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Numerical Prediction of Turbulent Flow
over Surface-Mounted Ribs

R. W. Benodekar,* A. J. H. Goddard,t A. D. Gosman,t and R. L. Issa}
Imperial College of Science and Technology, London, England

Turbulent flows over surface-mounted thin and thick ribs are investigated using a new computational method
for incompressible recirculating flows. The method employs a differencing scheme which simultaneously
satisfies the requirements of low numerical diffusion and positivity of coefficients. The effects of turbulence are
modeled by a variant of the k-¢ turbulence model incorporating curvature corrections. The governing equations
are solved by an efficient pressure-implicit split-operator algorithm. The predictions are compared with ex-
perimental data and previous calculations. The present results compare satisfactorily with most of the
measurements and show a definite improvement over previous results.

Nomenclature

A = finite difference coefficient

€1,€2,€,,04,0.,k  =turbulence constants: 1.44, 1.92, 0.09,
1.0, & /{(c;—c¢;)c 1, 0.4187 '

= static pressure coefficient

= total flux coefficient

=turbulent kinetic energy generation

=rib height

=summation operator

=domain height

= height of recirculation

=Kkinetic energy of turbulence, also in-
terpolation factor in skew differencing

L. = convection coefficient

Ly, =mixing length

L, Ly =length of upstream and downstream
computational boundaries, respectively

=length of recirculation

= coordinate normal to streamline

= pressure

= cell Peclet number

=radius of curvature

= source

= shear stress along streamline

=rib thickness

=mean velocity in x and y directions,
respectively

U =mean velocity in streamline direction

=mean velocity in x; direction

X, X,y = Cartesian coordinates

Ax, Ay = cell dimensions

v = flux blending factor

r = exchange coefficient

) =boundary-layer thickness

ox,0y =grid spacings

s =distance along streamline

A; =difference operator

€ = dissipation of turbulent kinetic energy

A = diffusion coefficient
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=viscosity
=density
= Prandtl number
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T =shear stress

@ = general dependent variable
Superscripts

nn+1 =nth and n + 1th iterations, respectively

u,v =y and v velocities
()Y50)**,()*** =intermediate field values

Subscripts
BSHD =bounded skew hybrid differencing
BSUD =bounded skew upwind differencing
central = central differencing
eff = effective
HD =hybrid differencing
n,s,e,w =north, south, east, and west cell faces
P,N,S,E,W,SW,
SE,NW,NE =main and surrounding grid locations
skew =skew differencing
t = turbulent
w’,w” = skew upstream locations of w
i = general dependent variable
oo = freestream
Introduction

URBULENT flow around bluff bodies forms an im-

portant group of separated flows occurring in many
situations of practical interest. This class of flow has proved
to be difficult to predict since it poses many problems for
numerical methods and turbulence models because of the
curved streamlines and steep velocity gradients surrounding
the body. The present investigation is concerned with the
prediction of the particular case of turbulent flow around
two-dimensional surface-mounted ribs.

Many predictions of recirculating flows have been at-
tempted in the past using the finite difference method of
solution. In many cases, a form of central or upwind dif-
ferencing, or hybrid thereof,! has been used to calculate the
convective transport terms, and turbulence effects have been
represented by the k-e model. This approach has been found
to underpredict the gross features of the recirculation zone??
due in part to the false numerical diffusion associated with the
upwinding of convective terms which results from
nonalignment of the coordinate grid with the flow direction
(see, for example, Refs. 4 and 5). However, the accuracy of
such predictions also depends on the validity of the turbulence
model and, in this respect, the standard k-e model is believed
to inadequately account for important strain effects such as
those resulting from streamline curvature.® Many variants of
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this model have been proposed to represent this effect;
however, in order to evaluate these variants, it is necessary to
reduce the numerical diffusion to negligibie levels. This could
be achieved by using a sufficiently fine grid, but investigators>
have demonstrated that the hybrid differencing (HD) scheme
is impractically sluggish to refinement. Clearly this approach
is expensive in two dimensions and would scarcely be feasible
in three dimensions. An alternative approach is to use a
““higher order”’ differencing scheme.

