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SUMMARY

This paper addresses the implementation of second-moment closure into a collocated variable arrangement
body-fitted-finite-volume scheme in which Cartesian velocity components are used. The methods for
avoiding instability in the solution procedure are described. A new method for the treatment of the near-wall
regions for the momentum equations, as well as the prescription of the stresses at the wall, is described in
detail. The performance of the methodology is assessed by applying it to two flow situations, where
experimental data are available: the flow over a backward step, and the flow through a sinusoidal pipe
constriction. The results are very promising.
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INTRODUCTION

The use of a staggered grid in the SIMPLE algorithm has proved the need for storage or
recomputation of large amount of geometrical and other quantities. This problem can be avoided
by solving the governing equations for the components of the dependent variables in fixed
Cartesian co-ordinates on a non-staggered grid. This means that all variables are stored at the
centre of the control volume. In this case, when the governing equations are transferred from
physical co-ordinates to the computational co-ordinates, the components of the dependent
variables can be calculated as scalars. This method has been suggested by Rhie and Chow’ and
has been used by Burns and Wilkes,2 Majumdar,® Peric et al.,* Miller and Schmidt,® Shyy et al.,®
and Braaten and Shyy.”

Another advantage of collocated variable arrangement is that the control volume for all
variables coincide with the boundaries of the solution field and, therefore, simplifies the specifica-
tion of the boundary conditions.

However, the use of collocated variable arrangement may cause non-physical oscillations in the
pressurc and velocity fields. This problem can be overcome by means of the Rhie-Chow!
interpolation method.

The crucial role of turbulence in most engineering flows necessitates the development and
employment of methods which can be used in the simulation of complex turbulent flows with
acceptable accuracy. In numerical calculations of turbulent flows, a turbulence model is used to
account for the influence of the Reynolds stresses in the time-averaged momentum equations. In

0271-2091/93/060525-20$15.00 Received April 1992
© 1993 by John Wiley & Sons, Ltd. Revised November 1992



526 B. FARHANIEH, L. DAVIDSON AND B. SUNDEN

many turbulence models, such as the k—¢ model, an eddy viscosity assumption is used for
calculation of these terms.

The importance of curvature in all recirculating and swirling flows and weakness of the eddy
viscosity models to capture the interaction between curvature-related strain and turbulent
transport has shifted the attention away from these models and focused on the second-moment
closure models (RSM).8

The employment of second-moment closure with a general non-orthogonal collocated scheme
gives rise to some difficulties. These difficulties are associated with the boundary conditions, the
tensorial nature of the wall reflection terms in the pressure—strain components of the Reynolds
stress transport equations, numerical instability due to the storage of the calculated stresses in the
centre of the control volumes and lack of stability-promoting second-order gradients in the mean
flow equations.

The objective of this paper is to describe the use of second-moment closure model in
a body-fitted finite-volume code with a collocated variable arrangement.

SOLUTION METHODOLOGY

General calculation procedure

The basic idea in this method is to map the complex flow domain in the physical space to
a simple rectangular domain in the computational space by using a curvilinear co-ordinate
transformation. In other words, the Cartesian co-ordinate system x; in the physical domain is
replaced by a general non-orthogonal system &;.

The steady transport equation for a general dependent variabie ® in the two-dimensional
Cartesian co-ordinates can be written as

0 0 oo
5 (U@ = (roa—xi)mw, (1)

where I'y, is the exchange coefficient and is equal to the viscosity in the momentum equations and

to 4/C, in the energy equation. The dependent variable ® can be U, V, T, k, &, Eu_j, etc.
The total flux, convective and diffusive fluxes, is defined as
oo

X,

It is now convenient to write equation (1) in the equivalent form

ol
—=38¢. (3)

ﬁxi

Integration of equation (3) over any control volume in the physical space, using Gauss’ law, gives

f l-dAzj So do. @)

Equation (4) is used for performing the transformation to the computational space co-ordinates
(general non-orthogonal co-ordinates) &;.
The scalar advection—diffusion equation (equation (4)) is discretized. The integration of this
gives
(I-A).+{(I-A)y +(I-A), +(I-A);=Se v, (5
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where e, w, n and s refer to the faces of the control volume; see Figure 1. The discretized equation
is rearranged in the standard form

apPp= Z anpPne +Sc, (6)
where

ap=z ang — Sp. M

The index NB refers to the neighbouring nodes. The summation in (6) and (7) is over the
neighbouring nodes. The coefficient ayg contain the contribution due to convection and diffusion
and the source terms Sp and S¢ contain the remaining terms.

