6 Comparison of water surface profile of a hydraulic jump

for Q,=0.0170 m%s (0.60 cfs) between experiments and nu- Concluding Remarks

merical solutions for different number of grid points: — A— o ) o

(121X 121) grid mesh; — O— (241X 121) grid mesh; ¢ observed The hydraulic jump is an intriguing complex phenomenon com-
by Ahmad [21] monly found in nature. The complexity stems from the change in
Journal of Fluids Engineering MARCH 2003, Vol. 125 / 371
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the character of the flow at the jump location with the correspontniversidad Iberoamericana, Lofor access to computer facili-
ing production of distorted free surfaces and flow separation. Bies. We are grateful for the helpful comments of the anonymous
cause of its important role in engineering applications, e.g., theferees which improved the quality of the manuscript.
design of water courses, energy dissipators, etc., it is crucial to
determine accurately the characteristics of the jump such as p03|-
tion and thickness. Appendix
e e T 1 Expande Vectors. Vie presnt next he expanded form of

d P y P {he expressions often encountered in solving the shallow-water
ing the location of shocks, at which the height of the free surfa(‘é

Eéuatlons The flux vectors are given by

and the mean fluid velocity are discontinuous. In contrast to the

compressible fluid flow equations, the shallow water equations do Q. h
not posses the property of homogeneity and hence common FVS A _ h
cannot be used to solve them. In this work we have introduced a Q= 3 Q2 =7|hy (33)
new FVS that allows the analysis of thin film flows, in particular, hVv
the formation of hydraulic jumps within the flow domain using the
shallow-water theory. The proposed splitting of the flux vectors ng2+§yQ3
was obtained by modified Jacobian matrices that account for the EQ3+ nyzQs éx
inhomogeneity of the system. Details of the methodology and ry Ql
theoretical analyses have been included to illustrate its implemen- (34)
tation, consistency and accuracy. ng2Q3+ ng3 gy )
The usefulness of the proposed FVS is tested by coupling the Eng
method to several finite difference schemes, two of them with
slope limiters, that yield high-order accuracy away from the loca- 7xQ2+ 17yQ3
tion of the shock. The numerical predictions have shown favor- n
able comparisons with the theoretical solution of the dam-break ’7XQ2 ”yQ2Q3 ﬂ 9Q?
problem. When the proposed FVS is used in conjunction with ! (35)
MUSCL, the resulting scheme is more efficient and produces ac- Q Q Q2
curate results in the location of the discontinuity and the height of x2esT My S+ 77y Ql
the flow, avoiding unrealistic oscillations. An excellent agreement
with laboratory experiments and analytical solutions confirmed
the efficiency of the method. The technique proposed here has
been successfully applied to analyze axisymmetric and nonaxi- 9z, 9 Qo ——
symmetric density current§20]. s 1| 79 2oz Q2 2 VQ2+ Q5 (36)
3 .
dzy g Qs
Acknowledgments ,gQIW, o Q2+ Q2
The authors would like to thank Prof. Kyle Squires for helpful 1
discussions on this work and to Prof. Miguel Angel Arredondo ofhe Jacobians of flux vectors are
|
i 0 éx &y i
3 £Q3+£6,Q:Q0:—9Q1  26Q,+£,Qs £Q2
. JE - >
A= Q? Q Q . (37)
Q
L 6QQs+£Q5-9Q1  6Qs £QaT24Qs
i Qf Q Q
The diagonal matrix of eigenvalues is
[ ng2+ ngS 0 0 ]
Q1
+ +Qqv 2p e
A= 0 £xQ2+ Q3+ Q1VQ19(&5+ &) 0 (38)
Q:
0 0 £Q2+ ,Q3~ Q1V Q9§+ )
I Qs ]
and the corresponding set of eigenvectors can be written as
0 1 1
f Q. EVEFE)IA Q, &V(E+E)9Q
E=l 7 u (&g Qu &+ | (39)
Ce Q, HVEFEI Qs EVIE+E)0Q
Q (&+g) QU (&t
The inverse of the left eigenvectors is expressed as
372 | Vol. 125, MARCH 2003 Transactions of the ASME
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o Q2§y7 §XQ3 gy _ gx ]
Qu(&+ éyz) (e2+ fyz) (&2+ Eyz)
., |5 QEF )9+ 6Q, éx &
5= 2Q1V(&+E)9Q 2V(E+EIQ 2V(E+EIU
ngS"‘QlV( §+§§)9Q1+§:XQ2 _ éx _ fy
2Q:V(&+€)9Q 2V(E+E)9Q  2V(&+€)9Q |
The Jacobians of flux vectors are
[ 0 7x 7y i
£ | -2t mQQam9Ql 2mQxt mQs 7,Q,
B=—= Qf Q Q
9Q 23
B 7xQ2Q3+ 7y,Q3—9Q;] 7xQ3 7xQ2+27yQ3
_ Qi Q Q
The diagonal matrix form of the Jacobians of flux vectors can be written as
[ 7,Q2+ 7/yQ3 0 0
Q1
fo 0 7Qz+ 7,Qat Q1VQug( 7t 7)) 0
- Q;
0 0 7Q2+ 7,Q3— Q1VQ19( e+ 7))
L Q:

The set of eigenvectors corresponding to the eigenvalues is

0 1

1

Q. V(e n)aQr Qp  n(mit 7,)9Q:

) ny =2+
E=l 7 Q (75t )

Q: (75t 7y)

Qs | mN(+7)9Q1 Qs N7+ 7,)9Q

-7 + ==
o (5+75) Q. (75t 7y)
The inverse of the set of eigenvectors is
[ QZ Ny~ 77XQ3 77y 77x ]
Qu( s+ my) (7 my) (2 ny)
e - 7yQ3— Q1 V( i+ 77y)9Q1+ 7xQ2 Mx 7y
v 2QuV(nc+ 7y gQs 2Vt 9)9Qr 2V(n+ g Qy
7,Qa+ Q1 (7 + 75)9Q1 + 74Q; 7y 7y
2QuV (75 + 79 29 2R e
In order to show that the shallow-water equations do not have the property of homogeneity we write
ng2+ ngB 1
£Q5+£,Q2Q3
sy 1| TR gQ2
(BAETHQ=5 Q
£Q2Q3+§,Q3
XQ—H + §yg Qi
1 -
7Qo+ 7]yQ3
2
+
e 1 7xQ% 77yQ2Q3 " nXgQi
(F,IF,HQ=3 Q. :
7xQ2Q3+ 7,Q3
XQ—ly?’ + 7,9 Q?

which are different from{34) and (35).
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(40)

(41)

(42)

(43)

(44)

(45)

(46)
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Nomenclature

A B
A B
At, B*
A, B~
a

C
E,F,Q,S
E,F, Q.S
é+’ |§+
E-,F
Ev. F,
€

Fr

g

h

J

N

p

Qi

Qw

ri

r.0

t, 7
U,V
Ue, Ve
u

u v, W
XY, Z
Zy

Zi

Jacobian matrices
modified Jacobian matrices

Jacobians corresponding to positive eigenvalues

= x-direction, first derivative in the-direction
= y-direction, first derivative in thg-direction
= zdirection

= positive eigenvalues

negative eigenvalues

T N< x

Jacobians corresponding to negative eigenvaluespbreviations

speed of propagatiofm/s)

Chezy constant

vectors in the physical domain
vectors in the computational domain

split flux vector corresponding to positive eigen-

values

split flux vector corresponding to negative eigen-

values

matrices of corresponding eigenvectors
unit vector in the vertical direction
Froude number

gravitational acceleratiofm/s?)

film height (m)

Jacobian

number of cells

pressureN/m?)

components of the depth-averaged variables
(m/s)

volumetric flow rate(m®/s)

radial location of initial measurements)
outer radius of the diskm)

time (s)

depth averaged velocitigs/s)
characteristic velocitiem/s)

Cartesian velocity vectaim/s)

velocity components in the, y, z-directions
(m/s)

Cartesian coordinatesn)

reference heightm)

initial film height in experimentgm)

Greek Symbols

= eigenvalues of the Jacobiam/s)

finite difference operators

error

nonlinear limiting parameter

diagonal matrices of eigenvalues
diagonal matrices of positive eigenvalues
diagonal matrices of negative eigenvalues

diagonal matrices of modified eigenvalues
kinematic viscosity(m?/s)

density of the fluid(kg/m?®)

weight function

bottom shear stressé/m?)

curvilinear coordinategm)

Subscripts and Superscripts

i, j, k = index for the Cartesian coordinatesy, z
max = maximum

n

index of time-step

374 | Vol. 125, MARCH 2003

CFL = Courant-Friedrich-Levy number
cfs = cubic feet per second
FVS = flux vector splitting
FDS = flux difference splitting
MUSCL = monotone upstream-centered scheme for conser-
vation laws
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The Approximate Deconvolution
Model for Large-Eddy Simulation
of Compressible Flows With
Finite Volume Schemes

The approximate deconvolution model for large-eddy simulation is formulated for a
second-order finite volume scheme. With the approximate deconvolution model, an ap-
proximation of the unfiltered solution is obtained by repeated filtering, and given a good
approximation of the unfiltered solution, the nonlinear terms of the Navier-Stokes equa-
tions are computed directly. The effect of scales not represented on the numerical grid is
modeled by a relaxation regularization involving a secondary filter operation. A turbulent
channel flow at a Mach number of M1.5 and a Reynolds number based on bulk quan-
tities of Re=3000 is selected for validation of the approximate deconvolution model
implementation in a finite volume code. A direct numerical simulation of this configura-
tion has been computed by Coleman et al. Overall, our large-eddy simulation results
show good agreement with our filtered direct numerical simulation data. For this rather

simple configuration and the low-order spatial discretization, differences between ap-
proximate deconvolution model and a no-model computation are found to be small.
[DOI: 10.1115/1.1511167

The following article has been reprinted with corrections. It previously appeared
in the Dec. 2002 issue of this publication without figure legends.

