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SUMMARY

An algorithm for laminar and turbulent viscous compressible
two-dimensional flows is presented. For the application of precise boundary
conditions over an arbitrary body surface, a body-fitted coordinate system is
used in the physical plane., A thim-layer approximation of the Navier-Stokes
equations is introduced to keep the viscous terms relatively simple. The
flow field computation is performed in the transformed plane. A factorized,
implicit scheme is used to facilitate the computation. Sample calculations,
for Couette flow, developing pipe flow, isolated airfoil, 2-D compressor
cascade flow, and segmental compressor blade design are presented. To a
certain extent, the effective use of the direct solver depends on the user's
skill in setting up the gridwork, the time step size and the choice of the
artificial viscosity. The design feature of the algorithm, an iterative
scheme to correct an assumed geometry for a specified surface pressure
distribution, works well for subsonic flows. A more elaborate correction
scheme is required in treating transonic flows where local shock waves may be

involved.



VISCOUS COMPRESSIBLE FLOW DIRECT AND INVERSE COMPUTATION WITH ILLUSTRATIONS

1. Introduction

1.1 Background

In the late 1960's, we extended Stanitz's (1) inverse solution method
for planar potential flows to axisymmetric flows. Curved-wall diffusers were
designed by using the extended method, and they are referred to as Griffith
diffusers (2,3). 1In Griffith diffusers, the measured wall pressure
distributions correlate very well with the prescribed distributions. In the
early 1980's, we extended the design procedure to include shear flows to
design curved-wall diffusers for short ejectors (4). Even though record high
thrust augmentation ratios were observed, the diffuser pressure distributions
no longer correlated as well as they did in the sixties. The major
difference is that in the Griffith diffusers, there is always a distinct
potential core flow while in the ejector diffusers, the entire flow field 1s
often dominated by the viscous forces. It is a natural progression that we
began to take on the development of an inverse solution method for flows
without neglecting viscosity. The momentum equation considered here-in is
the Navier-Stokes equation with the thin-layer approximation. The energy
equation is also included as one of the governing equations to account for
the compressibility of the fluid. In the Reynolds stress terms, both
Baldwin-Lomax (5) and Cebeci's (6) turbulence models were considered. The
Baldwin-Lomax model was used in the cascade computations and Cebeci's model
was used in the pipe flow computations. The NASA Lewis Research Center
1nitially was interested in the possibility of applying this inverse
procedure for gas turbine blade redesign. As the algorithm and computer code
were being developed, its interest was shifted to the applicability of the

code to compressor blade design. Therefore, a compressor blade of known



surface pressure distribution, reported by Schmidt et al (7), was used to
verify the algorithm and the code.

1.2 Outline of the Computational Procedure

The computation begins with an assumed geometry. The flow field
computation, incfuding pressure distributions over the boundaries, is
performed in a transformed plane. The transformation is from a body-fitted
coordinate system. Thompson's (8) general coordinate transformation is used
1n conjunction with Sorenson's (9) method to provide the orthogonality of the
grid work at the solid boundaries. An implicit scheme for solving the
compressible Navier-Stokes equation was developed, by the utilization of
Beam and Warming's (10) scheme. The direct solver used in this report
differs from Steger's (11) 1n that the present procedure allows solutions of
axisymmetric flows and planar flows while Steger's 1s for planar flows only.
The method of obtaining the desired geometry of either an axisymmetric flow
passage or a blade cascade is achieved by the Secant method (12), and the
virtual velocity method (13). These are progressive, iterative procedures.
Thompkins and Tong (13) used an iterative method in correcting geometries,
for inviscid flows. Modifications and interfacing of the above
techniques were required to yield this comparatively complex procedure. In
this report, we consider planar flows as sub-cases of axisymmetric flows. In
the sub-cases, appropriate terms are deleted from the axisymmetric flow
equations. Flags are used in our computing code to direct the computation to
either axisymmetric flow or planar flow. The listing of the computer code is
given in Ntone's dissertation (14) and will be deposited at Cosmic. Requests
for copies of the code can be directed to Cosmic, Computer Software

Management and Information Center, Suite 112, Barrow Hall, Athens, GA 30602.



