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Abstract. The main goal of this work is to develop, implement and vé&idganumerical methodology to be used in the
imposition of heat fluxes boundary conditions in high Reystlirbulence models, such as the classicale. In order

to achieve this goal, a test case of a thermal backward fasteg was used to calibrate an expression capable to adjust
the behavior of the Stanton number inside the recirculatéggon. Informations given by the use of classical analsgie
combined with the physical reality of the backward facirepgtroblem and the use of laws of the wall are employed for
the development of the algorithm used to impose this kindesfrial condition in problems with and without boundary
layer deattachment. The algorithm of numerical resolutisad to execute the simulations applies a consolidate Réyno
and Favre averaging process for the turbulent variables] ases the classical - £ model. The internal regions of the
velocity and thermal boundary layer are modeled by one Wgl@nd one temperature wall law. Spacial discretization
is done by P1/isoP2 finite element method and temporal digat®n is implemented using a semi-implicit sequential
scheme of finite difference. The coupling pressure-vgligihumerically solved by a variation of Uzawa’s algorithm.
To filter the numerical noises, originated by the symmetgatment to the convective fluxes, it is adopted a balance
dissipation method. The remaining non-linearities, duexplicit applications of velocity laws of wall, are treatbg a
minimal residual method.
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1. INTRODUCTION

The numerical simulation of turbulent flows using high Regsdurbulence models, such as the classical ¢, is
one of the most popular methods used to describe the mainléumtivariable fields of a great range of industrial interest
flows. The greatest advantages of this approach are the lmput@ational cost of the simulations and a considerable good
quality of the results obtained. One of the most remarkatpeets of this kind of methodology is the use of mathematical
expressions to predict the fluid flow behavior in a region wichery closed to the wall. These expressions are the laws
of the wall and are used to reduce the computational coste sive high gradients involved in this region would demand
very refined meshes. Meanwhile the use of laws of the walkis @dsponsible for the lose of information in a certain area
of the calculation domain, witch can be a great disadvardagending on the interest of the numericist. In the simaoati
of turbulent flows with thermal field, a temperature law of el is required. When the boundary condition in the solid
wall is expressed in terms of temperature there are no difésy since there are a considerable number of temperature
laws of the wall, but when the boundary condition is exprdsederms of the local heat flux, a problem occurs, since a
heat flux law of the wall is still not available.

The main goal of this work is to propose, implement and vaidenumerical methodology to be used in the simulation
of turbulent thermal flows with local heat flux boundary cdimttis. In order to achieve this goal, an algorithm is proplpse
based on the use of classical analogies to quantify the ricahealue of the local convective heat flux coefficient woiki
simultaneously with temperature and velocity laws of thé.wa

Mathematical analogies between the local friction coeffitiand the Stanton number have been studied for a long
time, that interest can be observed in the works of Reyndl834), Colburn (1933), Von Karman (1939), Schultz-
Grunow (1941), Martinelli (1947), Reynolds et. al (1958¢afays et. al (1993). The results obtained by the use
of classical analogies, such as the Colburn (1933) analogyufbulent flows without boundary layer deattachment,
proved to be in a good range of agreement with experimenthhamerical results, as showed by Gontijo and Fontoura
Rodrigues (2006a and 2006b). By the other hand, in deattdatiendary layers, the use of the same analogies produces
very underestimated values of the local Stanton numbereiningide of the recirculation region as described by Gontijo
and Fontoura Rodrigues (2007b).