In the latter vein, schemes such as skew differencing’ and
quadratic upstream interpolation® have been developed and
applied. However, these methods have been found to generate
nonphysical oscillations or ‘‘wiggles,”” especially in the
vicinity of steep gradients. These are a consequence of
negative coefficients appearing in the difference equations,
which sometimes also give rise to problems of numerical
instability. A way around the overshoot problem is to employ
a local blend of low- and high-order differencing schemes in
just the right proportions to remove the extrema. The ‘‘flux
corrected transport’’® and FRAM!® explicit time-marching
methods are the outcome of this approach, however, these are
costly when only the steady-state solution is of interest.
Moreover, the negative coefficients are not entirely sup-
pressed. '

Lai and Gosman!! have developed a flux-blending scheme
which eliminates negative coefficients and can be applied to
produce implicit and conservative discretized equations. This
scheme has been employed by Lai and Gosman to produce a
blend of the standard upwind and Raithby’s skew dif-
ferencing schemes to give the bounded skew upwind dif-
ferencing (BSUD) scheme which uses the former component
to ensure positivity while preserving the lower numerical
diffusion of the latter as much as possible. The resulting
coefficient matrix is unconditionally diagonally dominant
and, therefore, presents no problems of instability. A variant
of this scheme is used here.

The objective of the present investigation was to develop a
prediction method for bluff-body flows which is more robust,
accurate, and economical than its predecessors. The method
was assessed by comparison with experimental data for the
following two cases:

1) Flow over a surface-mounted square rib, as studied
experimentally using laser-Doppler anemometry by Crabb et
al.l7

2) Flow over a surface-mounted thin rib, for which the
pitot-tube measurements of Good and Joubert!® are
available. )

The earlier predictions by Vasili¢-Melling? using the HD
scheme and standard k-e turbulence model were in poor
agreement with the experimental data; for example, 'the
dimensions of the recirculation region were underpredicted by
up to 30%. Durst and Rastogi'® later obtained predictions
using skew differencing on the momentum equations and the
HD scheme on the k-¢ set. The latter was tested in its standard
form and also with the curvature corrections of Refs. 14 and
15. Durst and Rastogi concluded that the skew differencing
scheme did not offer any advantage in accuracy over the HD
scheme, because both required fine grids of around 57 x 34
before exhibiting sensitivity to the turbulence corrections.
Although their predictions showed an improvement over the
previous calculations of Ref. 2, the shape of the recirculation
zone was not predicted correctly and they expressed concern
about the computer time requirements.

Bergeles and Athanassiadis'® obtained predictions for the
flow over a square prism using the: HD scheme and the
standard k-e turbulence model on a fine grid of 65x45. The
overall features of the downstream bubble were predicted
satisfactorily.

The present calculations are carried out using a skew
scheme in conjunction with different versions of the k-e
turbulence model. The conventional methodology for solving
the equations of motion expressed in terms of the primitive
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variables u, v, p has been replaced by the pressure-implicit
split-operator (PISO) procedure recently developed at Im-
perial College.'> The PISO procedure uses a two-stage
predictor-corrector sequence, which, at each cycle of iteration
satisfies the continuity and linearized momentum equations
more closely than hitherto. As a consequence, it has improved
the computational efficiency four- to fivefold.

Mathematical Model
Statement of the Governing Equations

The governing equations for steady-state turbulent flow can
be written in Cartesian tensor notation as follows:

Continuity:
i _p 1
6x,~ - ( )
Momentum:
dpu;u; ap ad [ (au,« 6uj)
———— = ———— +_ -
ax; ax;  Ax; fett ox; + ax; ] @

Here the effective viscosity hypothesis has been used to
represent the combined molecular and turbulent (Reynolds)
stresses, where

Pt = Jb+ iy 3

and p and g, are laminar and turbulent viscosities, respec-
tively.