2. Analysis

In this chapter, the form of the Navier-Stokes equations selected for
computation will be presented. The numerical algorithm selected for their
solution will then be derived. A brief discussion on boundary conditions
will be given here and additional details will be provided in the chapter of
sample calculations. A brief presentation of Cebeci's and Baldwin-Lomax
turbulence models for Reynolds stress calculation will be given. For
improving computational stability at high Reynolds numbers, an artificial
viscosity was introduced. It will also be discussed in this chapter.

2.1 Governing Equations

For a viscous, compressible axisymmetric flow, the Navier-Stokes

equations are written in the vectorial form similar to Peyret and Viviand

(15), as
3g , 9F 3G _1(3F, , 3G,
ot * ox * ar Re(ax * ar ) + R (1
where
p pu pv
q=r]|oepu Fe=rj|pu? +p G =r1 puv
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The above equations are written in the physical plane with cylindrical
coordinates (x, r, t) for axisymmetric flows, where x denotes the axial
coordinate, r the radial coordinate, and t the time. If the multiplication
factor r is set equal to one, the %-terms go to zero, and the 5% terms are
replaced by 5% then the system of equations becomes useful for planar flows.
In the above, p is the density of the fluid, u and v the velocity components
in x and r direction, respectively, e the sum of thermal energy CyT and the
kinetic energy %(u2 + v2), p the pressure, Y the ratio of specific heats and
p the viscosity. The equations are non—-dimensionalized using reference

values of length, velocity, density and viscosity. The Prandtl number Pr is

defined by

u Cc
Pr = —EEE—E
ref

where C, 1s the specific heat at constant pressure, and kper is a reference

thermal conductivity. The Reynolds number, Re, is defined by



where L, is the reference length. Pressure, p, is obtained from the equation
of state

p = (¥y=1) [e - 1/2 p(u? + v?)]

For laminar flow, the dependence of u on temperature can be accounted for by

using Sutherland's relation:

_ (T 1372 Co 4 Trer

Moo= T
Tref C2 *T

where T denotes temperature, and

C2 = 198.6 °R

For turbulent flows, it is customary to express each dependent variable as
the sum of a mean and a fluctuating quantity, such as ¢ = $'+ $', and then
time-average the Navier-Stokes equations. For compressible flows, this
procedure leads to the presence of second and third order moments of the
fluctuating variables due to the density fluctuations. To avoid this, the
concept of mass averaging (16-18) is introduced. For example, if ¢
represents the instantaneous value of a dependent variable, then the

following decomposition is used:
o =0+ "

where 3 is a mass averaged quantity, defined as & = p¢/p, ¢" is a fluctua-
tion, and the E'denotes the time averaged quantity. The ¢" is then

related to ¢', which is the customary fluctuation quantity, by

For Navier-Stokes equations, the mass averaged decomposition is applied to u

and v while the customary time averaging is applied to p, e and p. The time



averaged turbulent Navier~Stokes equations are essentially the same as those

for laminar flows, except that one must add to each laminar shear stress and

heat flux term its corresponding turbulent contribution resulting from

fluectuations. Thus, for turbulent flows, a turbulent viscosity u¢y is added
Yu

to the molecular viscosity u, and the coefficient r is replaced by
u
|}

Y (5;-+ F% ), where Prt is a turbulent Prandtl number. However, proper
t

closure of the equations is not achieved until a method of calculating the
values of up and Pry is introduced. This subject will be dealt with in the
section on "Turbulence Model."

In many problems, one wishes to have boundary conditions satisfied
exactly on an arbitrarily shaped body surface. Therefore, the need for a
coordinate transformation from the cartesian coordinate system (x, r, t) to a
more general curvilinear system (g, n, t') arises. With the coordinate
transformation

£ = &(x, r, t)

n=n(x, r,t)

tt =t ,

the axisymmetric Navier-Stokes equations can be rewritten as:

q . oF 1 (9F, . 9T,y . w
3t' T 3 T 3In -~ Re ( T an) +H,

+
!
+
tt

q/Jd

o |
it

|
1

= £, Q*E F/J + g, G/J



G = n{E + n, F/J + n G/J

G1 = an1/J + an1/J

x|
"