We first introduce the governing equations and then briefly

Introduction
resent the filtering, deconvolution and relaxation procedure.

Most flows of practical interest are turbulent, and for industrizﬁlext we summarize the numerical method and introduce the pa-
applications it is important that these flows can be computed Pé( ! p

A . . - - meters of our test case. Finally, the results of four different data
numerical simulation with sufficient accuracy. However, numerk .. " HNS. filtered DNS. LES with ADM. and underresolved
cal solutions of the Reynolds-averaged Navier-Stokes equatiqgﬁs' are c,:ompared and lanalyzed '
often fail to predict the proper flow behavior, in particular in cases ' '

where the flow exhibits large-scale unsteadiness, separation,G@verning Equations

shock-turbulence interactiofi1)). _ _ A flow in a plane channel with periodic boundary conditions in
In large-eddy simulation$LES), the solution of the Navier- hq streamwisex;=x) and spanwisex,=Y) directions is con-
Stokes equations is convolved with a smoothing filter which r&jgered. The computational domain with volues spanned by
duces the numerical-resolution requirements for the filtered solyl-artesian coordinate system. The flow is described by the com-
tion at the expense of a model for the resolved-scalgfessible Navier-Stokes equations for an ideal gas with ratio of
nonrepresented-scale interaction. Stolz and Add@ have gpecific heats= 1.4. Nondimensionalized with the wall tempera-
developed a subgrid-scale model based on approximate deconyps T.. the channel half-widthH, the bulk velocity uy
lution (ADM) and have demonstrated excellent performance fovpudV/(Vpb), and densityp,=[ypdV/V, the continuity,

the model for a number of canonical flow configuratiéf&4]), momentum and energy equations réadmmation rule applies
including shock-turbulence interaction in a boundary layer. For

flows at higher Reynolds numbers, a relaxation regularization is f7_P+ i( u)=0 1)
employed to represent the resolved-scale/nonrepresented-scale in- at X PE
teraction. So far computations were performed with high-order
(fourth-order, sixth-orderfinite difference schemes and spectral = (pup+ i(pu-u-)+ ‘9_p_ ﬂ: —f.5 @)
schemes. Test computations with second-order finite difference gt ax T axg ax o
schemes for isotropic turbulence have shown that the filter-cutoff J J J
wave number should be adjusted to the maximum wave number 4 _—_ (E4+pju— — (oju)+ —qi=—f,u;, (3)
which can be considered to be well resolved by the underlying gt ax; oot ax;
discretization scheme, employing the modified wave number capith the total energy
cept[5]. In this paper we address the formulation of ADM for a
given second-order finite volume scheme without further consid- E=pl(y—1)+ 1 U )
eration of the resolution properties of this scheme. The objective ity 2 PHit
is to test ADM for a numerical method which is being used i
standard CFD design tasks of the aerospace industry. the temperature
T=yMg(p/p), (5)

Presently Professor, Technical Universit . i i i i i

Contributid by the F'Iuids Engineering Dxligifnsggrnbsk;ﬁsgggr‘] %etr&zjlg)’:w_ and the nondimensional dynamlc viscosity
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division M(T) =707 (6)

March 12, 2002; revised manuscript received May 31, 2002. Associate Editor: F. F. . )
Grinstein. The heat fluxes and the viscous stresses are defined as
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M(T) aT . Vr
;== (y—1)Re PMOE (?_Xj’ (7) Ui::jzyl ajUiyj (11)
_m(T) [du; dup 2 - duy for the grid functionu; , whereu;=u(x;). The cell centers in the
%" Re (9_)(1 a3 gx, ) (8 finite-volume formulation are denoted as We consider discrete

] filters on a five-point stencil with,+ v, =4 for interior cells. A
with the Reynolds number Rep,upH/u(T,,), the Mach number complete derivation of the coefficients can be found in Refs.
Mo=uy/\{yRT,, and the Prandtl number£0.7. The Kronecker [3] [7]. The definition of the cutoff wave number, is somewhat
symbol is usedgj; =1 fori=j and §;=0 otherwise. For a peri- 4pjrary for filters with smooth Fourier transfor@( ). Here we
odic wall-bounded flow, the addition of a driving force to theo<a'the criteriof(wg)| = 1/2, leading tow,~2/3s. The rep-
Navier-Stokes equations is necessary to compensate the W‘EH sented but nonresolvéd scalé§<|w|Sw ;re used to model
friction forces and to maintain a stationary flow. Following Desgq effect of the nonresolved scajes > w onn the resolved scales
champg 6], the flow is driven in the streamwise direction with w|<w,. Resolved scales can be reC(c)vered by an approximate
body forcef(t) adjusted to the instantaneous solution such th ersién of the filter(9) resulting in an approximation* of the

the total mass flow rate remains stationary. The wall boundar filtered solutionu. The approximate deconvolutiart is aiven
conditions are no-slip for the velocity and isothermal for the ten’E}‘ 1 sou - 'he app . u g
y applying the approximate deconvolution operady to u,

perature.
u*=Qu*U. (12)
Assuming that the filteG has an inverse, the inverse operator can
Filtering Approach and Approximate Deconvolution be expanded as an infinite series of filter operators. Filters with

compact transfer functions are noninvertible, but a regularized

In most large-eddy simulatioLES) methods, filtering is per- . . : .
formed implicitly by the projection of the equations onto the com!'verse operatoQy can be obtained by truncating the series at

putational grid, formally including all wave numbers up to the&@MeN, obtaining a regularized approximatiéi2]) of G g
Nyquist wave numbet, in the solution. Since for finite differ- N

ence or finite volume schemes the wave number up to which QN:E (1-G)’~G™1 (13)
scales can be considered to be resolved is often significantly »=0

smaller thanw,,, it is desirable to suppress nonresolved soluti

o - X %%herel is the identity operator.
components by application of an explicit filter operatigs]). Stolz et al.[3,4] found thatN=5 was giving best results for a

Afde range of test cases. We thereforeNet5 in the following.

number is of order®(1). In the following we will distinguish Using (13), u* can be computed by repeated filteringfrom

between resolved wave numberkw|<w., where . is the
primary-filter cutoff wave numberrepresented wave numbers N B
|w|<w, which can be represented on the given mesh, and non-
represented wave numbgis|> w,, . =
The governing equations of LES are obtained by applying the =3u—30+u+ ... . (14)

primary-filter operation to the NavieEStokes equation_s. Any flow The adaptation of the approximate deconvolution model
variableu can be decomposed as=u+u’+u” whereu repre- (ADM) for a finite volume scheme is straightforward. Note that a
sents the resolved scales, the represented nonresolved scaleginite volume scheme itself comprises a deconvolution when cell-
and u” the nonrepresented scales. The filtering operation onface values are reconstructed from the cell averages, see, e.g., Ref.
domain[aA, BA] is defined by a convolution of the filter kern®l [8]. This approach which can be exploited to construct an approxi-
and the variable. We define a one-dimensional primary filter opate deconvolution method directly by adapting the finite volume

u—20a+

—

+ ...

<
Il
O]
zZ
*
Il
+
|
\En
+

eration with compact support by method accordingly, is presently under investigation. Here, we
x—ad [ x_yx’ dx’ treat numerical discretization and subgrid-scale modeling as sepa-
U(X)=Gru= f G(—,x) u(x') — rate entities and introduce ADM into the finite volume framework.
X— BA A A For simplicity we first consider a scalar transport equation and

p return to the full Navier-Stokes equations later. Starting from the
_ _ generic transport equation for the variablewith flux function

L G(zX)u(x=Az)dz, ©) F(¥), integrated over the computational cgl|

wherez=_(xfx’)/A_ andA%rrh/wc_ is the filter wi(_jth in physical ﬂdV.Jr V.F(¥)dV, =0, (15)
space.h is the uniform grid spacing in an equidistantly spaced v, ot Ty ]

computational spacé The mapping ok onto £ does not need to Y .

be known explicitly.o is the cutoff wave number of the primary WhereF (V) is the flux, we can apply the divergence theorem so
filter, nondimensionalized with, andG(z,x) is the primary filter ~ that Eq.(15) can be rewritten as

kernel which may depend explicitly on the locatienThe exten- P
sion of this one-dimensional filter to three space dimensions is f —de+f F(¥)ndS§=0, (16)
obtained by applying the filter in each coordinate direction suc- v, ot Sj
cessively with n being the outward normal vector of the cell surface. On
TU(Xq,Xp,X3) = G1* Gy* Ga*u applying the filter operation_ to E(ﬂls) and exchanging the filter
operation and the volume integration one obtains, under the as-
Bs (B2 (Fa sumption that divergence operator and filter operator commute,
= G1(21,X1)G2(22,X2) G3(23,X3) _
ag Jaz Jag A
XU(Xy— A1y Xo— AuZy,X3— Asz3)dZyd 2,0 Z3. JVinVﬁJSiF(\If)ndS—O. (47

(10) Using the approximately deconvolved solutiti of W, the fil-
The integration in this definition is discretized by an explicitered flux termF (W) can be approximated directly by replacing
quadrature, defined in one space dimension as the unfiltered quantity¥ by ¥*,
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1 - T - - 6 energy should accumulate during time advancement in the wave-
number rangew.<|w|<w, . The kinetic energy content of the
considered wave number range can be estimated by the second-
order structure function ([10,11]) applied to ¢yu=(l
—Qn*G)*W. The discrete form of the local second-order struc-
ture function in three dimensions, which requires the valué.pf
at the considered grid point in the computational sp&ce
=(&,,6,,&3) and its six next neighbors in the three
computational-space coordinate directions, is given by

Fo&) =] pu(E+1.0) = du(EDIT 1=n (20)

whereh is the computational-space grid spacing. Note again that
the mapping of the physical space onto the computational space
does not need to be known explicitly.