Convection. For convenience and simplicity, we restrict ourselves in this and the following
subsections only to the east face of the control volume for explanation of the numerical
procedure. The total flux I contains convective and diffusive fluxes. The first term on the
right-hand side of equation (2) is the convective term. The mass flow rate through the east face can
be expressed as the scalar product of the velocity and area vectors multiplied by the density. Thus,
we have

Me=(pU " A)=pc(UcAex+ Ve Agy), (8)
where the Cartesian areas are calculated by
Acc=|Al.n"e,, A, =lAl.n-e, 9)

where [A |, is the total area of the east face, n its normal vector and e the Cartesian base vector. In
order to obtain the velocity components on the control volume faces from those on the control
volume centres, the Rhie-Chow! interpolation method is used. In this method the weighted linear
interpolation in physical space is not used in order to avoid non-physical oscillations in pressure
and velocity. The method can be described as follows: Consider the interpolation to the east face
of a control volume centred at P in Figure 2. The pressure gradient is subtracted from the velocity
components stored at the centre of the control volumes, i.e.

. —(P,—P,)é - —(P..—P)o
OpmUp —Fe POV 4 Opmp— = )ov (10)
|we|(ap)p le(ee)|(ap)e
N
¢
nw n ne
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sw [ 5e
®
S

Figure 1. Control volume
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Figure 2. Grid nomenclature

The velocity components on the east face is now calculated as

- .~ —(Pg—Pp)dv
U,=Q,Up+(1—Q)Up—— -5 _"F77 11
U pe . .
where (), is the interpolation factor in the x-direction and is calculated as
= ’Phel (12)
[Pe| + [eE|

and P, P,,, P.. in equation (10) are calculated by linear interpolation. As seen from equation (11),
the pressure gradient is now calculated using the adjacent nodes of the east face. This avoids
non-physical oscillations in the pressure field. The velocity V, is calculated in a similar manner.

Diffusion. The second term in the total flux I presented in equation (2) is the diffusion term.
Through an arca A, we have

(I* A)gigr= —T'A-VO, (13)

where A - VO in equation (13) can, for the east face, be rewritten in Cartesian co-ordinates as

o o0
—AVO)=—| Ay —+ Ay =— 14
( Je ( 3 T Ao 3y ) (14)
and, in general, non-orthogonal co-ordinates as
Lo 0D
—A-VO). = —(A-gg o= ) =— |A|n-g.»g”*), 15)
( : ( B 65,-)e ( 2. (

where g; is the covariant (tangent) base vector. The appearance of the metric tensor, gV in
equation (15), is due to the fact that the components of the product A - g; and the derivative 0®/0¢;
are both covariant and the product of their contravariant base vectors is not zero for i #j since
they are non-orthogonal to each other. The components of g¥ can be calculated as shown e.g. in
Reference 9.

The normal vector n in equation (15) is equal to the cross product of g, and g5 which implies
that n* gy =n-g,=0. With these identities, equation (15) can be written as

. 0D
(—A-VCD)C=—(|A|n'glg“é7). (16)
Sji/e

Pressure correction equation. The pressure correction equation is obtained by applying the
SIMPLEC algorithm!® on the non-staggered grid. The mass flux 71 is divided into one old value,
m*, and another correction value, m'. The mass flux correction at the east face can be calculated
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from _
m,=(pA-U").=p(Ae; U+ A, Vi) =(pA-g'Uj)e, (17)

where U’; is the covariant correction velocity. The covariant velocity components are related to
the pressure gradient®!

ov OP’
Uj=—-=2— 1
i aP axja ( 8)

where 8p is the volume of the control volume. By introducing equation (18) into equation (17), we

obtain
ov P . pov
n' = A' _— 4 = - ——A’V ! . ]9
" l:p ( apax,-g)l [“P P] 1)