In this work an adjust function for the Stanton number, widltidity in the recirculation region, was developed using
the thermal backward facing-step problem studied by Vogel Baton (1985) as the physical reality to calibrate this
function. The created algorithm was capable to produce gesalts for the temperature profiles obtained numerigally
the case of deattached turbulent boundary layers, ever iretirculation region. The explanation of the main ideaef t
proposed algorithm will be better understand in the nexices.
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The solver used to execute the simulations is called Turbwoh is a research Fortran numerical code, that has been
continuously developed by members of the Group of Compleid@Dynamics - Vortex, of the Mechanical Engineering
Department of the University of Brasilia, in the last twegiars. This solver is based on the adoption of the finite
elements technic, under the formulation of pondered ressdaroposed by Galerkin, adopting in the spatial discaétn
of the calculation domain triangular elements of the typedeP2, as proposed by Brison, Buffat, Jeandel and Serres
(1985). The isoP2 mesh is obtained by dividing each elemfghed®1 mesh into four new elements. In the P1 mesh only
the pressure field is calculated, while all the other vadalaire calculated in the isoP2 mesh.

Considering the uncertainties normally existing aboutitiiteal conditions of the problems that are numerically sim
ulated, it is implemented a temporal integration of the goie equations system. In the pseudo transient process the
initial state corresponds the beginning of the flow, and th&l §tate occurs when the temporal variations of the turthule
variables ceases. The temporal discretization of the govgequations, implemented by the algorithm of Brun (1988)
uses sequential semi-implicit finite differences, withncation error of orded(At) and allows a linear handling of the
equation system, at each time step.

The resolution of the coupled equations of continuity andmaotum is done by a variant of Uzawat's algorithm
proposed by Buffat (1981). The statistical formulatiorspensible for the obtaining of the system of average egustio
is done with the simultaneous usage of the Reynolds (189%)Fanre (1965) decomposition. The Reynolds stress
of turbulent tensions is calculated by the- ¢ model, proposed by Jones and Launder (1972) with the motifica
introduced by Launder and Spalding (1974). The turbuleat fiex is modeled algebraically using the turbulent Prand|
number with a constant value of 0,9.

In the program Turbo2D, the boundary conditions of veloeitd temperature can be calculated by velocity and
temperature wall laws. In this work, it is used the classgalithm wall law for velocity and temperature. The numdrica
instability resulted of the explicit calculation of the balary conditions of velocity, trough the evolutive temp@racess,
is controlled by the algorithm proposed by Fontoura Rod¥&g1 990). The numerical oscillations induced by the Gaterk
formulation, resulting of the centered discretization legapbto a parabolic phenomenon, that is the modeled flow, are
cushioned by the technique of balanced dissipation, pexpby Huges and Brooks (1979) and Kelly, Nakazawa and
Zienkiewicz (1976) with the numerical algorithm proposedirun (1988).

In order to quantify the wideness of range and the consistefithe numerical modeling done by the solver Turbo2D,
the velocity and temperature profiles obtained numericaléycompared to the experimental data of Vogel and Eaton
(1985).

2. GOVERNING EQUATIONS

The system of non-dimensional governing equations, forlaatile and one phase flow, without internal energy
generation, and in a subsonic regime (Mach number undei0,3)
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In this system of equationsis the fluid density is the time,z; are the space cartesian coordinates in tensor notation,
w is the dynamic viscosity coefficient;; is the Kronecker delta operatay, is the acceleration due to gravity,| is the
absolute value of the gravity acceleration veciois the absolute temperature, is the flow velocity ,k is the thermal
conductivity, Re is the Reynolds numbefr is the Froud numbelPr is the Prandtl number, and the non dimensional
pressure is
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wherep,, is the average spatial value of the pressure figlid,the actual value of pressui®, andu, are the reference
values of the fluid density and the flow velocity. More detait®ut the dimensionless process are given by Brun (1988).
In order to simplify the notation adopted, the variableshiait dimensionless form have the same representation as the
dimensional variables. The Reynolds, Prandtl and Froudebeus are defined with the reference values adopted in this
process. The lenght used in the definitionfaf and F'r in this case is the height of the backward facing step.
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2.1 THE TURBULENCE MODEL