For an estimate of the relaxation parameggrwe advance Eg.

08 r

0 0.2% 04n

w (19) by one Euler-forward time-step with siz&t, once using

Xwv=Xwyo and once usingry=0. yyo IS SOMe positive nonvan-

Fig. 1 Transfer functions, explicit primary filter for an ishing estimate of the parametgy, , the value from the previous
equidistant mesh, e.g., x or y direction, - - - - approximate in-  time integration step or some positive constant at ttm@ for
verse Qy, — — — secondary filter O, G, for N=5 instance. The difference of the structure functidmn(é,t

+At)|XW:0—F2(§,t) is an estimate for the integral energy gen-
erated within the time incrementt in the range of scales with
T wave numberso.<|w|<w,. The differenceF,(¢,t+At)[, —o
J —dV+ f F(I*)nds= f (F(¥*)—F(¥)nd§, —F,(&,t+AL) Xw=Xvo estimates how much energy would be dis-
v, ot Sj 5 sipated by the relaxation term using = xyo- Accordingly, x
(18)  can be determined from

thus avoiding at that point the need of computing extra subgrid- Fa(&t+AY)|, o= Fa(&1)
scale terms. o= Xvo = (1)
The energy transfer to nonrepresented schigs w, is mod- Fa(&t+ A1), o= Fa(E+HAD] =100

eled only partially by usingt’". Note that it would not be mod- |, Ret [4] this procedure is related to the requirement of no-
eled at all if ¥ would be deconvolved by Slngular value decomenergy accumulation im)c<|w|swn i By Construction’ the dy_
position, since the resulting Eq18) with ¥* replaced by¥  namic parametegy, is now a function of space and time. To avoid
restricted to represented scales is energy conserving. This sitthi& generation of nonresolved scales due to the nonlinear product
tion corresponds to the truncated Navier-Stokes approach cngw and ( —Qu*G)*V, yy is smoothed with a second-order
Domaradzki et al[9] without energy removal. Stolz et d8.4] ~ p,defilter ([12]) whose cutoff wave numbes! is set to /8.

have proposed a relaxation regularization derived from the rgs o o time-step sizAt, an upper and a Iowccar bound 1/100

uirement that the solution remains well-resolved within the ran . : f, .

|qw|$w For this purpose, the integral energy of nonresolv Xu= 1/At_|s |mpgs_ed for_ r_lumerlcal stability. Accord_lng to pre-
c: ’ . -Vjaus experience, it is sufficient to updagg every ten time-steps

represented scales should not increase, although energy I’edl% Hce it exhibits only small time variation

bution among these scales is permitted. In order to model t eAppIying now the above operators to EC@) (2), and(3) we

energy transfer from scalgs|< w, to scalejw|>w, energy is -0 ihe differential form of the underlying modeled conserva-
drained from the range.<|w|< w, by subtracting a terny (I tion laws to be solved

—Qn\* G) W from the left-hand side of the filtered differential con-

servation law(18). This expression, which models the nonclosed 6’_PJr a(pu;)* (57 22)
termsF(¥*) —F(¥) of the right-hand side of Eq18), has the at o XolP—P
form of a relaxation term with a relaxation parametg/>0 cor- — >
responding to an inverse relaxation-time scale. Applying the finifﬂJri( ) *+ [ ﬂ= — (W) 8~ (T_T*)
volume discretization to the resulting equation one obtains ot ax; PR X OX ! 117 XpulPHi—PH )y
— (23)
v N — _
—dV-+f F(¥*)nd :,J | —Qn*G)*WdV; E 9 9L, J .,
fvj at = ( 5 va\P( v : E+a_)(j(E +p )uj_a_)(j(gijui)+a_)(jqj

= fv xe(Y=9dV,.  (19) =—f, (WU~ xe(E-E"), (24)

) ) ) : o o fori,j=1,2,3. The superscri;‘* indicates that the quantities are
Since q—QN* G). is construpte_d bglng positive semidefinite, th%omputed from the deconvolved solution, e’ =(y—1)(E*
relaxation term is purely dissipative. The use of the relaxation ururr2)

| I *

term can also be interpreted as applying a secondary filtdf to 't 4y means that the forcing term is computed with the filtered
every 1/(yyAt) time-step,At being the time-step of the numeri-\ g ocity. Note that we use the same relaxation parameter for the
cal integration, which poses the approach in a relation to the tryftee momentum equations. To this set of equations the finite vol-
cated Navier-Stokes approach with energy removal of Domafme method is applied as discretization scheme as in(Ey.
adzki et al.[9]. The transfer function of the secondary fil@fG
for interior points on the equidistant mesh used in the present .
work is shown in Fig. 1. umerical Method

To close the model without requiring an a priori parameter The approximate deconvolution modéADM) was imple-
choice, yy is estimated dynamically as a function of space angiented in a CFD code using a cell centered second-order finite
time. The underlying argument for determinigg is that in order volume method[13—-15). The particular form of the convective
to obtain a well-resolved representation of the filtered solution rierms influences the stability of the numerical scheme. We use the
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Table 1 Parameters of the numerical simulation served between timg,= 50 andt,= 120. Because certain quanti-
ties, such as the temperature, attain a stationary state only rather
slowly, the statistics presented here are sampled betweertgime
=300 tot,= 380 with a sampling interval of 0.2. The statistics of

Coleman DNS
et al.[18] DNS Filtered ADM No-Model

Ly/H A A 41 4 4 the direct numerical simulatioflDNS) were obtained after an ini-

tym 475/3 4733 47;/3 4772/3 4772/3 tial transient oft,=160 during 140 time units with a sampling

n, 144 288 72 72 72 interval of 1. The filtered DNS data were computed from 29 DNS

ny 80 160 40 40 40 samples of the DNS evenly spaced between tipyel60 andt,

n, 119 237 60 60 60 =300. The number of samples was found to be sufficient for the

Mg 1.5 15 - 15 15 computed statistics to be symmetric across the channel halves.

56 3200 3{)00 - 31000 ?1000 The filtered DNS data are generated by interpolating the DNS to

ps 1 1 . 1 1 the LES mesh and subsequent filtering. All statistics presented
here are averaged over wall-parallel planes and over both channel
halves.

Figure 2 gives a qualitative impression of the instantaneous

skew-symmetric form of the convective teifii6]) instead of the flow close to the wall. Shown are iso-contours of the wall-normal
divergence form. In this case the nonlinear flux term is decorqorticity in a near-wall plane. Clearly visible are the near-wall

posed as streak structures. Each simulation represents another realization of
in 1 [duup au, this flow, so that the agreement of these flow snapshots can only
Fromi=— FUm—]. (25) Dbe qualitative.
2\ X IXm

In Table 2 averaged flow quantities measured at the wall and at
Viscous terms are integrated with a second-order centered schehechannel center are given. There are slight differences between
on a shifted control volume, see RgL7]. the DNS of Coleman et al. and our DNS results. In our case the
Time integration is performed by an explicit four-stage Rungériction-velocity Reynolds number Re Reu,p,,/(Uy,pp) is smaller
Kutta scheme which is formally fourth-order accurate for lineaind the centerline velocity, is larger. Also, a larger centerline
equations but drops to second-order accuracy for a general ntemperaturel . and a smaller centerline density are observed.
linear equation. The Courant-Friedrichs-LeW@FL) number is These differences may be due to the different numerical method,
set constant and an adaptive time-stepping procedure based dutamay also be related to differences in the implementation of the
linear stability analysis computes the maximum time-4fé@]).  forcing f,. For the mean flow variables the agreement between
fitered DNS and DNS is good which confirms that the con-

Application to Channel Flow structed filter leaves the mean flow essentially unchanged even on

As a test case the compressible channel flow as computed istorted mesh. This requirement leads to moment conditions in
Coleman et al[18] was considered for two reasons. First, the te&fal Space on the filter as shown in RES]. A comparison of
case requires a correct near-wall subgrid-scale treatment. Second,
reference data are available in the literature, see [R6f. Three
different simulations have been performed: a direct numeric

P R e e T e S
simulation(DNS), a no-model computation or underresolved DN — ]
on the same mesh as the large-eddy simulatiés), and a LES
with the approximate deconvolution mod@DM). In contrast to ﬂ

e LT T

traditional LES where filtering is the result of the projection of th
solution onto the discrete mesh, the filter operator in ADM i
known explicitly and allows for filtering of the DNS data with the
same filter for validation of the LES. The main parameters of tr
simulation are summarized in Tablell,, L, L, are the extents (a)
of the integration domain in the streamwise, spanwise, and t
wall-normal coordinate directions, respectively, amd n,, n,
are the corresponding numbers of grid points. All four simulatior
have the same Reynolds number Re and Mach numierThe
forcing term is adjusted to maintain a constant mass flow. The g
spacing is constant in the streamwise and spanwise directions :

‘_ﬁ
is stretched with a hyperbolic tangent function in the wall-norm: w
direction. Except for the DNS, all simulations were initializec &;
m’——

with a laminar profile with a random velocity disturbance supe
imposed in each of the three coordinate directions. The initi
density wap(t=0)=1 and the initial temperature was compute((b)
according to the laminar distributionT(t=0)=1+1/3(y
—1)PM (2)U1 mad1—(z— 1)) whereu; nayis the maximum nondi-
mensional laminar velocity which is equal to 1.5. To save comp!
tational time, the DNS simulation was started from a turbule!
profile obtained with the coarse-grid no-model computation, inte
polated to the fine DNS mesh. The boundary conditions are pe
odic in the two homogeneous directions. Isothermal conditiot
with wall temperatureT,,=1 and no-slip conditions are pre-
scribed at the walls.