Consider the continuity equation in, for simplicity, one dimension:

tite — 1ty =0. (20)
If m=m*+m and equation (19) are substituted into equation (20), we obtain
0 ov
[QA-VP'] ——[p—LA-VP’] it — i =O0. 21)
ap w ap €

This is a diffusion equation for the pressure correction P’. A - Vp' can be calculated from equation
(16) by replacing @ by P".
Implementation of second-moment closure
The momentum equations for a steady, two-dimensional incompressible flow can be written as
pU U j= =P i+ (uU, ;) j—(puy) ;. (22)

Since the time-averaging process generates unknown products, pu;u;, the closure variant intro-
duced by Gibson and Launder!? is used to calculate the Reynolds stresses appearing in the above
equation. The model transport equation for the stress components can be cxpressed as

(pUkZIZ'),k=Dij+Pij_pgij+nijv (23)

where the terms on the right-hand side represent

Py the production rate of wu;,

Py= -pﬁUj,l_‘p;j;lUi,h (24)
&;: the dissipation term of wu;,
Eij=2vui,,uj,l, (25)
Dy;: the turbulent diffusion,
— pu pu;
Dij= ——p(uiujul‘f'% 511+% 5il> N (26)
N

T1;;: the pressure-strain correlation term, which promotes isotropy of turbulence

Hij=aui,j+uj,,-). (27)
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In order to eliminate the unknown correlations appearing in the Reynolds transport equation, the
pressure—strain, dissipation and turbulent diffusion terms require model approximation.
The assumption of local isotropy enables us to approximate the dissipation of u;u; by

&ij= %51'1'85 (28)

where ¢ is the dissipation rate of kinetic energy. The fluctuating pressure p can be eliminated from
the pressure-strain correlation via a Poisson equation for p. It can be shown that there are three
distinct processes which contribute to the pressure-strain correlation. These are:

1. Interaction of fluctuating velocities (I;;);, which is also referred to as the return-to-
isotropy term,!3

k 3

2. Interaction of mean strain and fluctuating velocities (T1;;),, which is also referred to as the
return-to-isotropy of the production term,'#

Cl1&f—— 5i‘—
(), = -2 (u.-uj——’ ukuk)- (29)

5.,
(Hij)2= —C3 <Pij__3l! Pkk)- (30)
3. Both processes in equations {29) and (30) are influenced by the pressure of wall proximity
effects'? which damp fluctuations normal to the wall and enhance fluctuations parallel to
the wall. These effects are presented by

el — _ K J—

(Hij)w1=p018 ukumnknméij_'3_ukuink"j_—ukujnkni iA (31)
k 2 2
, 3 3 .

(I )z = pca| (Mn)2 Mty i — = (Mg o e — = ()2 e n; |, (32)

2 2
where 0-757.1-5
p=te K (33)

_E,KAn

with An being wall normal distance, f is the wall-distance function and may be related to
Cartesian-velocity-oriented components by

fx=n%f’ fy=n%fa fxy=n1"2f- (34)

The minor contribution of the turbulent diffusion can be approximated by

k2
Dij=|:cu?(uiuj),k:| . (35)

The transport equation {23) for Reynolds stresses are discretized in the same way as for any other
dependent variable @.
The Reynolds stress equation may be expressed as

pE, = = —
Cij—Dy=a; Py, +"xij,2P22+°‘ij,3P12+“ij,4Pkk+T(aij,5”2+aij,602+aij,7uv)+aij,8pgs (36)

where the commas in the a-coefficients are not the tensorial differential sign. C;; represents the
convection term of equation (23). The a-coefficients are tabulated in Table L.
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Table 1. a-coefficients in equation (36)

u? (ii=11) v? (ii=22) wv (ii=12)
%ij 1 1—cy+2c5 £, —ch [ 1-5¢5 foy
%z 2 —chfy l—c,+2chf, 1:5¢% fuy
®ij, 3 ¢ fay € fry L—e,+ 1565 ( fx+f))
Xij 4 $(cx~2c2 fxtcrfy) e —2c2 £+ ¢4 1)) —2¢3 f
i, 5 —(e1+2¢1 1) ¢\ fs =15¢1 fy
%ij, 6 i sy —(ey+2c1f,) —1-5¢ fay
%ij, 7 ‘C/lfxy -Cllj;cy —{cy +1:5¢y (fx+fy))
%ij. 8 e —1) e, —1) 0