Turbulence Model

The turbulent viscosity is determined from the values of the
time-mean turbulence energy k and its dissipation rate e
according to

o =pc,k? /e )

The equations for k and e can be written as'®:

8pujk ad ([Leff ok )
=— — )+ G- 5
axJ‘ ij Oy an pe ( )
dpuje a (ueff de ) € e
=— — )+ - G—cro—
ax; ox; \a, ox /) k7% ©

where

du; (ou; Ou;
G= __'<_' _,)
Hiox, \ax, T ax,

The values of the coefficients in these equations are given in
the Nomenclature.

Boundary Conditions

The form of the calculation domain is shown in Fig. 1. The
inlet boundary AB is located by trial and error sufficiently
upstream of the obstacle so that its presence is not felt and the
outlet is located sufficiently downstream of the point of
reattachment. The lower boundary corresponds to the wind
tunnel wall and the upper boundary corresponds to a wall or
free boundary according to the case. The values of the various
dimensions and boundary conditions are given for each case
in Table 1.

No-slip boundary conditions are imposed along the walls,
zero normal gradients at the outlet plane, and u=u.,, v=0 are
specified along the free boundary, where present. At the inlet
plane AB, a one-seventh power-law boundary-layer profile
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for a smooth wall is imposed on axial velocity as in the
measurements of Refs. 17 and 18. The k and e inlet profiles
appropriate for the turbulent boundary layer are estimated as
follows, assuming local equilibrium of turbulence within the
boundary layer'®:

k=r1/pcl/? )

e=k2¢ 1, 8)

where, from the assumed stress strain hypotheses, 7 is written
as oy

r=oti (5, ) )

A ramp function distribution of ¢,, is assumed. That is,

b, =kyp for yp=c,d/k

=c,0  for yp>c,d/x (10)
The freestream values of k and ¢ are estimated from the
following relations:

ko, =0.0001u2, (11)

and
€w =k (c,8) (12)

Near the wall, the Couette flow assumption of a constant
shear stress is made. The standard log-law-based wall func-
tions thus obtained for smooth wall and zero pressure
gradients are used for the parallel velocity component and the
turbulence quantities & and ¢.'® No attempt was made to take
account of the adverse pressure gradients in the wall function
formulations.

Turbulence Model Corrections

The two corrections to the k-e model examined in Ref. 6 are
used here in combination. One attempts to account for the
effects of streamline curvature on ¢, in Eq. (4), thus,

0.09
¢, =max{0.025, (13)

[1+0 5% (a”‘ + 5) s ]
e \dn  R./R

c

where u,/R, and du,/0n are calculated by the procedure
outlined in Ref. 6. The second modification, which was
originally proposed by Hanjali¢ and Launder,? is aimed at
simulating the preferential influence of normal stresses on the
dissipation of turbulence energy by modifying the production
term, P=ec; G/kin Eq. (6) to read:

€
Pi=" e/ G=c/ i) (14)

where ¢/ =2.24, ¢,"=0.8 (giving ¢/ —¢,” =c¢;), and S, is
calculated as in Ref. 6.

Discretization Scheme
General Finite Volume Equation

Figure 2 shows a control volume around a typical grid node
P. The surrounding grid nodes are designated in compass
fashion. The control volume faces are represented by the
labels w, e, n, and s. The usual finite volume process of in-
tegrating Eqgs. (2), (5), and (6) over the control volume at P
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and introducing suitable centered approximations for the
diffusion terms yields:

qu)w _Le¢e+qu>s_Ln<I>n +Ae(¢E _q)P) _Aw(q’P —‘I’w)
+ A, (P —Pp) — A (Pp —P5) —Sp AxAY=0 (15)

The BSHD scheme is used to approximate the convective
fluxes [i.e., the first four terms on the left-hand side of Eq.
(15)] as described below.