()

Starting from the disturbed laminar solution, the computation fsg. 2 Contours of instantaneous wall-normal vorticity w, in
advanced for all large-eddy simulati¢hES) cases for 380 time (x,y)-plane at z+=10, (a) ADM, (b) no-model, (¢) DNS; w,=0 in
unitst,=tu,/H. Transition from laminar to turbulent flow is ob- light regions, ,<0 in dark regions

Results
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Table 2 Mean flow variables flux is kept constant throughout the simulation. We find that prob-
ably due to the different initial conditions for the DNS and the
g%‘lﬁr[“las’]‘ DNS FIiIDt’(\a‘rSed ADM No-Model LES: the stationary value of the mass flux differs by about 0.5%.
As shown in Figs. 3 and 4, the mean velocity, density and tem-
Re, 1ZZZf2 121121 121135 52214 %%761 perature are predicted accurately. The temperature profile com-
uf 0.0545 0.0529 0.0530 00554 00534 p[))tlj\igd”\:vnh the ADM shows a bett_er agreement with the filtered
A 19 94 37 39 28 IS than the no-model computation with the DNS. For the ve-
AX* 12 56 2 23 23 locity profile, a steeper slope near the wall can be seen which is
y ’ responsible for the larger Reynolds number. Réth ADM. A
A7 lw 0.1 0.38 1 1 1 similar overprediction ofi., is responsible for the difference of the
EI‘.C 11.'\,51768 i'.]ég i'.:lsg i'.zlt?) i:}& mean streamwise velocity profile in wall units between ADM and
Pe 0.980 0.977 0.977 0.979 0.977 filtered DNS in the outer layer as can be seen from the van Driest
Pw 1.355 1.359 1.359 1.353 1.360 transformed profileguyp) © (Fig. 4(b)) which are computed as

(26)

w* [p
(Uvo) " = j Vo dw”,

approximate deconvolution mod€ADM) results with filtered

DNS shows that all quantities of Table 2 are within a reasonablde von Karman constant is, however, predicted accurately. Inter-
error margin, e.g., the Reynolds number, Rifers by 4.7% from esting are the comparably good results obtained with the no-
the filtered DNS. model computations. For the velocity fluctuations and Reynolds

We find that the near-wall velocity gradient is slightly overprestress(Fig. 5 and 6 trends are somewhat more difficult to deter-

dicted by the LES, resulting in a larger Reynolds number.Remine. Generally, ADM results show a similarly good agreement
The centerline velocity, is not affected by the near-wall velocity with the filtered DNS data as the no-model computation does with
gradient since the forcingy, is adjusted such that the initial massthe DNS.

15 T T

g 8 88 8 8 8 8 83 13 1

<T>
<p>

06 0.8 1 0 0.2 0.4
2 (b) z

—DNS, @ ADM, — filtered DNS, O no-model

Fig. 3 (a) Mean temperature profile, (b) mean density profile,

1.5 T T T T 20

10

<u>
< Uyp >t

1 10 160
(b) z*

—— DNS, @ ADM, — filtered DNS,

(a) 2
Fig. 4 Mean velocity profile, (a) linear plot, (b) van Driest transformed logarithmic plot,
O no-model, - — = 2.5In z"+5.5
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Fig. 5 Velocity fluctuations, (a) streamwise velocity, (b) spanwise velocityy, —— DNS, ® ADM, — filtered DNS, O no-model

Lenormand et al[19] recently have evaluated several subgriddifferences in the peak magnitude and location are visible. We can
scale(SGS models for the same channel flow configuration. Thegonclude that even with a lower order numerical scheme and on a
discretized the convective terms in skew-symmetric form with eoarser mesh, ADM gives results of similar quality as other SGS

fourth-order finite difference scheme whereas the diffusive termsodels on finer meshes with higher-order schemes.
were discretized with a second-order scheme. Six different
subgrid-scale models were tested on a coarse and a fine m

sh .
(only these latter results will be considered hef@ifferent from 80nclu5|ons

our computations, the streamwise extent of the computational do-The approximate deconvolution model was formulated to be
main was only of Z. The number of grid points in the wall- used with a second-order finite volume method. The convective
normal direction was two times largen = 119) than in our case terms are discretized in their skew-symmetric form using a
and the spanwise number of grid points was 3/2 times larger. Twecond-order centered scheme while the viscous terms are com-
of the tested SGS models are based on the Smagorinsky mogeted using a second-order scheme on a shifted control volume.
whereas the four others are based on a newly proposed mixédhe integration is performed with a four-stage Runge-Kutta
scale model, which estimates the subgrid-scale kinetic energy tmgthod. Compared to other channel flow large-eddy simulation
means of a test filter and scale-similarity arguments. Linear h{-ES) with similar numerical discretizations, the mesh used here
bridization with a Bardina-type mod€[20,21)) is also consid- is coarser up to a factor of two in the wall-normal direction and of
ered, together with the use of a turbulent scale selection functid@3 in the spanwise direction. The model is based on an approxi-
A priori tests suggest the use of the hybrid models, and a comate deconvolution of the filtered quantities by a truncated series
parison of these models with the DNS datenfiltered of Cole- expansion of the inverse filter. This approximation is used to com-
man et al[18] shows results of similar quality as ours. The meapute the nonlinear terms in the Navier-Stokes equations avoiding
quantities are predicted accurately except for the temperatiihe need to compute subgrid-scale terms explicitly, except for a
where, as in our case, the LES slightly overpredicts the temperalaxation term. A relaxation term models the resolved-scale/
ture in the channel center. Clear trends for the velocity fluctuaonrepresented-scale interaction by draining energy from the

tions and the Reynolds stress are also difficult to determine, brange of nonresolved represented scabes:|w|<w,. The ap-

0.8 M l
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N 08 ~ o
. /\ a\
A - o,
-~
04 o= 05+ |
= S o
> V (o)
\%
0.2
0 0 . . . s
0 02 04 0.6 08 1 0 0.2 04 0.6 0.8 1
(a) z (b) z
Fig. 6 (a) Velocity fluctuations in wall-normal direction, (b) Reynolds-stress, —— DNS, @ ADM, — filtered DNS, O no-model
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Exact Solution of the Navier-Stokes solution of the steady and oscillating flow in the straight duct with

rectangular cross section and porous walls is sought in the present

Equations for the Fully paper and is successfully given in a series form.
Developed, Pulsating Flow in a
Rectangular Duct With a Constant

. . Methodology and Solution
Cross-Sectional Velocity

As governing equations the Navier-Stokes equations, for un-
steady flow of an incompressible fluid of constant viscosity, are
used as a system with the continuity equation, both written in
cartesian coordinates. We seek the analytical solution for both
steady and oscillating flow conditions for the case of a straight
duct with rectangular cross sectiong(2 2b), having porous the

S. Tsangaris
e-mail: sgt@fluid.mech.ntua.gr

N. W. Vlachakis two opposite walls X=*a). By assuming a constant transverse
velocity componenU in the x-direction, due to the porosity of the
Department of Mechanical Engineering, National walls and a vanishing velocity component in tialirection u

. . . . . =U, v=0, the continuity equation is satisfied when developed

Technical University of Athens, Fluids Section, flow conditions across theaxis of the straight duct are imposed:

15710 Zografou, Athens, Greece w=w(x,y,t). We are interested here in the cases of the flow due
to an oscillating pressure gradient:

The Navier-Stokes equations have been solved in order to obtain 3 ﬁ_p: _ pdot 1)

an analytical solution of the fully developed laminar flow in a duct p 0z '

having a rectangular cross section with two opposite equally po- ] ] ) ) ]

rous walls. We obtained solutions both for the case of steady fiGiS the imaginary amplitude of the imposed pressure gradient

as well as for the case of oscillating pressure gradient flow. Thihile w is the cyclic frequency of the oscillating pressure gradi-

pulsating flow is obtained by the superposition of the steady af@t: Fore=0, Eq.(1) leads to the case of steady flow solution.

oscillating pressure gradient solutions. The solution has applica- For thew-component of the velocity, using the corresponding

tions for blood flow in fiber membranes used for the artificiaNavier-Stokes equation, the following partial differential equation

kidney. [DOI: 10.1115/1.1537250 should be satisfied:
2ﬁVerR W = &ZijLazW )
. B Reg =\t aw @
Introduction

The velocity distribution for the laminar, developed, steadyhe dimensionless variables to be introduced are the following:

flow in a duct with rectangular cross section has been given by J. X y a
V. Boussines(1914), as referred to in Part l{Chap. 2 of the X==, y==, T=tw, A=—, W=—p
excellent reviews of H. L. Dryden et dl1] and R. Berkef2]. b b b

Laminar, developed, oscillating flow in straight ducts with a 12
constant cross section and impermeable wall is treated in the lit- B:b(ﬂ) Re— U_b @)
erature for cases between parallel pla{®y, and for a duct of v '’ ’
rectangular cross sectiof§—5|. )

In the bibliography only a small number of exact solutions of is the reduced frequency and Re the cross flow Reynolds
the Navier-Stokes equations exist, concerning steady and periodinber. N ) )
flow in ducts with porous walls. An analytic solution has been The boundary conditions that have to be fulfilled are the nonslip
given by A. S. Bearmaf6] for the steady flow between para||e|cond|t|on at the walls of the rectangular cross section forvthe
walls with porous walls, and constant velocities of the imposegPmponent of the velocity:
suction and injection. C. Y. Wanlfy| extended the work of A. S.

