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C.3. CHANNEL AND PIPE FLOW

Output description:

VIDEO OUTPUT includes timestep number, maximum error, Reynolds num-
ber and skin friction every nfreq timesteps. PRINTED OUTPUT is sent to the
line printer throughout the run if junit/ = 6. DISK-FILE OUTPUT is saved in
the appropriate plotting-data disk file (see Subsection C.1.3 for file names). The
file is unformatted and is created using the following statements.

write(iunit2) jmax,jaxi,retau,reh,cf,’PLOTP’
if (model.ge.3.and.model.le.7) then
write(iunit2) (yoh(j),uoum(j),yplus(j),uplus(j),tau(j),
* j=1, jmax)
else
do 60 j=2,jmax
diss(j)=-betas*fbetas(j)*bbeta(j)*et(j)*wt(j)
prod(j)=tau(j)*dudy(j)
continue
if (nvisc.ne.0) diss(1)=2.*diss(2)-diss(3)
prod(1)=0.
write(iunit2) (yoh(j),uoum(j),yplus(j),uplus(j),tau(j),
* et(j),diss(j),prod(j),j=1,jmax)
endif

The quantity res is Reynolds number based on the average velocity and
channel height/pipe diameter, while cfis skin friction based on average velocity.
Also, yoh(j) is y/ R, uoum(j) is U (y) /U (0), yplus(j) is y ™, uplus(j) is U, upvp(j)
is 7oy /ul, et(j) is k/u2, diss(j) is 8 fo- vk /ul, and prod(j) is vry, (dU /dy) /ul.
Additionally, for any value of iunit] other than 6, printed output is saved in disk
file pipe.prt at the conclusion of the run.
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Appendix C

Companion Software

C.1 Overview

The software described in this appendix solves for: (a) free-shear-flow farfield
behavior; (b) pipe and channel flow; and, (c) detailed sublayer and defect-
layer behavior. In all cases, accurate algorithms are used that guarantee grid-
independent solutions on any computer from an IBM PC to a Cray Y/MP. These
programs serve two purposes. First, they solve basic building-block flow prob-
lems and can thus be helpful in developing or modifying a turbulence model.
Second, these programs provide a definitive separation of turbulence-model error
and numerical error.

As computers have increased in power, there has been a tendency away
from analytical methods such as similarity solutions and singular-perturbation
methods. The mathematics of these procedures can be tedious, and it can be a
lot easier to use a parabolic marching program for the types of flows described
above. Eventually, marching far enough in space, self-similarity is achieved with
such a program. However, complete avoidance of analytical methods can lead
to an ignorance of important flow details such as singularities and important
asymptotic behavior that can be masked by numerical error. More alarmingly,
improper treatment of such flow detail can be the source of numerical error.

While the view presented here may appear to be a bit overcautious, it is
justified by the difficulties so often encountered in solving turbulence-transport
equations. Exact solutions are virtually nonexistent. Experimental measurements
cannot objectively be used to test for numerical accuracy. Consequently, it is
difficult to assess the accuracy of a new turbulent-flow program. The programs
described in this appendix generate very accurate solutions for a variety of simple
turbulent flows and turbulence models, and can be used to assess numerical
accuracy of more complicated programs.
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C.1. OVERVIEW 421

The main program coordinates all computations and program logic by calling
a collection of subroutines. In all programs, the computational sequence is as
follows:

1. Call NAMIN to coordinate reading the input data file. Note that NAMIN
calls NAMSYS to set all system-dependent and compiler-specific param-
eters.

. Call GRID to set up the finite-difference grid.
. Call START to set closure coefficients and initial conditions.

. Enter the main computation loop and repeat the following steps until con-
vergence is achieved.

o Call GETETA to compute 7 = [y, d€ for programs that use the
Rubel-Melnik (1984) transformation.
e Call CALCS to compute eddy viscosity, vertical velocity, etc.
e Call TMESTP to compute the timestep.
e Call EDDY to advance the solution in time.
. When the solution has either converged or the maximum allowable number
of timesteps has been reached, call EDIT to either write program output

to a disk file or directly to the printer. For the free-shear-layer programs,
call GROW to compute spreading rate.

. Write a disk file that can be used for making a plot of program output.

C.1.2  Program Input

The programs use a standardized method, reminiscent of the non-Ansi-Standard
NAMELIST scheme, to provide input to the programs. As noted above, if
the program name is PROGNAME, input is provided in a disk file named
progname.dat (sample input for each program is provided on the distribution
diskette). The format for integer quantities is (1x,al12,i4) while the format for
floating-point quantities is (1x,al2,e13.6). The (Ix,al2) permits entering the
variable name and an equal sign. Typical input thus appears as follows.

iunit1 = 2

iunit2 = 7

model = 0

etin 1.000000e-07

wtin 4.000000e-01

| I |
Column number: 2 16 17 26
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C.3. CHANNEL AND PIPE FLOW

C.3 Channel and Pipe Flow

Program PIPE can be used to compute incompressible channel flow or pipe
flow with several turbulence models. Subsections 3.5.1 and 4.8.1 of the main
text describe the channel- and pipe-flow equations. No additional transformations
are introduced in Program PIPE.

As with the free-shear-flow programs, we add unsteady terms to the vari-
ous turbulence-model equations to facilitate solution of the two-point boundary-
value problem. However, the momentum equation is solved at each timestep by
trapezoidal-rule integration. For example, in the case of a two-equation model,
we advance the turbulence parameters in time. Then, after updating the eddy
viscosity, we determine the velocity by integration of the following equation.

Ut 1-y*t/R*

bt C.10
dy* 1+ puf ¢ )

All notation in Equation (C.10) is identical to that used in Subsections 3.5.1 and
4.8.1 of the main text.

The only other subtle feature of the program is the way the specific dissipation
rate, w, in the k-w model and the Stress-w model is computed close to the
solid boundary. To eliminate numerical error associated with computing the
singular behavior of w for perfectly-smooth and slightly-rough surfaces, the exact
asymptotic behavior of w is prescribed close to the surface (see Subsection 7.2.1).
That is, we use the fact that, for y+ < 2.5, w* = vw/u2 is given by:

as y —0 (smooth wall) (C.11)

>

5 as y— 0  (rough wall) (C.12)
oo ]

The exact analytical behavior of w is imposed for a prescribed number of mesh
points, jskip, next to the surface. Using 201 mesh points, Program PIPE typically
requires computing times of less than 5 seconds on a 133 MHz Pentium-based
microcomputer.
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