In this work all the dependent variables of the fluid are #dads a time average value plus a fluctuation of this
variable in a determinate point of space and time. In ordexctmunt variations of density, the model used applies the
well known Reynolds (1985) decomposition to pressure arid dlensity and the Favre (1965) decomposition to velocity
and temperature. In the Favre (1965) decomposition a raizeéageneric variable is defined as:

o (T,1) =3 @) + ¢ (&1) with 5= % and 7 (7,1) # 0. (6)

Applying the Reynolds (1895) and Favre (1965) decompausdtido the governing equations, and taking the time
average value of those equations, we obtain the mean Reyagldhtions:
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where the viscous stress tensor is
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In these equations is the molecular thermal diffusivity and two news unknowragtities appear in the momentum
(8) and in the energy equation (10), defined by the correlatimtween the velocity fluctuations, the so-called Reyold
Stress, given by the tensefpu;'v7/, and by the fluctuations of temperature and velocity, theated turbulent heat flux,
defined by the vector pu//T".

The Reynolds stress of turbulent tensions is calculatetdwy+ = model. For flows with variable density, it is adopted
the formulation of Jones and McGuirk (1979),where
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the turbulent kinetic energy is done by
1
k= —ulul. (13)
2
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wheree is the rate of dissipation of the turbulent kinetic energkie Turbulent heat flux is modeled algebraically using
the turbulent Prandl numbétr; equal to a constant value of 0,9 by the relation
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In the equation (14¥, is a constant of calibration of the model, that val0e89. Once that: ande are additional
variables, we need to know there transport equations. Emspiort equations of andes were deduced by Jones and
Launder (1972), and the closed system of equations te the model is given by:
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with the model constants given by:
C,=0,09, Cey =1,44, Cop = 1,92, Ce3 = 0,288, 0, =1, 0. = 1,3, Pry =0,9.

2.2 NEAR WALL TREATMENT

Thex — e model is incapable of properly representing the fluid bedrawi the laminar sub-layer and in the transition
region of the turbulent boundary layer. To solve this in@mence, the standard solution is the use of wall laws, dapab
of properly representing the flow in the inner region of thibtilent boundary layer. There are four velocity and two
temperature laws of the wall implemented in the Turbo2D cadevich one temperature and three velocity wall laws
are sensible to pressure gradients. In this work, consigéhiat no significative pressure gradients are involvely, e
logarithm law is used. The logarithm law of the wall for vetgds already well known, and further explanations are
unnecessary.

For the near wall temperature, Cheng and Ng (1982) derivexkpression similar to the logarithmic law of the wall
for velocity. For the numerical calculation purposes, thtelisection point between laminar and logarithmic suleday
are defined ay* = 15, 96, with y* = ud /v, whereu is the friction velocity calculated by the relation
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v is the kinetic viscosity and is the distance until the wall. The temperature wall laws lfoninar and logarithmic
sub-layers are respectively
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whereTj is the environmental temperature dfigis the friction temperature, defined by the relation
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In the equation (26) the constamtSy, andC\y, are, respectively, 0,8 and 12,5. The turbulent Prandtl reriib, is
assumed constant and equal to 0,9.

For the turbulent kinetic energyand for the rate of dissipation of the turbulent kinetic gyer, the near wall values
are taken by the following relations

Uf2 Uf3
K= l\/C—uL and f—:[K—(SL, (28)

with K = 0, 419.

Tfo = (27)

0
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2.3 THE STANTON NUMBER

In many engineering practices the representation of inapogiarameters are made in a non dimentional form. The
wall heat flux, for example, can be estimated in a non dimenisasis by using the local Stanton number, that can be
calculated by two distinct manners. The first one is a classiay to turn the local parietal heat flgx in a dimensionless
form:

St, = Lo where, for a flat plate ¢, = — <8—T> . (29)

peptioe (T — To) Oy =0

In equation (29) an accurate calculation of the temperatadient is a difficult task since the use of wall laws give
raise to some lost of some information in the wall region.