Bearman with an analytic solution for the case of the pulsating wW(=Ay,1)=0, (49)
flow in a porous channel between parallel walls. An analytical -~ ~
P P y WX, +17)=0. (4b)

1In memory of Athanassios Fidas. i incli i

Contributed by the Fluids Engineering Division for publication in tii/BNAL ~ ~ l.n Ord?r t_O deflt;:e perIOdIC and Steady solutions we assume that
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering DivisionW 1S perIOdIC so that
Sept. 28, 2001; revised manuscript received Sept. 24, 2002. Associate Editor: I. e~ T
Celik. w(x,y,t)=W(xye'". (5)
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Fig. 1 Iso-amplitude w, (left) and iso-phase angle ¢ (right ) plots of the velocity in the cross section of a square duct (A=1),
for oscillating flow with a reduced frequency B=5 and for three different Reynolds numbers of the cross flow (Re=0,10,50)

Equation (2) together with Eq.(5) reduces to a nonhomoge-of the solution _for the plang-z, as well as the boundary condi-
neous Helmholtz equation. The boundary conditionsVioresult tion (4b) for W at y=+1. The Fourier series expansion is
by using the boundary conditions for the veloci) and the W(X,y)=3;_,A,f.(X)cos(h+1/27y). The functionsf,(X) then
equation for oscillating flow assumptidf). satisfy a nonhomogeneous ordinary differential equation with con-

For Eq.(2), the analytical solution, which satisfies the boundargtant coefficients. The solutions of the above equation can be ob-
conditions(4), can be determined by using first a Fourier seriegiined as the sum of a partial solution and the solution of the
analysis ofW for y. This expansion should satisfy the symmetrjnomogeneous differential equation. By using the boundary condi-
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Fig. 2 Mean over the rectangular cross section amplitude
of the velocity as function of the cross flow Reynolds number
the aspect ratio (A—0., A=1, A=2, A—) and for the value of the reduced frequency

t~ions(4a) for W atx=+ \, the final expression for the solution of

W is obtained:
\7V~~ 4 (71)n
(XvW—; 2, (2n+ D)p?
L 1 ReiD;  [Re=D
X +m e Sin 2 A
ReD.  [RetD 2n+1 _
—e 2 "sin N||jco§ —— 7y (6)
2 2
where
2n+1 2
p?=ip%+ . D=(R&+4p?)'2 @)

We have to multiply the former expressmnw by €'“! in order

-90 T l L} l T I T I T I
40 R 60 80 100

w, (left) and phase angle @ (right)
R, for four different values of
M=10

- 8
WEY)=

1
T SinD-N)

ReDs [RetD
—e 2 “sin > N

RHD} . Re-D
e 2 "sin > N

2n+1__
co 5

xy) (11)

X

with

2\ 12
=(R§+(2:;1w)) ) (12)

Results and Discussion

The obtained solutions for both steagg=0) and oscillating
flow (B#0) in a rectangular duct of aspect ratiowith constant
cross flow velocity can be reduced to the corresponding analytic
solutions for nonporous walldRke=0) given by J. V. Boussinesq

to determine the imaginary expression of the dimensionless veld&! (steady,3=0) and D. G. Drake[3] (oscillating, 5#0). The

ity componentw.
For a periodic imposed pressure gradient of the form

L t
bz cogwt),

)

the resulting periodic velocity is

W=Ww, cof wt+ @),

9)

whereW,(X,y) is the amplitude and(x,y) the phase angle re-

sulting from the expression ol(X,y) as follows:

él

=(W2+W?)12 <p=arctan\7v—'. (10)

r

oscillating flow solution given by D. G. Drak&] can be shown to
be equivalent to the solution of C. Fan and B. D. Ch&pand V.
O'Brien [5].

The obtained solution her@®e+0) contains as a limit both the
steady(B—0) as well as the oscillatory flow solutiofB+0) for
the case of equally porous parallel walkls—0) obtained by A. S.
Bearman6] and C. Y. Wand 7], respectively.

An example of the amplitude and phase angle distributions over
the rectangular duct cross section is shown in Fig. 1, for the os-
cillating flow with a reduced frequencg=5 and three values of
the transverse Reynolds number=R& 10, 50. In the case of the
absence of transverse flolRe=0), both the amplitude and phase
angle are nearly constant in the central part of the duct’s cross
section except for a region close to the walls, which shows a
boundary layer behaviofFigs. Xa) 1(b)). In the region of the
constant velocity, the flow behaves inviscid showing amplitude
W,=1/8% and phase angle=—90 deg. This behavior is typical
for the oscillating flows of high frequencies. The phase angle at
the walls far from the apexes and for high valuespofakes a

er W, are the real and the imaginary parts of the expressiQ@lue near to-45 deg, which is also typical for such kind of flows

of W.

(Fig. Lb)). There are four local maxima, clearly shown in Fig.

The defined analytic solution of the probldi®) contains both 1(a). Related flow phenomena are expected, and are discovered
the oscillatory as well as the steady solution of the problem. THer the pipe of circular cross section by E. G. Richardson and E.
steady solution can be obtained by taking the limit of the expre$yler (1929 and are known as “annular effecf2].

sion for B—0. The steady-state solution is obtained f+0 and
has the following form:

384 / Vol. 125, MARCH 2003

By increasing the cross flow Reynolds numi&e=10) the
effect of flattening of the velocity profile in the central region of

Transactions of the ASME

Downloaded 03 Jun 2010 to 171.66.16.152. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



the cross section is suspended, while, due to the convection, Peediction of Turbulence Statistics

maximum velocity, which increases, is shifted to the suction si

(Fig. 1(c)). In parallel, the phase angle increases and approac(rjéehmd a Square Cylinder Using Neural
the valuep=0 at the injection side of the du¢Re=50), where ;

the flow is convection dominated and so the viscous effects alr\(!etworks and Fuzzy Loglc

suppressed, while at the suction side the phase angle decreases by

increasing RéFig. 2(f)). The following relations can approximate P. K. Panigrahil

the amplitude of the velocity and phase angle for the convectiog:ma”. panig@iitk.ac.in
dominated flows at the injection side, : R

" 5in). s Manish Dwivedi

< _2 B

Wa_PSI 2 Re M| e=3 Re
as can be shown using the unsteady inviscid flow equations wkfinay Khandelwal
the convection term and applying the nonslip condition at the

injection wall. For the case @#?/Re—0, which practically means pepartment of Mechanical Engineering, Indian Institute
small values ofg and high values of Re then the velocity ampli-

tude has a linear distribution as in the case of steady flgw of Technology, Kanpur, UP 208016, India
=(X+\)/Re. The relationg18) confirm the above claims, for
small 8 and high Re values.

The mean over the rectangular cross section velocity can Mihir Sen
calculated by integration of the velocity distributi¢®) over the Department of Aerospace Engineering, University of
cross section. It can be found in dimensionless form by the f%otre Dame. Notre Dame. IN 46556
lowing expression: ! '

©

- - 1
N — ot — - ) A . . .
w=We'", W= ano 2n+1 \2 Experiments are carried out behind a square cylinder mounted in
( > 77) p2 the freestream of a wind tunnel, and hot-wire anemometry is used
to determine the profiles of the mean and statistical turbulence
D cosiRe\)—cosHDA\) quantities. Artificial neural networks and fuzzy-logic models suc-
X{1+ TN SnD %) ] (13) cessfully predict the statistical quantities like mean velocity pro-

files and Reynolds stresses. The fuzzy-logic modeling is more con-
Using the relationg10), the amplitudew, and the phase angle venient to use, is less computationally intensive, and gives a

symbolized a® can be calculated. In order to find the associatiohigher correlation coefficient in comparison to the neural

of the present solution to the corresponding problem of Wang®twork.[DOI: 10.1115/1.1537251

solution for the oscillating flow between two parallel porous walls

[7], we are obliged to choose other nondimensional variables de-

fined as follows: 1 Introduction
) w _ 1 12 Artificial neural networks(ANN) and fuzzy logic modeling
W= W”_WT)\% M=2a|—| =2\B, (FLM) have been used in recent years in many applications in
thermal and fluids engineerin@en and Goodwingl]). There is
U2a little, however, on the prediction of turbulent flow characteristics
R= 722)‘ Re. (14 using these methods. These techniques have the advantage that

they can be continuously updated in a learning mode such that
recently acquired data can be quickly incorporated into prediction
models. This would be particularly useful for the design of turbu-
#8%ce control systems that should adapt to changing circum-
stances. To test this idea a series of hot-wire anemometer mea-
surements were performed behind a cylinder of square cross
section mounted in the freestream of a subsonic wind tunnel. The
techniques of analysis are developed and tested on data from these
experiments.