The turbulence energy k and its rate of dissipation ¢ are calculated by

——a—(pUik)=i ,u+& *a—k— —pe+ Prod.
6xl- axi [ a-xi

0 i, w\ de €
€)= s Z(c,y Prod. —¢
ax,.(pU‘S) axi[(ﬂ+aﬁ)axi]+k(csl rod. —c,; pe),

where the production term, Prod., has the following form in RSM:

—ou;, _—.au;
Prod.=P;;= — pu;ih, Ek]"pujuk F

whereas in k—¢,

ou;, oU;\oU;
Prod.Esz,ul(—-i-o ’)

ox;  0x; ) ox;

The model constants are (sec e.g. Reference 15)

(c1,¢2, ¢, Ch, €, Gy, Cea, €,)=(1-8,0:6,0:5, 0-18, 0-22, 0-18, 145, 1-9, 0-09)

531

(39)

(40)

Stability assurance. At sufficiently high Reynolds number, the viscous effects become negligible
and the viscous diffusion term in equation (22) becomes negligible and, in the absence of any
linkage between the stresses with their corresponding strain, the problem of numerical instability
arises. This problem can be overcome by reformulation of the wu-equation in a way that
a gradient-type diffusion term y;; U, ; appears in the equation. p;; is called the apparent viscosity*®

and should be unconditionally positive.
The equation for u;u; at any grid point can be written in the following form:

_ oU — oV —Ju ;)
aPuiUJ:Z anpi;tij_ +pPi; 1Fa+l)ﬁu, ,v? 5+pﬂii, 307 '5;+Pﬁij,4u2 a‘f‘l)ﬁu, sUv o
— oV —oU ;)
+pBi; suv 5y‘+pﬁij, UV 5;+Pﬂij, guv ax

+= (o, 9F+pﬂij, 100—2+pﬂij, 11E)+ﬂij, 12 PE.

Lol ]

— du

(41)
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The f-coefficients are tabulated in Table I1. Note that the comma in the f-coefficients are not the
tensorial differential sign.
The apparent viscosities extracted from the above equation are

a pPu.iui

w=——t"20  (no summation on i), (42)
Apii+ PP, i+ 8yacsi

o3
N if,(it2 U3~ . . . - .
,»j=ﬁ”—('t—u (i#j and no summation on i and j}. (43)
Apiit Bis, 110k
Insertion of these viscosities into the U-momentum equation, for example, gives in Cartesian

co-ordinates,
p(UU)) ;=P 1 +(u11Ug 1) 1+ (612U 4 2), 2+ Sexira- (44)

The remaining terms in equation (41) after extraction of apparent viscosities are inserted
into S,yra-

According to equation (16), the apparent viscosities should be transferred to the general
non-orthogonal co-ordinates (&, ).

The rules for transformation from the Cartesian co-ordinate system to any other general
co-ordinate system and vice versa are

file) 1300
[6@1: [A] [axi]’ (45)
007 _[B1[ 3¢
[axJ—T[a—a} (46)

where [ A] and [ B] are given in Reference 17. J (=Jacobian) is the determinant of [ 47, which is
equal to V/ g, see Reference 9. The derivatives dU/0x and dV/dx, for example, can be written by

Table II. f-coefficients in equation (41)

u? (ii=11) v? (ii=22) uv (ii=12)
Bija 2—3cr+3ch@f+1) 3 =3ea(fitf)) 2 foy
Bij. 2 %‘fz_%c/z(fx+fy) 2—%C2+§Clz(fx+4fy) c2fey
Biss o fey hfsy 1—cy+3ch(fe+f,)
Bija Cafey € fay 1—cy+3eh(fs +4)
Bij.s 2y ¢ fy 1—cy+3ch5(fit+fy)
Biss s Ly o fey 1—co+3ch(fi+fy)
Bis. 2_%62+%C’2(4fx+fy) %Q‘%Q(fx"‘fy) 2 Sy
Bij.s %szgc/z(fx‘ny) 2_%CZ+§C,2(fx+4fy) Y-
Bijo ¢ +2¢5 fe —cifx %C/lf;ry
Bij 10 —cify e +2c1 fy %C'lfxy
Bij. 11 C1fxy Sy e+ fi+1)
Bii 1z d(1—cy) %(1'5'1) 0
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means of equation (46) as
oU By, 6U+Bu ou
ox J 0 J oy
dU By, 0U  B,, 8U
dy J 8 T oy