Another way to compute the local Stanton number is baseceingle of analogies. An special analogy derived from
a diversification of the Reynolds analogy, made by Colbu@3g) for fluids with the Prandtl number equal or larger than
0,5, is called the Colburn analogy. The Colburn (1933) emplicoarelation establish a relationship between the local
Stanton numbe$'t,,, the local friction coefficient's, and the Prandtl numbé?r:

(30)

In equation (30), the local friction coefficieatf, is calculated with the use of the friction velocity, numerically
generated by the Turbo2D code:

C T .
; T = pu“; with Tw = pu} S0 TR (31)
o0 o0

2.4 PROPOSED ALGORITHM

The algorithm here proposed, to be used in turbulent thefimak with heat flux specified as the wall boundary
condition, is based in a numerical methodology the can hemed by the following steps:

1. The value of the local friction velocity; calculated by eq.(25) is used to determine the value of tte foiction
coefficient.

2
_ 2y

Cfz = (32)

uZ,
In eq.(32)u. represents the velocity outside the boundary layer.

2. The value of” f, is then used to calculate the local Stanton number using oftu€(1933) analogie as expressed
in eq.(33).

Cfas
Stz = 52573 (33)

3. By the definition of the Stanton number it is possible tineste the value of the local convective heat flux coeffi-
cient, with eq.(34).

he = StepChiee (34)

Wherep is the fluid density and’, represents the specific heat at a constant pressure.

4. With the value ofh it is possible to do an aproximatelly conversion of the ldeaht flux into the local wall
temperature. This information is then sended to the tenperdaw of the wall that calculates the temperature
boundary condition in the first node of the mesh.

The main idea of this algorithm is to use the values of dynahmiarameters of the flow in the wall, such as the friction
velocity to estimate the heat transfer rates, with the usdasisical analogies, in order to convert an imposed heat flux
in the wall into a calculated wall temperature, so the thédma of the wall can calculates the temperature boundary
condition in the wall nodes.

It is important to say that for recirculation regions, a eation need to be done in the value of the local Stanton
number. In this work it was created an adjust function basetthe data of an experiment of Vogel and Eaton (1985) in a
thermal backward facing-step with a thermal boundary diomdon the wall of a constant heat flux imposed. This special
treatment will be better explained in the future sections.



Proceedings of ENCIT 2008 12th Brazilian Congress of Thermal Engineering and Sciences
Copyright © 2008 by ABCM November 10-14, 2008, Belo Horizonte, MG

3. NUMERICAL METHODOLOGY

The numerical solution of a dilatable turbulent flow, has amdifficulties: the coupling between the pressure,
velocity and temperature fields; the non-linear behavidhefmomentum and energy equations; the explicit calculatio
of boundary conditions in the solid boundary; the methogglof use the continuity equation as a manner to link the
coupling fields of velocity and pressure.

The solution proposed in the present work suggests a tetingiscaetization of the system of governing equations
with a sequential semi-implicit finite difference algornthproposed by Brun (1988) and a spatial discretization using
finite elements of the type P1-isoP2. The temporal and dphseretization implemented in Turbo 2D is presented in
Fontoura Rodrigues (1990).

4. NUMERICAL MODELING

The test case used to achieve the proposed goal is based timetineal backward facing step of Vogel and Eaton
(1985). The schematic representation of the calculationadio is described in figure (1)