The BSHD Scheme

The BSHD scheme will be presented here for the case of a
uniform grid for simplicity. As the name implies, it uses a
hybrid method in approximating the convective fluxes in
which the BSUD scheme'! is used for |Pel>2 and central
differencing is invoked in the range of |Pel <2, where the cell
Peclet number Pe is defined as:

Pe=L/A (16)

Expressions for the two approximations, for example, at the
west face can be written as

(Lyow)skew =Ly [PUD, + (I-Pi)®,.] for |Pe,|>2
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Table 1 Geomelricél parameters
Parameter Square rib!’ Thin rib'®
h, m 0.0235 0.1
HD , M 0.3 1.0
t h 0.014%
L,,m =6h =6h
Ly, m >20h >20h
) 0.5h 0.4h
Top boundary Wall Free boundary
Ugo, M/S 18 26

4 Good and Joubert'® used a rib of thickness 0.04/ and with a sharp tip formed
by an inclined surface at the top. A rib of reduced thickness is simulated in an
effort to approximate the sharp tip.
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by + P
(Ly oy ) central =L, <—VL§”_P ) for |P€W I<2 (18)
where
1 lu,, |
Py =" (1 v )
3 + (19)

w

It should be noted that ¢, is an approximation to ®,,.

A discontinuity between Egs. (17) and (18) at the transition
Peclet number given by lPe, | =2 gives rise to oscillations
during iterative calculations. It is removed here by in-
troducing the appropriate amount of diffusion in the right-
hand side of Eq. (17), thus,

L]
(Lyby ) seew =Ly [P4 @, + (1= PL)®,. ] +2Awés(a—s )

(20
Here the extra diffusion term is equal to the first-order error
term in the skew upwind approximation at |Pe, | =2. The

total flux coefficient expressions for the west face can now be
assembled as follows.

Central Differencing
Fw,central/Aw = (%2Pe, +1)Py + (V2Pe, — 1) ®p

for |Pe,| <2 en
Skew Differenciﬁg

Here, for simplicity, we consider the case >0, v>0, since
the other velocity directions are treated similarly.

P !
Fiy o =Ly @y + 20,58 (5; ) “A (@ -2 @)

w

Substituting for (6%/3s),, = (P, — ®,,)/8s, &, =($p + Pw)/2,
and &, =(1 —k, )Py + ko Psw:, where the linear in-
terpolation factor k, is given by’

1
2

Ax
k, = min (1, Pw |2X ) 23)
dy

Uy
we get

Fw,skew

=Pe, by — (Pe, —2)k, (P — Psw) for Pe,>2

(24

It can be easily verified that the two expressions given by
Egs. (21) and (24) are equal at Pe, =2. As will be shown
below, when Eqs. (21) and (24) are substituted into Eq. (15),

the resulting equation may have negative main coefficients
(i.e., coefficients linking P to E,W,N,S), whereas the corner

coefficients linking P to SW, SE, etc., are always positive. .

Foliowing Lai and Gosman,!! “‘flux blending”’ is used here to
suppress the negative coefficients. The blend of skew dif-
ferencing and the lower order HD scheme employed to
produce the BSHD approximation can be represented as
Fy8sup = YwFwskew + (I —vw) Fyup where 0=y=<1] (25)
It now follows that
F, psun/ Ay, = Pe, ®w — (Pey, — 2) vy ko (Pw — sw)  (26)

as

Fw,HD /Aw '_‘Pewéw (27)
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We write similar total flux expressions for the remaining
three faces of the cell and substitute these approximations in
Eq. (15). By rearranging the terms and collecting the coef-
ficients, the resulting equation can be cast into the following
form:

Ap(pp =AN¢N +AS¢S +AE¢E +Awq)w
+ Asw Psw + Asg Psg + Anw Prw + Ang g + Sp (28)

where, for example, the W and SW coefficients are given by
Aw=[{ILI —yk(IL) =2A)} P¥],,

—{vkCILI=28) P (1=P¥) } - {vk(IL| = 20) P*P" },

and 29

Agw = {vk(IL1 =2A)P*P"},, + {yk (ILI =2A) P*P"}
(30)

The above expressions are valid for all sign combinations of
the u and v velocities. The suffixes written outside the
brackets  operate on all variables inside the brackets.
Definitions similar to Eqs. (19) and (23) exist for P%, P¥ and
k., k, respectively.