Identification of equations (42), (43) and (47) gives the apparent viscosities in general orthogonal
co-ordinates as

(47)

#11=/211(B11)2+ﬁ12(321)2, (48)
ti2=p11(B12)* + fi2(B32), (49)

where u,; and p,, are associated with dU/d¢ and dU/dn, respectively, neglecting the terms
containing cross-derivatives. Above, the integrated diffusion term (i.e. the first derivatives) has
been transformed.

Due to the involvement of the normal stresses in the apparent viscosities, special care must be
taken to assure that at no stage in the iterative sequence do the normal stresses become negative.
This can be assured by special treatment of the source term

S=Sc+Spu?. (50)

If the production terms during the iteration process attain positive values, they are insered into
the constant part of the source term S¢; otherwise, they are inserted into Sp:

Sc=max(x; 1 Pyy, 0)+max(x; 5 P3;,0)

+max(2; 3Pz, 0)+ max(o; 4 P, 0)+£ aii.(7~i)u§—i+aii, 86, (51
Sp=[min(a; (P, 0)-+min(x; 2 P2s, 0)
. . —5 £
+min(a;, 3Py 5, 0)+min(ag, 4 P, 0)1/uf + %, a+ 0 i (52)

Boundary conditions

Inlet and outler. In the present case studies the fully developed values of all the variables are
prescribed at the inlet. Since there are no area changes (in our cases) at the outlet region, and this
region is sufficiently long and far downstream, the flow may safely be assumed as fully developed,
which implies negligible streamwise gradients of all variables

o
%I;:o, O=U,, P', k¢, uit. (53)

Walls. Due to the viscous influences near the walis, the local Reynolds number becomes very
small; thus, the turbulence model, which is appropriate only for high Reynolds numbers, becomes
inadequate. Both this fact and the steep variation of the properties near the walls necessitate
a special treatment for nodes close to the walls.

When using wall functions for the momentum equations, shear stresses are prescribed at the
boundaries. In Cartesian geometries or when solving for covariant velocity components where
the velocity components are parallel to the boundaries this poses no problem. The procedure of
applying shear stresses in a general co-ordinate system when the velocity components are not
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parallel to the boundaries is more complicated. In the present work a novel, simple treatment is
proposed.
The wall function employed in this work can be summarized as follows:

(@) For n™ =11-63, where u/u>1, tx1,:

1. The wall shear stress is obtained by calculating the viscosity at the node adjacent to the wall
from the log law. The turbulent viscosity used in the momentum equations is prescribed at
the nodes adjacent to the wall as follows:

au U
rw=pUi=uta—%u,—- (54)
n ]
For u,, we obtain
U
e =U* pUn. (55)
The law of the wall can be written as
U 1 N
= ] 56
U, In(En™) (56)
Finally, we have for g,
_ pUynx

= , 57

:ut 1n(E"] + ) ( )
where E=9 and the von Karman constant, x=0-41. # denotes the normal distance to the
wall.

2. The turbulent kinetic energy is set as

k=c,;°3UL. (58)
3. The energy dissipation rate is set as
3
£= v ) (59)
KN

4. The turbulent stresses are obtained by two methods (BC1 and BC2 below)
(i) The first method (BC1) was derived by Launder et al,'® who studied several well-
documented wall flows and presented the following boundary conditions for the
turbulent stresses:

op

E=—Ui+ya, (60)
w?=51U2, (61)
?=10U2, (62)
w2=23U2, (63)

(ii) The second method (BC2) has been presented by Lein and Leschziner.!® They derived
the following values of the stresses in the log-law region by applying the stress equation
to local energy equilibrium, and setting the wall distance function equal to unity and
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using equation (59):

e 1098k, (64)
10247k, (65)
ifu=o-255k, (66)
WE=0653k, (67)