q"=0
u= Um%
—
T=T ,— Calculation domain H P=0
—
K, &€ =
q"=0 h
g" constant
L
Figure 1: calculation domain
Figure (2) displays the meshes used to execute the simulatio
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Figure 2: Calculation meshes. Figure 2a - pressure meshrd=2b - the rest of turbulent variables
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The dimentions in figure (1) are: h = 0,038 m, H = 0,15¢w, 0,2 m and L = 0,6 m. In the inlet where imposed flat
velocity and temperature profiles with the purpose of allbe flow development before the deattachment point, since
there is some uncertainty about the experimental inletlpsofi: ande values in the inlet where estimated based on the
turbulence level of the wind tunnel described by Vogel antbE#1985). In the lower wall of the backward facing step a
condition of constant heat flux was imposed and in the top avadl adiabatic condition was estabilished. In the outlet the
flow is in atmospheric pressure. The Reynolds number bas#uedmeight of the step is 27023. The velocity on the free
stream flow is 11,3 m/s and the heat flux imposed is B70n2. The low value of the imposed heat flux was setted to
avoid significant variations of the thermodynamic propertf the fluid by the increase of temperature, such as the fluid
density, even though in the numerical resolution, a diletéwrmulation was used in order to produce a more accurate
value of the dynamical and thermal field.

Figure (2.a) shows the P1 mesh used to calculate the presidgeviihile figure (2.b) ilustrates the P1/isoP2 mesh,
that was used to calculate all the other variables, such lasiye temperature, fluid density;, ande. It is possible to
notice that 8016 finite elements were used to calculate thie tudoulent variables. Indeed, 8 thousand elements, fer th
domain, constitute a reasonable refined mesh. The final diowiof the mesh was obtained with a mesh study. This
number of elements were able to provide a numerical sintulatith a low computational cost and a good quality of the
results, as the next sections will show. It is also importantotice a greater refinement level in the near wall elements
This procedure is important, since higher gradients apipeéis region.

The pressure and kinetic energy fields obtained numeriaadiyshowed in figure (3) and (4).
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Figure 3: pressure field

The pressure field in figure (3) shows a low pressure zone inebieculation region and a change in the signal
of pressure in the reattachment point, this behavior issidas deattached boundary layers. The values in the legend
represent the non dimentional pressure, defined in equi@jon
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Figure 4: kinetic energy field

In figure (4) is possible to observe low valuesroin the deattachment point, those values increase untiligeecan
intense kinetic energy field near the reattachment points bahavior is classic in backward facing steps simulations
The black lines represents the streamlines of the flows. Xperemental reattachment point occursifih = 10,4 and
the obtained numerical valuedigh = 10, 6. These informations are significant to conlude that the dhyoal parameters
of the flow are in a good agreement with experimental data.
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The Stanton number behavior through the lower wall was nigalér calculated with the use of the Colburn (1933)
analogy, equation(33), by using the values of the frictiefouity u; to estimate the Stanton number. Figure (5) shows
that the numerical values inside the recirculation regiavetthe same qualitative behavior of the experimental galug
are different by a scale factor. The numerical Stanton nurmdiggure (5a) was calculated with equation (33).

0.006

o . Experimental
Numerical

0.004 f

0.002 F

X/h

Y/h

0 ¥ (b)

Figure 5: Numerical and experimental behavior of the Stantamber (a), velocity field and streamlines of the flow (b)

It is possible to notice that outside the recirculation zahe numerical and experimental values are very close, and
that the higher values of the Stanton number occur near #ttaohment point. This behavior is directly related to the
kinetic energy field ilustrated in figure (4), since turbuderconverts great part of the kinetic energy of the flow intathe
The numerical values outside the recirculation region arg glosed to the experimental behavior.

Itis also possible to notice that in the reattachment pbiatiumerical value o$t, goes to values near zero, since the
shear stress in the wall in this point is very small and cousatly the values of’ f,.. This shows that the use of classical
analogies are not appropriated in flows with boundary lagattdchment, as showed by Gontijo and Fontoura Rodrigues
(2007b). Even recognizing that the use of classical anatoigiside deattached boundary layers have serious lioritati
the behavior showed in figure (5a) suggests the adoption aflpust factor to the Stanton number inside this region. It is
important to notice that the observed valuessef will change with the distance between the wall and the firstenof
the mesh. By this reason, it was used the average valye,dhat express the distance to the wall in witch the simutatio
is done. The definition of ™ is

+_ugd
= (35)
whereuy is the average value of the friction velocity calculatedbtigh the wall of the recirculation region,is the
distance from the wall and the first node of the mesh:aigithe kinematic viscosity of the fluid.