Using the expression forv' and taking the limit forn—0, we
end up with the solution of C. Y. Wan§]. In Fig. 2 the mean-
velocity amplitude and phase angle are shown as functions of
cross flow Reynolds numbeR (0 to 100 for the value of the
reduced frequency =10 and for four different values of the
aspect ratigA—0, A\=1, \=2, A—0). The valuer=0 is identical
to the curves of the solution of C. Y. Warl@]. The truncation
error for the Fourier series expression of the amplitiiig. (13)]
is of the order of 2 107 for n=12, we used for the calculations

of Fig. 2. 2 Experimental Facilities
The experiments were carried out in an open-circuit wind tun-
References nel with a 2-m long test section and a nominal cross section of
[1] Dryden, H. L., and Murnaghan, F. D., and Bateman, H., 18B@{rodynamics 40 cmx40 cm. A square . cylinder made_ of perspex with a
Dover, New York. 25 mmx 25 mm cross section and 40 cm in length was mounted

[2] Berker, R., 1963, “Integration des Equations du Mouvement d'un Fluide Visspanning the width of the wind tunnel. The wind velocity was
ﬁueux7lgcompressible,l’—iandbuch der PhysjkVIIl /2, Springer-Verlag, Ber- kept as 5.3 m/sec with the corresponding Reynolds number based
in, p. 70. —

[3] Drake, D. G., 1965, “On the Flow in a Channel Due to a Periodic Pressur%n h=25 mm equal to 8543. ADANTEC mOd_el 56C17 Constant
Gradient,” Q. J. Mech. Appl. Math18(1), pp. 1-10. Temperature Anemometer and DANTEC X-wire probe were used

[4] Fan, C., and Chao, B. T., 1965, “Unsteady, Laminar, Incompressibifor the velocity measurements. The details of the experimental

Flow Through Rectangular Ducts,” Z. Angew. Math. Phyd6, pp.  technique with uncertainty have been discussed in Dutta g2]al.

351-360.
[5] O'Brien, V., 1975, “Pulsatile Fully Developed Flow in Rectangular Chan-
nels,” J. Franklin Inst.300(3), pp. 225-230. To whom correspondence should be addressed.
[6] Bearman, A. S., 1958, “Laminar Flow in an Annulus With Porous Walls,” J.  Contributed by the Fluids Engineering Division for publication in tiieJBNAL
Appl. Phys.,29(1), pp. 71-75. OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division
[7] Wang, C. Y., 1971, “Pulsatile Flow in a Porous Channel,” ASME J. Appl.March 19, 2002; revised manuscript received August 28, 2002. Associate Editor: G.
Mech., 38, pp. 553-555. Karniadakis.
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Table 1 Multiple correlation coefficients
(a) the same data, and (b) different data

fluctuation data when
are used for training and testing

R? for velocity and

Same Training
& Testing Data

Different Training
& Testing Data

Quantity ANN FLM ANN FLM
u 0.979 0.996 0.968 0.972

v 0.953 0.991 0.845 0.979
Ums 0.957 0.992 0.943 0.963
Vrms 0.968 0.991 0.958 0.973
U’ 0.968 0.992 0.925 0.964

3 Artificial Neural Network

The feed-forward or multilayer perceptron configuration is usezbnverts them t90,1] through a process of fuzzification, where 0
in this work. A multilayer perceptron can learn when presentdddicates no contribution of the variable and 1 is full contribution.
with measured input and output pairs. Here the input are tA#e output of the FLM corresponding to the input pair is obtained

X/h =

downstream and cross stream locatiotsndY respectively. The
output are the turbulent statistics such as the mean velocityin
the X and Y directions, respectively, the rms of the fluctuations

Ums @ndo s, and the Reynolds stressv’. Learning or training
involves modifying the connection weights and biases until the
network is capable of reproducing the target output for the respec-
tive input. Training takes place in an iterative fashion: Each cycle
consists of a forward propagation step with the weights and biases
being modified by the back propagation method. More details
regarding the ANN technique used here are in Panigrahi ¢8lal.

4 Fuzzy-Logic Model

The FLM procedure has four elements: a membership func-
tion, (ii) internal functions(iii) rules, and(iv) output. The mem-
bership function characterizes a fuzzy set which takes values and

8 14 20
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-1.0-0.5 0.0 0.5 1.0

urms
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T T T T

vrms

[m/s]
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50 —
0~
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-1.5-0.50.5 1.5 2.5

T T T I !
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Fig. 1 Comparison of u, v, U, Vims » @nd U’ v’ data at various X/ h-locations with
ANN and FLM predictions. Symbols correspond to experimental data, solid line to
FLM and dotted line to ANN. Different data are used for training and testing.

386 / Vol. 125, MARCH 2003

Transactions of the ASME

Downloaded 03 Jun 2010 to 171.66.16.152. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



by defuzzifying the model. The model output is compared to the Fifth ISHMT/ASMEfHeat&f Mass Trlansfer Conference & Sixteenth l_\lllational
input data to calculate the internal function coefficients which are ~ Heat & Mass Transfer Conferencealcutta, Jan. 3-5, Tata McGraw-Hl, pp.
modified using Newton’s method. Triangular membership func-(4) xie, H., Mahajan, R. L., and Lee, Y., 1995, “Fuzzy Logic Models for Ther-
tions are used in this work. The overall procedure employed here mally Based Microelectronic Manufacturing Processes,” IEEE Trans. Semi-

is similar to the one reported by Xie et &4t]. cond. Manuf. 8(3), pp. 219-226. o
[5] Rediniotis, O. K., and Chrysanthakopoulos, G., 1988, “Application of Neural

. . Networks and Fuzzy Logic to the Calibration of the Seven-Hole Probe,”
5 Results and Discussion ASME J. Fluids Eng.120, pp. 95—101.

For the ANN, the number of nodes in each layer, the initial
assignment of weights and biases, the learning rate, and the -Linear Stability Analysis for an
mentum factor were decided on the basis of numerical experimen- . i .
tation. Forv s, Umsandu, a 2-5-1 configuration was used, while|mpI’OV€d One-Dimensional Two-Fluid
v andu’v’ were analyzed with 2-8-6-1. For FLM, the memberMode|
ship function was observed to influence the correlation coefficien
depending on the type of turbulent statistics being modeled. The
:‘arge_st correlation coefficient was obtained using 12 membershjjy Ho Song
unctions. - .
The testing of the ANN and FLM was carried out in two stage&or?a Atomic Energy Research Institute, P.O. Box 105
In the first series of tests, the same data were used for testing di€jon 305-600, Korea.
training, while in the second 50% of the data were used for traig-mail: dosa@kaeri.re.kr
ing and the rest for testin@lternate data were selected for train-
ing and testing, respectivglyThe goodness of the modeling is
verified by using the multiple correlation coefficient defined as

A linear stability analysis is performed for a two-phase flow in a

m channel to demonstrate the feasibility of using momentum flux
2 (9-y))? parameters to improve the one-dimensional two-fluid model. It is
R2—1— =1 (1) shown that the proposed model is stable within a practical range
N m of pressure and void fraction for a bubbly and a slug flow.
2 (yj -y)? [DOI: 10.1115/1.1537256
j=1

wherey is the sample mean of thre data, andn is the number of ]
datapoints. 1 Introduction
The correlation coefficients obtained are presented in Table 1, jg g an unresolved issue that the basic form of the govern-

) :
For both ANN and FLM, theR" values are smaller when usingjq differential equations for the one-dimensional two-fluid model
different data for training and testing in comparison to when thg"mathematically ill-posed, though there have been efforts to im-
same data are used. The output from the ANN and FLM model fove it, [1-3]. Recently, Song and Ish[i4] suggested an im-

compared with the experimental data in Fig. 1. The FLM is ofsroyement of the model by considering the void fraction and ve-
served to be satisfactory in modeling at all spatial locations. Tj ity profile in the flow channel. However, as the analysis was
ANN also has satisfactory prediction at all locations except §hjted to the characteristic analysis, which considers only a very
X/h=8. The overall performance of the FLM is observed to bgnqrt wavelength disturbance, it is challenging to perform a linear

superior in comparison to the ANN. It may be noted that Redinkiapility to figure out the general applicability of the proposed
otis and Chrysanthakopoul$S] also observed the FLM to out- jodel.

perform the ANN for the calibration of a seven-hole probe. A two-phase flow in a channel is described by the one-
dimensional two-fluid model as indicated beldw,5],

apgdUgldz+pydal dt+ pgugdal 9z=0 (1)