The above stresses are wall-oriented and should be transformed to the Cartesian co-
ordinate system in which the velocity components are prescribed within the numerical
scheme. We then have

~ -~

wr=urt?+on?+2uvt,n,, (68)
w2 =ult3+ 02 n3+2uvt,n,, (69)
R=Ft1t2+v—2n1n2+ﬁ(t1n2+t2n1), (70)

where ¢,,t,, ny and n, are the tangential and normal components of the wall-oriented
unit vector, respectively.

(b) For n* <11-63, where p,/u<1, 11, U, is obtained from
U Ugn

T (1)

Numerical solution procedure

A finite-volume method with collocated variable arrangement is used for solving the equation
system. The pressure and mean velocity fields are coupled by the SIMPLEC algorithm.'® The
diffusive terms are discretized with the central differencing scheme. Three different discretization
schemes have been tested for the convective terms: hybrid upwind/central difference,'' the
second-order scheme of van Leer?® and quadratic upstream-weighted interpolation scheme of
Leonard.?! The algebraic equation system arising from the discretization is solved by the TDMA
algorithm. The convergence criterion is that the sum of the absolute residuals divided by the inlet
fluxes is below 10 7 for all variables. This criterion was satisfied for all results presented in this

paper.

RESULTS AND DISCUSSION

The performance of the above-described methodology is assessed by comparing computations
with experiments and other numerical calculations in two examples: the flow behind a backward-
facing step?? and the flow through a sinusoidal pipe constriction.??

The first test case— backward-facing step

The schematic diagram of this case is shown in Figure 3. At the inlet, which is located at SH
upstream of the step, the fully developed values of the dependent variables arc imposed. The
computations were carried out for 100 x 38 and 80 x 30 grid points. No significant differences
were observed in the results. However, in order to compare the obtained results with the
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P ¥\
" > H
H/I2 t N
40H

Figure 3. Backward-facing step configuration

numerical results calculated by others,'® 100 x 38 grid points were chosen. Turbulent stresses and
velocity distributions at three different axial locations using the RSM and k— models are
presented in Figures 4 and 5. These results are compared with the experimental data of Durst and
Schmitt?! and the numerical results obtained by Obi et al.!® The reattachment point is predicted
to be at x/H=7-908 and x/H =7-397 using the RSM and k—¢ models, respectively. The experi-
mental reattachment length is 8-5. From the velocity profiles, it can be seen that the k—¢ model is
more diffusive than the RSM, and that the velocity gradient in the shear layer bounding the
recirculation region is smeared out when the k—¢ model is used; see Figure 4. The reason for this is
that turbulence is stabilized (damped) by the convex streamlines. The RSM does account for this
phenomena, whereas the k—¢ model does not. However, both models underpredict the strength of
the back flow; see Figure 4. This is further confirmed by comparing the shear stresses in Figure
5(a), where the experimentally measured uv are very small—compared to the predicted shear
stresses—in the backflow region. One explanation for the discrepancy can be the large scale,
highly turbulent structure of the separated, recirculating flow, where the turbulent fluctuations
are of the same order as the mean velocities.?* 2> The predicted u’-values are rather well in
agreement with the experimental data. It is interesting to note that, as the reattachment point is
approached, the difference between the experimental u? and v? decreases, i.e. the anisotropy in the

y/H (-

0.00 O0. . . . .5
U/ U

Figure 4. Mean velocity profiles calculated with two different turbulence models
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2
y/H 1}
O 1
0.00 0.0t 0.00 0.0t 0.902
-0V /U
Figure 5(a). Turbulent shear stress calculated with two different turbulent models
Present work ]
e Expt. data of Durst and Schmitt
o Numerical data of Obi et al.
2 "
E; [«)
* H/L
y/H 1

1 I =
0.00 0.02 0.00 0.02 0.04

ul/Ug?