With the definition ofy™, several simulations were executed with different valifeg'q and an adjust constant was
calibrated for each simulation, with this methodology ajustfunction was created and it's behavior is well shaped by
power law as expressed in equation (36)

fly")=546y" " . (36)

With the aid of the correction shape function, the propospdhdon for the calculation of the Stanton number inside
recirculation regions is the modifyed Colburn analogie

Cfa

~0,2936
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Figure (6) shows how the modifyed Colburn analogie workghérecirculation region, the discontinuity in the Stan-
ton number in the reattachment point is avoided and the madgobrder of the values is very similar to the experimental
data. This methodology allows the simulation of turbulérimal flows with heat flux boundary condition using a high
Reynolds turbulence model. Some points can still be imptavduture works, and this methodology needs more study
in order to extend this treatment to other complex geongetrie

0.006 F T T T T =
- [ ] Experimental e
= Colburn analogie =
= *Modifyed Colburn analogie E
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Figure 6: adjust of the Stanton number inside the recirmratgion

The most important validation of this methodology are thagerature profiles obtained for this test case, that are
displayed in figure (7).
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Figure 7: temperature profiles at positions: x/h=8.73 (a%%0.87 (b),x/h=13.00 (c) and x/h=17.23 (d)
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In order to give an idea of the sections where the profiles waken, figure (8) shows the calculation domains with
the streamlines and the geometric places where numeridagerimental profiles were compared.
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Figure 8: Sections where the profiles were taken

Figure (7) shows a good aproximation between the numen@hkeaperimental values of the temperature profiles in
the lower wall of the thermal backward facing step. Thesedilps are considered a good validation of the proposed
methodology specially in the interior of the recirculati@gion, as displayed by figures (7a) and (7b).

5. CONCLUSIONS

The proposed algorithm was capable to reproduce with a goegigion the temperature field of a turbulent flow of
air over a thermal backward facing step with a heat flux bogndandition, using the classical— e model, as shown by
figure (7).

The creation of an adjust function for the Stanton numbedathe recirculation region, was based in an empyrical
numerical philosophy witch is valid only for this situatiohis work does not bring universality to the simulation of
flows with heat flux boundary conditions using the- ¢ model, but it is capable to give better results under certain
conditions. Extrapolations of this methodology for othérds of flow with boundary layer deattachment still needs
mindful validation. Even though the use of the proposedrilgm should produce good results for flows without boundary
layer deattachment, since Gontijo and Fontoura Rodrig2@36a and 2006b) proved that the use of the Colburn analogy
produces good results in turbulent flows over flat platesgusia numerical value of the local friction velocity to eséita
the local Stanton number.

It is important to say that near the deattachment and rémttact points, the law of the wall lose the capacity to
calculate the wall boundary condition, since the shearsstie the wall goes to zero and so the friction velocity. In
order to fix this situation, a numerical algorithm of erromimization based on the value of the friction velocity was
developed by Fontoura Rodrigues (1990), and it makes pdegbid simulation of deattached boundary layer flows using
the presented methodology.

Figure (6) shows a difference between the values of the Btzaiton number obtained with the adjust function and
the experimental ones. This difference can be reduced hétladoption of an alternative mathematical method of aprox-
imation such as a spline fit for example, but is important tboeothat even with this limitation the results obtained are
good, as figure (7) ilustrates.

The results obtained in this work represent the begining gfeater study, wich the main goal is to extend this
methodology to deattached boundary layer flows with disttheracteristics, especially for deattached boundarmriay
generated exclusive by the action of adverse gradientymesssuch as it occurs in conical diffusers and other getaset
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