It is evident that the corner coefficients, which are in the
form of Eq. (30), are always positive. Close inspection of Ay,
however, shows that although the first square-bracketed term
is always positive, the remaining two terms, which arise from
flux contributions-at the south and north faces of the cell,
have a negative sign; thus, Ay could become negative. The
flux-blending procedure of Ref. 11 evaluates the 4’s in Eq.
(29) such that Aw=0. This is done by an optimization
procedure which yields

¥, =min (¥, a/ay)
Yo =max (0, (a—asy)/a,) 3D
where
a=[{|IL1—=k(ILI=2A)}P"],

a,={k(ILI —=2A)P*(1-P?) ],

a, ={k(IL1-2A)P PV}, (32)
and the superscript m stands for the upper bound of v. For
a, >a, relations (31) also apply, with subscripts s and n in-
terchanged. The positivity of the remaining three main
coefficients is checked in a similar way and the v’s are

evaluated at all cell faces. Finally, the coefficients of Eq. (28)
are assembled in a conservative manner.

5
&4
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Y
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1 049 x47
L K0 ad 4
-05 0 05 10 1505 0 05 10 15
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Fig. 3 Grid dependence of BSHD scheme with standard k-¢ tur-
bulence model for the square rib problem.



MARCH 1985

Solution Procedure

A staggered grid system is employed as in the TEACH
code,?! in which the velocity components are stored midway
between the pressure storage locations. The present method of
solution uses the PISO algorithm of Ref. 12, which is a two-
stage predictor-corrector procedure. It involves the splitting
of operations to deal with the coupling between velocity and
pressure variables such that at each stage in the solution
procedure, a set of equations in terms of a single unknown
variable is obtained. This facilitates the use of standard
methods for solving linear sets such as Eq. (28); for the
present application a line successive overrelaxation scheme is
employed.

The operation of PISO will now be outlined. Let the
superscripts *, **, and *** denote intermediate field values
obtained during the splitting process. The equations are
factorized as follows:

1) Predictor step. The pressure field prevailing at the nth
iteration is used in the solution of the implicit momentum
equations given by Eq. (28) to yield the u* velocity field.
Thus,

Apu? =H(u*) —A;p" +8§; (33)
where the operator H stands for LA ,,u; ,, in Eq. (28) (m is the
grid node identifier and the summation is over the eight
surrounding grid nodes) and A; stands for the finite difference
equivalent of grad. At this stage u;* and p” satisfy momen-
tum, but u,* does not satisfy continuity.

2) First corrector step. A new field u;**, together with a
corresponding new pressure field p*, is now sought such that
the zero-divergence condition

Aiu,-** =0 (34)

is met. For this the operative momentum equation is written
as:

Apu*=H(u) —Ap* +5, (35)

However, for simplicity (see Ref. 12), an incremental form of
the momentum equation is derived by subtracting Eq. (33)

PREDICTION OF TURBULENT FLOW OVER SURFACE-MOUNTED RIBS 363

from Eq. (35) to obtain
Ap(ur*—u)=—4A;(p*—p") (36)

When Eq. (36) is substituted into relation (34), the following
pressure increment equation is obtained:

A AR A (P* =p") =D 37

Equation (37) is solved for the (p* — p") field, which is then
inserted into Eq. (36) to get the new velocity field u**. These
fields, it can be shown, do not satisfy the (linearized)
momentum equations to an acceptably accurate degree;
hence, the second corrector step.