Figure 5(b). Comparison of the #*-component of normal stresses in recirculating region with experimental and numerical
data

experimental normal stresses decreases; this is not the case in the RSM calculations; see Figures
5(b) and 5(c). These observed differences can be a combination of two effects. First, the near-wall
terms (I1;;),, and (I1;;),,, (see equations (31) and (32)) in the RSM are not suitable for stagnation-
like flow in the reattachment region. However, there are no better methods to take into account
the effects of walls on turbulence. Second, the experimental flow in this region is highly unsteady
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Present work )
e Expl., data of Durst and Schmitl
o Numerical data of Obi et al.
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L ]
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> .
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o
[ ]
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v/ U
Figure 5(c). Comparison of the v?-component of normal stresses in recirculating region with experimental and numerical
data

with large fluctuations which are greater than or at least comparable to the mean backflow
velocities.?* Thompson and Whitelaw?* conjecture that positive instantaneous velocities were
measured for at least part of the time at all locations throughout this region. The unsteadiness of
the flow in this region is likely to reduce the anisotropy.

As seen, near the step, the computational data of the present work are in good agreement with
the experimental data. However, further downstream, the agreement becomes worse. As seen
from Figure 5(c), the normal stress v? is underpredicted compared to u? and uv. The calculations
presented by Obi et al.'® underpredict v? even more. However, when they restricted the effect of
the wall reflection (equation (31) and (32)) terms to the near-wall region y © < 100, the results of v?
improved significantly. In the present work, the effect of the wall reflection terms is taken fully
into account throughout this case.

The calculations were performed by discretizing the convection terms of the turbulent quantit-
ies by the hybrid scheme. The convection terms of the momentum equations were approximated
by the hybrid as well as the van Leer scheme. No changes in the results could be observed when
either of the schemes was used, indicating limited numerical diffusion.

The second test case—sinusoidal pipe constriction

The schematic diagram of the stenosis is depicted in Figure 6. To assess the effect of curvature
of the grid lines on the performance of the code in simulating the turbulent flows in geometries
with curvilinear boundaries, the turbulent flow through an axisymmetric constriction in a tube is
studied using both a RSM and a k—¢ model. To study the grid size effects on numerical accuracy,
exploratory test runs were carried out for three different grid sizes. The results are compared with
the experimental data obtained by Deshpande et al.;'? see Figure 7. The results are only slightly
affected by the grid size. As in the previous case, 100 x 36 grid points were chosen for the final
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Figure 6. Schematic diagram of the pipe with constriction
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Figure 7. Centreline velocity distribution in the pipe with constriction for different mesh sizes

computations. In the computations two different wall boundary condition methods, described
previously, are applied for prescribing the Reynolds stresses. The second boundary condition
(BC2) gives slightly better results compared to (BC1). Therefore, the computations were per-
formed by adopting (BC2). The convection terms of the momentum equations were approximated
by three different schemes, i.e. hybrid, van Leer and QUICK schemes. The convection terms of
turbulence quantities were discretized by the hybrid scheme only in order to avoid convergence
problems. The comparison of these three schemes are presented in Figure 8. The centreline
velocity predicted by the various scheme for the RSM is not extremely different. However, the k—¢
model with the van Leer scheme gives results differing considerably from the other schemes. Lein
and Leschziner!® adopted a combination of QUICK and MUSCL for approximation of convec-
tion of momentum and turbulence quantities, respectively. The results obtained in Reference 19
are almost identical to the ones in the present work, where the van Leer and QUICK schemes are
used.
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Figure 9. Velocity vectors at the downstream of the throat - -calculated by two different turbulence models

The velocity vectors and streamfunction are plotted and presented in Figures 9 and 10. This
case presents a region of strong acceleration with a converging section and a region of severe
adverse pressure gradient which results in flow separation. Both models, k—¢ and the stress
closure, predict the presence of a recirculating region. As seen from Figures 9 and 10, the
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Figure 10. Streamfunction contours in the pipe with constriction—calculated with two different turbulence models

second-moment closure predicts a longer and higher recirculation zone than the k—& model.
Figure 9 shows that the second-moment closure predicts a thicker, wider and higher shear layer
bordering the recirculating region. This can probably be attributed to the ability of the RSM to
account for streamline curvature. In the shear layer enclosing the recirculating region, the
streamlines have convex curvature, which stabilizes the turbulence. Another reason why the k—¢
model produces more turbulence than the RSM is that the contraction region causes negative
production of 42, a phenomenon which RSM accounts for, but the k—& model does not. The
production terms due to the dU/éx derivative in the two models are:

RSM: P,,=—2pu? a_U, (72)
ox
dU\?

k~¢: Pk=ﬂ, (&) . (73)

The production term P, in the k—& model can never become negative in accelerating flow, but the
RSM faithfully reproduces the physical situation.