6 Conclusions

The ANN and FLM techniques for modeling the statistics of
turbulence have been compared. To meet this objective, experi- a;pidUs1dz— pidal dt—peUsdal 9z=0 )
ments were carried out for the measurement of flow behind a )
square cylinder mounted in the free stream of a subsonic tunneftpgdUy/dt+apy(2C,q—1)ugdug/dz+py(C,g—1)Ugdal 9z
with a hot-wire anemometer. The back-propagation ANN and _ B
FLM using internal functions were used for modeling. Both tech- ~ — ~ @/P/9ZF apgQ—F+ Mg )
niques are successful in modeling the turbulence statistics welly . gu; /gt + agps(2C,;— 1)usdus /9z— ps(C,— 1) U2dal 9z
Overall, the performance of the FLM is superior to the ANN. The
ANN requires a number of trials for proper choice of the param- =—adpliz+ aipg+F + M 4)
eters of the network. In comparison, the FLM is more convenlewhemaf: 1—a, F, is the interphase drag, and,, andM;; are

to use and is less computationally intensive than the ANN. the generalized drag force, afitj; andC,, are the momentum

flux parametersf4,5]. In a two-phase flow, the momentum flux
Acknowledgments parameters for the gas and liquid phase do not only indicate the
eef'fect of velocity profile but also the coupling between the veloc-
ity and void fraction profile. It is fundamentally different from a
single-phase flow.
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Adel dt+Bael 9z+C=0 (6)  Q*=ampy[(Qau—D)*~2C,qus(Qau—P)Q+Q°C,quj

whereA, B, andC are matrices. A linear stability analysis con- +ap[(Qau—®)2—2C, U (Qau—®)Q+02C, u?].
sidering a traveling wave-type disturbaneke= d¢, exdi(kz — v — vl
—wt)], where d¢, denotes the initial amplitude of the perturba- (18)

tion, indicates that the stability of the system is determined fro

Fhen, the solution ofy, f k)=0 at a gi
the roots\ =\g+i\,= wr/k+iw, /k of the following equation: en, the solution ob, for g(w;,k)=0 at a given wave number

k is determined by the intersection of the following two curves:
determinant of(AN—B+i/kD)=0 (6) gl(X):494/an(X3+2X2+5/4X+ 1/4)
where D= (dC/d¢),. To compare these results with those of T

— 4 2 —
Pokharna et al.6], a simple Darcy model for the interfacial drag =40 /E(XJF:UZ) (x+1)x=0 (19)
by Ishii and Zubef7] is used: and
Fi=Kapu;. 7 92(x,K) = — k2(4paw?P* + 40w P* — Q*)
Then, for a two-phase flow in a horizontal channel, the mati@es ) ¥ 02 T 2 P*02/h_ OF
andD become k{4P*0 /E(X 12°=P*0 /E Q*}
(20)

C=[0,0Kapu?,—Kapsu? 8
[ b prt] ® wherex= w,pal/) represents the growth factor.
D1=D1,=D13=D14=D,=Dy=Dy3=D,,=0 9 In the case of the conventional model, wheZgi=C, =1,
P*__afpgapf(ugzj_uf)zv and Q*:afpgl:(Qa’u_cD)_ng]2

_ 2 _ [ = —
Ds1=Kpsuy, Dszp=2Kapsl,, Ds3 D3, Dgy 0(10) +L¥pf[(QpU_¢)_QUf]2, the functionsy1 (x) andg2(x,k) are

always positive at positive value So, they intersect at positive
D4y=—-Dg3;, Dg=-Dg3, Dy=Ds, Dyuy=0 (11) value ofx. This means that the growth factor is positive and the
system is always unstable. As the functigh(x) is proportional
to Q4 while g2(x,k) is proportional toQ)?, the growth factor
decreases &3 =2Kp;u, / a; increases. These results are basically

- _ 2_ 2 the same as that of Pokharna et[&l.
F\ k)=~ apgaipi pgars(A"=2Cygligh + Coglly) Let's consider an improved model with appropriate momentum
+ ap(N2—2C U + Cvfufz)] —pgpil Q* as(N—ug) flux parameters, which satisfy the necessary condition Rffats

. . positive. The shape of the functigii (x) remains the same as that
Q% a(N—up) |- apgaips®*. (12)  of the conventional model, while the shape of the function

For a finitew/k in the limit k—oc, Eq.(6) reduces to the char- 92(x,K) changes from concave to convex and has a maximum

where Cp and K are constants andi,=ug—u;. Let ®*
=iDg;/k, Q* =iDg,/k. The determinant is calculated as

acteristic equation value ofk?Q* atx=0. The curveg1(x) andg2(x,k) will inter-
5 ) sect at a positive value of if Q* is positive. IfQ* is negative,
f(N)=—a(l-a)pgpi[(1—a)py(A"=2NC,guy+C,4ug) they would not intersect at the positive value ofUnder that
+api(N2=2C,uh +C,qu?)]=0. (13) condition, the growth factor would not grow with time, and the

flow is stable. Therefore, it can be claimed that a sufficient con-
In the case of the conventional model, wh&g,=C,¢=1, the dition for stability is forQ* to be negative.

model becomes mathematically ill-posed since it can have real _ a2 B 2 2
roots only ifA =uy=uy,. However, if the momentum flux param- %_afpg[(ﬂa_u D)= 2C,qug(Rau— )2+ 07C,qug]

eters satisfy the following equation, we can have real roota for +ap(Qau—d)2—2C, U (Qau—d)Q+02C fuf]so
v v
P* =(aspyC,qUg+ apiCyiup)®— (agpg+ apy) (1)
x(afpgcvgu§+ aprvfufz)BO. (14) The first criterion in Eqg.(14) makes the system of governing

differential equations hyperbolic, which enables the propagation
dfvoid fraction wave. The second criterion in Eg1) determines
whether the flow is stable to the small perturbations or not.

This provides the necessary condition for stability as discussed
Song and Ishi[4].

Let’'s consider the general case where the wave nurkher
finite. The solution forf (\,k) =0 is determined from the real and

imaginary parts as 3 Application of Proposed Arguments to a Bubbly

Flow and a Slug Flow

We can put the stability criteria in nondimensional forms by
+apf()\§7 2C,,fuf)\R+CUfuf27)\|2)fQ/k)\.=O introducingS=ug/u; andR=ap;/((1—a)pg) as
as)  Plapglp)=P*/(apiu)?=(C,gSIR+C,)*~ (LUR+1)

pgai(Na—2C,qUghg+ C,qus— A7)

2pg[1f)\|()\R_Cugug)+2apf)\|()\R_CUfo) X(CUQSZ/RJ'_CUf)?O (22)
+[NrQ— Qasuy— Qaul/k+d/k=0 16) Qla,pg/p)=Q*/(api?uf)
whereQ =Da,/(aag)=2Kpsu, /af andd=Ds;. =0.251/R+1)(1+ a+ a;S)?

For convenience, lgia=pga;+ aps, au=Uga;+ au; . Adis-

persion relation betwéen the wave numkand the growth factor ~SR[1-a(S=1)]Cyg~[Sta(1=9)]C,=<0.

w, is obtained by combining the above two equations: (23)
K =4padw’+8pa2Qwi+5pa0ew’+ 03 By using these two criteria, we can investigate the adequacy of the
9l k) =4pa’wi+Bpa”oi+Spallio; ! improved one-dimensional two-fluid model in describing a bubbly
+K2(4paw?P+4Qw P*—Q*)=0 (17) oraslug flow in a channel.
— By using a correlation for a volumetric distribution parameter,
whereP* is the same as in Eql4) andQ* is defined as [8], and the experimental results of Well®], Song and Ishi[4]
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fraction wave in bubbly flow and slug flow within a wide range of
void fraction and density ratio. It is consistent with the existence
of bubbly and slug flow regime in the real world, while the con-
= ventional basic form of the one-dimensional two-fluid model

0.8 . . -
causes unphysical instability.
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Fig. 2 Plots of Q for bubbly and slug flow at density ratio of
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constructed a bubbly flow and a slug flow in the void fraction
range of 0.2-0.7. By following the same procedure we can de- ) ) ) ] ] )
temineR, S and momentum flux parameters as a function of voidihe behavior of symmetric parallel jets was investigated experi-
fraction and density ratio. It enabled us to calculatandQ as a mentally. Two-component hot-wire surveys of the velocity field
function of void fraction and density ratio. were performed over a jet region extending from the nozzle plate
Figure 1 shows the nondimensional quan®,p,/p;). The to a d_istance seven times the _spacir_19 between the nozzle_s. '_I'he
density ratio is chosen between 0.01 and 0.001, which is betwe@@jective of this study was to investigate an observed periodic
the system pressure of the nuclear reactor and atmospheric pk&havior in the near-field region between parallel jets that in-
sure. It is shown thaP(a,py/ps) is always positive, which sat- Creases in frequenc_y as the n_ozzle widths decrea_lse. This behavior
isfies the first stability criterion. Figure 2 shows the nondimervas found to occur in parallel jets where nozzle widths are greater
sional quantityQ(a,pq/py). It shows thaQ(a,py/py) is always than 0.5 times the jet spacer width. '_I'he phenomenz_;\ are attributed
negative, which meets the second stab|||ty criterion. to bluff body Sheddlng in the near field and a Conflnlng effect of
The fact is that the proposed model is applicable in a wid&€ outer shear layerd.DOI: 10.1115/1.1537257
range of void fraction and the density ratio is very important, as

previous improvements had a very limited range of applicatio .
[1-3]. Ihtroduction