3) Second corrector step. A new velocity field u***,
together with its corresponding field p**, is formulated so
that

Aur**=0 (38)
The operative momentum equation is now taken as
Apu**=H(u*) —Ap** +§; )
Subtracting Eq. (35) from Eq. (39) gives
Ap (u** —u*) =Hu* —u) - 4;(p**—p*)  (40)

This equation, combined with the continuity relations (38)
and (34), yields the pressure increment equation

A TAF A1 (p** —p*) =Ai (A5 T H(u?* —uf) ] (41)

Equation (41) is solved for the (p** — p*) field, which is then
used in conjunction with Eq. (40) to obtain wu***. This
completes the splitting process at which stage the u;*** and
p** fields are taken to stand for the (n+ 1)th iteration values, -
u"*! and p"*!. It is theoretically proven in Ref. 12 that the
fields obtained thus are very close approximations to the true
solution of the linear discretized equations [Egs. (33-41)]. In
particular, the pressure field p** is based (as it should be) on a
divergence-free velocity field u**. It is this feature which

6
5t
bt Wugh =36
Fig. 4 Predicted streamlines for y/"l / ’
flow over the square rib. 3
g
1 O\ 020> ~016 uy“oh:g 06
: -0-06
o e 0
32 4 0 1 2 & S5 6 7 8 9 10 1 12\113\111.151617
%h LRmensured LRpreuicted

Table2 Computed values of L and Hy, for flow over a thin rib

Standard k-¢ model

BSHD with Measurements of
HD scheme BSHD scheme modified k-¢ model - Good and Joubert'$
Grid Lg/h Hg/h Lg/h Hp/h  Lg/h Hp/h  Lg/h Hglh
24x18 8.70 1.35 9.80 1.38 :
36x33 972 1.55  11.29 1.67 12.76 1.78 13.2 2.16
49x47 10.12 1.70  11.50 1.76
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endows the overall algorithm with good stability and rapid
convergence. The k and e equations are solved next.

The above procedure is repeated in the given sequence until
convergence is obtained; this is determined by examining the
level or residual errors in each of the equation sets solved.

Results of Computations
Square Rib

The computations for the square rib correspond to the
measurements of Crabb et al.!” The grid distribution used for
the predictions is similar to one used in Ref. 13 except that the
grid is contracted and then expanded near the experimentally
measured reattachment point instead of uniformly expanding
downstream.

Two different grids were employed and representative
results using the standard k-¢ turbulence model are presented
in Fig. 3 in the form of axial velocity profiles at two locations.
It is seen that the solution for the 36 x 33 grid is to all intents
and purposes grid-independent.

The calculated streamlines obtained with the turbulence
model corrections incorporated are presented in Fig. 4. The
predicted reattachment length L is 13.3k, which is about 8%
higher than the measured value of 12.34. The predicted height
of recirculation of 1.8 agrees well with the value inferred
from Crabb’s data. The predictions clearly show the presence
of a small counterrotating eddy behind the obstacle as-ob-
served in the measurements. The earlier predictions®!6 fail to
show this eddy.

The u-velocity profiles at different axial locations are
compared with the data in Figs. 5 and 6. The agreement is
quite close at x/A= —2, 6, and 10. There is some discrepancy
in the upstream and downstream regions close to the rib, i.e.,

PREDICTIONS
o MEASUREMENTS OF CRABB ET AL [17]

0 04 0810 10 10 10+ 10
| Yoy
Fig. 5 Velocity predictions and measurements downstream of the
square rib.
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Fig. 6 Velocity predictions and measurements on top of the square
rib.
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at x/h=-0.4 and 1.5. At x/h=13, the predicted profile
shows a slower recovery than the measured profile as a
consequence of a longer reattachment length.

The calculated wall static pressure distribution is compared
with the measurements in Fig. 7. The correspondence is good
upstream of the rib, but on the downstream side un-
derprediction occurs for reasons which are not clearly un-
derstood. A similar discrepancy has been observed in Ref. 16.
Nevertheless, the overall agreement is encouraging.

Thin Rib

This case is more difficult to predict than the previous one
because of the singularity posed by the sharp tip of the fence.
As noted earlier, this feature is approximated herein by
making the computational rib thinner than the real one: it is
represented by a single row of cells and the calculation
domain upstream and downstream is covered by an expanding
and contracting grid as used for the square rib problem.

Three substantially different grids were employed and the
predicted values of L, and the height of recirculation Hy are
summarized in Table 2 for various combinations of dif-
ferencing schemes and k-e model variants. It is seen that Ly
increases with the successive refinement of the grid and moves
toward the measured value of 13.2A.