Axial variations of the centreline velocity in Figure 8 show good agreement with the experi-
mental data up to the throat section. A difference can be observed beyond this point. None of the
models predicts the correct behaviour of the centreline velocity, but the second closure model
responds more sensitively to the adverse pressure gradient beyond the throat; see Figure 8. As
mentioned above, both models predict the recirculating region. However, this region is found to
be thinner and longer than the region which actually exists. Comparing the prediction of the
models, it seems that the stress model captures the recirculation somewhat better than the k—¢
model. The computed and the experimental data reach a good agreement far downstream since
both tend to fully developed values.

Unlike the previous case, the wall reflection terms caused some difficulties in this case. By
taking these terms into account, it was observed that the recirculating region stretched along the
axial direction near the wall. The main purpose of these terms is to damp the wall-normal
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components as a function of the turbulent length scale and the wall distance. In this case, where
a separated shear layer associated with large turbulent length scales develops from the throat, this
effect becomes unfavourably strong in the core of the pipe flow despite the large distances from
the wall. Therefore, the computations were performed without applying wall reflection terms in
the recirculating region. Other works have reported similar problems.?!

It is somewhat disappointing that the RSM does not produce results in much closer agreement
than the k—¢ model does. One reason for the poor performance of the RSM can be due to
inadequate modelling of the near-wall region; the near-wall correction term in »? is one problem.
Another one might be due to the wall functions.

CONCLUSIONS

The successful incorporation of the Reynolds stress closure into a body-fitted-finite-volume
framework in which collocated variable arrangement as well as Cartesian velocity components
are used is reported in this paper. The absence of diffusion-related strain terms in the momentum
equations at high Reynolds numbers causes instability in the solution sequence. This problem
and the problem of the appearance of non-physical oscillations in the solution domain due to the
employment of collocated variable arrangement are addressed in detail. The near-wall treatment
of the dependent variables, necessary to match the curvilinear boundaries is also presented. Two
complex applications were used to assess the performance of the described methodology. The
computed data of flow over a backward-facing step are in good agreement with the experimental
results in the vicinity of the step. However, further downstream, discrepancies can be observed.
The calculated results of the flow through a pipe constriction show the correct prediction of the
recirculating zone. The predictions of the velocity along the axis of the pipe agree reasonably well
with the experimental data. However, both turbulence models fail in predicting the axial velocity
variation in the diverging section of the pipe.

APPENDIX: NOMENCLATURE

A area

a coefficients in discretized equations
€1, €2, €1, €,

Ces Ce15 Ce2s

Cu coefficients in the turbulence models

D;; turbulent diffusion term

€; Cartesian unit base vector

f wali-distance function

gij» 9 covariant and contravariant components of the metric tensor
g covariant base vector (=unit base vector tangential to the grid lines)
g determinant of g;;

H inlet height of the backward-facing step

1 total flux (convective and diffusive fluxes)

k turbulent kinetic energy

L length of the backward-facing step

m mass flow rate

n unit normal vector

P pressure

B!

pressure correction
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production term in k— model

production term in RSM

source term in general equation

temperature

fluctuation velocity in the main flow direction
velocity in x-direction

centreline velocity in x-direction

velocity components

mean velocity

velocity in y-direction

fluctuation velocity in y-direction

streamwise co-ordinate

transversal co-ordinate

volume of a control volume

dissipation rate of the turbulent kinetic energy

-t a

8
H
o
5

dissipation term of u;u;

distance normal to the wall

thermal conductivity

dynamic viscosity

kinematic viscosity

co-ordinates along (tangential to) the grid lines
pressure—strain correlation term

density

general dependent variable

— pu;; Reynolds stress components

13

interpolation factor
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