The current study focuses on a parallel planar jet flow with
4 Discussions relatively large nozzle widthsy compared to the width of the

The argument above indicates that we can significantly improve—

_di f fliii ; ; B Contributed by the Fluids Engineering Division for publication in tleJBNAL
the one-dimensional two-fluid model by considering the COUphnch FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division

of velocity and void profile. The. proposed mOdell is mathemat@,’une 20, 2002, revised manuscript received Oct. 22, 2002. Associate Editor: M. V.
cally well-posed and can describe the propagation of the voadigen.
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spacer separating the two jatsspecificallyw/d>0.6. For those Flow visualization provided additional evidence to confirm the
configurations a periodic, bluff-body-type shedding behavior wasrtex shedding behavior. However, those results are omitted due
detected between the two jets with the spacer between the jeisthe inability of still images to adequately describe dynamic
serving as the bluff body. In previous studies on smalléd eyents.
ratios this periodic behavior is not detected and is instead domi-Figure 3 shows jet exit velocity versus the product of shedding
ng@edt_by ath’ﬁ'r of court1terroktat|r}g recwc_ulatlotn”ceﬂtls,—7].t_Thte tl_féﬁquency and spacer widtlid for w/d=0.6 andd=3.18cm.
objective of the present work is to experimentally investigate ; -

: . " perimposed on the plots are the frequeniy) (spectra posi
\;o;t%x shedding phenomenon for parallel jets with <Ov/d tioned adjacent to the corresponding velocity point. The vertical
e positioning of each scale is arbitrary and chosen so that the domi-

. nant peak was aligned with the appropriatg, versus fd

Experimental Procedure datapoint. The spectra are included only to illustrate the presence

The schematic shown in Fig. 1 defines the relevant parametéfl shape of the dominant peak and although it is important to
and coordinate system for the parallel jet configuration. Expefote that the vertical scales are logarithmic with a consistent
ments were conducted over a nozzle exit velocity range of 3—8&1ge, they are arbitrary and therefore omitted to improve the
m/s which gave a Reynolds number range based @f Re, overall clarity of the chart. It is emphasized that the power spectra
=3,900—108,000. The origin of the two-dimensional coordinacale is omitted and should not be confused with the displayed
system was located where the symmetry plane intersects theViglocity scale. The dotted line shown on the plot represents the
plate. Mean velocity and frequency spectra data were obtained R&st linear fit of theJ,, versusfd data. This choice of parameter
w/d=0.6, 0.8, 1.2, 1.6, and 2.0 utilizing three nozzle spacings 6fouping was selected because the inverse of the slope of the
d=2.7, 3.18, and 3.81 cm. Measurements were obtained at a cbpear fit, fd/U, defines a Strouhal number or, reduced frequency
sistentw/d for each spacer by varying the nozzle width. Th@f the periodic motion. S _ _
lengthwise span of the nozzle,was fixed at 20.32 cm. Some general trends were identified. For all configurations the

The flowfield was surveyed with antype hot-wire probe. A data accurately matched the linear fit. This indicated that the re-
recirculation flow was present in the cavity region between the jéticed frequency was independent of Reynolds number over the
inner shear layers that extended in the streamwise directionr@nge measured. Also, the slope of the linear fit was constant at a
approximatelyx/d=1.5. Data in that region are not included duQiVEﬂW/d and independent af. That result is consistent with the
to the probes inability to detect reverse flow. mean velocity profiles which govern the periodic behavior and

There were two aspect ratios of interest for this problem; tthow that for a giverw/d the profile shape and streamwise evo-
nozzle aspect ratiow/L, and the spacer aspect rati/L. For lution did not depend ou.
largew/d and larged the two aspect ratios were quite small, e.g., For eachw/d the data representing all velocities and spacer
w/L=2.67 andd/L=5.33. This condition is a practical conse-Widths could be described by a single linear trend as shown in Fig.
quence of the facility dimensions and measurement resolution fbr The average reduced frequency for eadhl is presented in
large w/d. For nozzle aspect ratios greater than 5 the midspd@ble 1 and shows that it decreasedndd increased. The corre-
flow demonstrated a nominally two-dimensional character. Thigtion coefficients for the linear regression curve fits are also pre-
was verified by measurements near the symmetry plane whiggnted in Table 1 and give a strong indication of the linearity of
showed negligible spanwise gradients in the mean flow. Howevéte data trend. The data in Table 1 are plotted in Fig. 5 and show
when the spacer aspect ratio decreased below 5 the jet end cofitfit the relationship between the reduced frequencyvaiddwas
tions began to influence the midspan flow. A more thredwonlinear and consistent with an asymptote limit for laveel.
dimensional mean flow was produced that caused the periodige asymptote value of approximately 0.20—0.24 is in the range
behavior to become progressively more irregular. In the currek Strouhal numbers reported for similar D-shaped bodies in wind
study the data only reflect configurations with spacer aspect ratfggnel experiments, cf., Bearman and Tomb#2is
greater than 5. Small nozzle aspect ratios did not introduce any
significant change in character to the mean flow in the regions
surveyed.

Results

Mean flow profiles are presented in FiggaRand 2Zb) at five
axial stations for a representative Reynolds numbej=R6,000
and forw/d=0.6 and 1.4, respectively. These figures illustrat
that the flowfield had both jet-like and wake-like characteristic:
That is, studying only the inner two shear layers, the profile
resemble the wake behind a bluff body with dimensibiThis is
most clearly shown in Fig.(®). However, studying only the outer
two shear layers, the profile behavior is more typical of a plan

combined
region

combined point

jet. In the far field the merged jets have the mean flow charactt merging
istics of a single turbulent jet. At a givew/d the mean flow region
profiles are similar and independent of scale.
shear layer

The periodic nature of the flow was investigated by measurir
the axial flow at a stationary point and performing a Fourie
analysis of the data. The location of the probe was chosen to b

merge point

streamwise distance of/d=1.5 and transverse distanggd conve.rging
=0.5 directly downstream of the inner lip of the jet nozzle. Thi reg'oz

streamwise location corresponded to the location of maximu ,
normal stress along the centerline for all configurations. Or ] w
should note that definition as the one typically used for the vorte U L
formation length in a bluff-body flow, cf. Blod8]. The dominant _a‘ d }<—
frequency mode detected along the symmetry plaid=0) was

twice the value measured gfd=0.5. That result supports the Fig. 1 Description of parallel jet flowfield parameters and
claim that periodic vortex shedding occurred between the two jeteordinates
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Table 1 Reduced frequency and linear curve fit correlation co-
efficients, R? averaged over all spacer widths and velocities

was no detection of periodic behavior. Hence, that range indicated
a transition region between a vortex shedding regime, the focus of
the current study, and the recirculation cell regime reported in the

wid fd/Uo R? many previous studie$1—7].

06 0.334 0.998 The data in Fig. 4 correlated well with the linear fit despite a
0.8 0.297 0.998 seemingly large variation in the geometric parameters. For ex-
%-é 8-%(1) 8-382 ample, the increase id at a fixedw/d produced a change in the
20 0.243 0.995 spacer aspect ratio from 4.57 to 7.52. In addition, the different

spacer widths describe bluff-body shapes which were not geo-
metrically similar. Both of these effects are expected to slightly
alter a bluff-body shedding frequency. However, despite those
variations in geometric parameters the linear fit provided an accu-
rate description of the data trends over the entire parameter space.
That indicates that the confining effect of the outer shear layers
d a much stronger influence on the shedding behavior than the
riations in geometry used in the current study.

The increase in reduced frequency with decreasifdymay be
explained by the confining effect of the outer shear layersvAss
decreased the outer shear layers were brought closer to the bl
body shedding region between the jets. This had an effect simi
to that of the confining walls in a wind tunnel being brought closer
to a bluff body. The walls of the wind tunnel alter the trajectory of
the §tream|ines fro_m t_hat Which Woul_d exist in an unconﬁne@onclusions
configuration resulting in an increase in the shedding frequency.

For the parallel jet, each of the outer shear layers produce a sheethe mean flow and periodic behavior of low aspect ratio par-
of vorticity whose integrated influence on the cavity between ttidlel jets was experimentally investigated ford=0.6—2.0 over
jets is an induced velocity with a component directed toward ttiejet exit velocity range covering approximately 2—34 m/s. The
symmetry plane. The induced velocity will influence the interioffow demonstrated a vortex shedding behavior in the near-field
streamlines and impede the free expansion of the wake enveldpgion between the jets similar to that which would be expected
in a manner similar to the walls of a wind tunnel. The influence dfom a bluff-body. That is contrary to the behavior at smaller
the outer shear |ayers on the flow near the symmetry p|aneWéd’S where periodic flow is not detected. Both the mean flow
increased as their distance from the shedding region is decreag@d the periodic behavior were found to be similar fordafind
(smallerw/d) and therefore produced a progressive increase R when compared at a consistentd. A progressive increase in
shedding frequency. For large/d the outer shear layer influencereduced frequency was found to correspond to a decreasédin

is diminished and the reduced frequency approached a const@gisistent with the increasing influence of the outer shear layers.

unconfined value.

Likewise, the reduced frequency of the periodic flow was found to

Progressive decreasesvirid below 0.6 showed a rapid transi-decrease toward a constant value for langel consistent with a
tion away from the periodic shedding and beloud=0.5 there diminished effect of the outer shear layers.
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