It is clear from these results that the HD solutions change
very slowly with grid refinement and independence is not
established even for a mesh as fine as 49 X 47. On the other
hand, the BSHD scheme shows an improvement of L, of 10%
over the HD results and shows signs of grid independence for
the 49x47 mesh. In fact, the result with the 36x33
arrangement is only 2% below that of the finest grid.

The turbulence model corrections as described earlier were
employed for the grid distribution of 36 X 33 and resulted in
even closer correspondence with the measurements. This can
be seen in Table 2 where predicted Ly is only 3.3% in error.
Further evidence is presented in Figs. 8 and 9 showing the
streamlines and velocity profiles generated using the 36 X 33
gird. The stream function contours of Fig. 8 show that the
overall features of the downstream bubble are qualitatively
well predicted but the quantitative discrepancy still remains
with respect to the length and height of recirculation and the
maximum negative value of the stream function. The com-
parison of velocity profiles in Fig. 9 shows excellent
agreement outside the recirculation zone, but less satisfactory
results within it. The latter discrepancies may be due to some
extent to measurement errors as the pitot tube is unreliable in
this region. In addition, as mentioned earlier, the sharp-edged
inclined top used in measurements was not simulated exactly
in the calculations. In this connection, Durst and Rastogi'
observed in their experiments an increase of one rib height in
Ly produced by making the edge sharp. Finally, inadequacies
in the turbulence model and the wall function treatment based
on the standard log law cannot be ruled out.

The predicted wall static pressure distribution is compared
with the measurements in Fig. 10. As in the previous case,
agreement is good in the region upstream of the rib, but
discrepancies exist in the downstream region where the pre-
dicted profile shows faster recovery than the measurements.

PREDICTIONS
o MEASUREMENTS OF CRABB ET AL [17]
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Fig. 7 Wall static pressure distribution for flow over the square rib.
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Fig. 8 Predicted streamlines and measurements for flow over the thin rib.
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Fig. 9 Velocity predictions and measurements for flow over the thin rib.
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Fig. 10 Wall static pressure distribution for flow over the thin rib.

Table3 Computing times for thin rib problem

Grid Scheme No. of iterations CPU time, min

36x33  BSHD/SIMPLE 2200 46
36x33  BSHD/PISO 380 9
49x47 HD/SIMPLE 3600 102
49x47 HD/PISO 600 22

However, ultimately the two profiles recover to the same
value at x/h=16.

Comments on Cost Effectiveness

Table 3 summarizes the number of iterations and com-
puting times (on an IBM 360/195 machine) required to obtain
the solutions just presented. Also given are the figures ob-
tained when the well-known SIMPLE® algorithm embodied
in the original TEACH code was used instead of PISO. Two
clear lessons emerge from the table: first, when it is borne in
mind that the 36 x 33 BSHD solutions were appreciably more

accurate than those of the HD scheme, it is clear that a
substantial saving in CPU time has been achieved; second,
further substantial improvement has resulted -from the
replacement of SIMPLE by PISO. Therefore, overall, the new
methodology is substantially more cost-effective than that
which it replaces.

Concluding Remarks

The combination of the BHSD scheme with its improved
accuracy and the efficient PISO algorithm has resulted in a
predictive method which is accurate, economical, and robust.
When applied in conjunction with the corrections to the k-¢
model of turbulence, it has resulted in improved predictions
for the present applications.

The predictions for the square rib problem agree closely
with the LDA measurements, which are believed to be
reliable. The disagreement between the predicted and
measured wall static pressure distributions cannot be ex-
plained.

The thin rib predictions agree qualitatively well with the
measurements. The qualitative discrepancies are attributed to
the sharp edge of the rib which is not exactly simulated in the
predictions, turbulence model inadequacies, and, to some
extent, errors in the measurements. Further research in the
development and testing of turbulence models for the class of
flow discussed here and more reliable measurements for the
thin rib problem are desirable.
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