H/J

<,
1]

Ex"r - Ernx = 1/(xEr'n - xnrg)

If one introduces the velocities, V, along n = constant line and, U, along E

= constant line, then F and G become:

er -1

pul + Ex p
pvU + €. P
(e + p) U - E.P

!
i}
s

rp\] 7]
puv + n_ p
pVV + n . p
| (e + PV - n,p ,

Ql
L}
ol

where

U = Et + ugx + vgr

<3
u

+ unx + vn .

nt r

In the above transformed equations, the presence of the matrices &4, &p,
ny, np and the Jacoblan, J, implies that the coordinate transformation is
known. The details of how the transformation was obtained are given in
Appendix A. For a stationary boundary, gy and ng are zero., For a moving
boundary &t and ny must be specified.

The viscous part, (RHS of Equation (2)), contains a large number of

terms. These items can be greatly reduced if one uses the "thin layer"



assumption, according to which g{-derivatives in the viscous part are

neglected as small compared to the n-derivative,

Such an approximation is

different from that of the usual boundary layer equation assumption, in the

sense that it allows a pressure gradient across the streamlines even inside

the boundary layer.

of calculations using the thin layer assumption and the full Navier-Stokes

equations to validate the approximation.

is incorporated into the governing equations, Equation (2) becomes:

3q 3F 9 1 3G, . =
-2 4 e 4 — =z — —L 4+ H
at1 £ n Re 9n
where
[~ 0
- r 2 2 v
G1 =3 u(nx +n, Ju + = unx(u n v nr) 3H T Ny
2 2 v
u(nx + o, )vn + o= nr(u n,+v_n) 3
Yu e _1,2 . 2 2 u, 2 2y .2 , 2
Pr [p 2(u +v)] (nx o, ) + (nx o, Y(um + v )n
o2 2 _3 u
Y [((u™) n,o* (v )n n. o+ 2(uv) n nrJ 5 uF(unx + vn )
and
— -
0
0
= _ 1 1 4 v _
H =3 P e l3uyr~3 u(unnx + i nr)]
0

Deganl and Steger (19) recently presented a comparison

When the thin layer approximation

(3)

If we let the multiplication factor r be one in Equation (3), 1/r terms

be zero, then H will vanish, and Equation (4) the governing equation for

planar flows will be

10



A -
3 oF aG 1 23S
3t' 3¢ " 3n " Re an )
where
A -— A — ~ .
qQq=q/r ,F=F/r ,Gs=G/r
and
A 1 [ 0 7]
S=3 Ny -
u(nx +n, ) up ot §-nx(nx ug +*n, vn)
u(n 2, n)Yv_ +Eq(nu n_v.)
X r 3 r'rn r
Yu ;e _ 1,2 2 2 2 u 2 2 2 2
or [p 2(u +V )]n(nx 0, ) + > (nx +n, ) (U™ +v )n
u 2 2 2 2
* € [(u )n n,&oo* (v )n Nt 2(uv)n N, nr]

The axisymmetric¢ equations can also be written in a form very similar to

the planar flow governing equations, and is shown as follows:

A
"~ A ~ oG
_B.Q_+_8_F+3_G.=1— 1+ﬁ|’ (5)
at! 9E an Re 9n
where
G. =TG./
G1 = G1 r
A 1 1 ~ o)
| LY L T -
H = (Re G1 G')
~ 1 pv
! o -
¢' =3 puv
pv
(e+p)v

11



and

(34

-
|-
=
—~~
c
3
=3
+
<
3
S

e o o o o . s iy st o,

e ) —— o~

Yu e 1 2
[p (u® + VZ)]n n. tuu (u NtV nx)

n
=

In this report examples are presented to show the solutions for
Equations (3) and (4). Equation (5) is suited for more complicated
geometries than equation 3. However, the computing time will be longer when
Equation (5) is used.

2.2 Numerical Schemes

In this section the derivation of the finite difference equations used
in the solution of Equation (3) 1s presented. Following a similar procedure,
the corresponding finite difference equations for Equations (4) and (5) were
also derived but are not included in this report.

The algorithm selected here is the implicit factored scheme of Beam and
Warming. As a starting point, the time differencing formula is written in

Pade's form as,

30 1 (+pA-tA-n 2

3tT = It 1v08 3 ). (6),

+ (87 + 5) 0 (AL') + 0 (At'
where A and V are forward and backward difference operators, and superscript
"n" represents the nth time step. This is demonstrated by:

- —n+ o ¢
Aq q - q

~n _-—n _ -—|n-1
Vg =q

12



and t' = n(at') with positive integer of n.

Equation (6) can be rewritten as

[4 —n+i
T+ t' T Teg 29

-n —-n
Bat' , 33 ) , At' 3g

-n
ba- - 1+ ot

+0 (0 -1 -3 (at'2y + 0 (at'3) .

Using Equation (3) we can show that Equation (7) takes the following form:

Recognizing agh~! = vgn,

- 3G
At F 3G . 1 °"1 _ =n
e 3 T tRe T ]
0AL' . 3 =n 9 =n 1 9 ,,=n =n
Y [5E (-aF7) + 5= (=AGT) + g= 50 (8Gy) + aH™]
—n —n-1 1 2
= 83" - £ 43"+ (eep) 0 (av'%) + 0 (at'3y.

2.2.1 Linearization

Equation (8) is non-linear because AFP, AGR, AGR, and AHD

contain terms depending on an+1. However, those terms can be linearized,

as shown below for AFN:

=n m—n

F' =g "+ g " (F@)/9)" + £ (6(a)/9)"

then

=n n+l —n+1 n+1 n+1

AF = {gt q +E (F(q)/Jd)

+ € " (6(a)/9)

n+1}

- {g@" « £ (F@/n™ + €. (6@ .

From the definitions of F and G, it can be shown that:

F(q)/J = F(q/Jd) = F(q)

13

(7)

(8)



G(q)/Jd = G(q/J) = G(q),

!}

and

B F(Q) _ 3F(q) _,
)

al|

B36G(q) _ 36(q) .4
9

Oof

One may also show from matrix multiplication, that

F(q) = Aq and G(q) = Bg.

The Jacobian matrices, A and B, are given in Appendix B. Expanding F(q)

in a Taylor series yields:

F@™ - @+ aqt G,

3q
and since
Aqt - P - - At(%%)n + 0(at?)
then,
F@™ = r@" + A" @ - @ + oat?)
- a" 3 ™ oat?)
similarly,
(@™ - 8" T+ 0(at?)

1k



then

—n+1 n+1 n+1.n n+1 _n —n n+1 n —n
AF = [Et I+ Ex AT+ Er B'] Aq + (£t Et )q

n+1
r

s (g™ - ) F@" + (¢

n ~— N
x -Er)G(q) .

A similar expression for AGN can also be obtained, if £ is replaced by n.
Equation (8) can be now expressed as follows:

eAt!
1+

1 9

9 ,7n ,—n 9 ,zn,—n, _ =N, _ ,5h
[a—E-(A Aq)+-5-ﬁ(BAq) -ﬁ-éa—n(AG1) AH)

=n =n —n
At' OF aG 1 3G —n g —n1

- 8x ret o L9 _—

1+g [85 * an Re on +H]+ 1+z;Aq

+ (0 - g -2 0 (atr?) + o(atrd) (9

where
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+
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In the present research, the three—-point backward implicit scheme is
used, where 6 = 1 and ¢ = %. In the direct solver, the boundaries are fixed.
Therefore, the metrics do not change with respect to time. It can then be

shown that

F' = F® anda G"-0",

and F and GM no longer depend on (q)"*!. One can approximate AG,M in

the following form:

- EHHDO A

and, similarly,
AT = (D + E)AqT .

These are linear because ﬁ} ﬁ}, D and E are expressed at time n, and
are therefore known, just as in the case of AFD and AGN. The matrices
M,, M, D and E are listed in Appendix B. Then the linearized algorithm

appears as follows:

pAt! 9 Tn dzn _ 1 3 r— n_.n_.n -n
1+ S h +5n B g, GH+ M) -0 - €D} 4
=n =n 3G,
=Tz 95 " an " Rean P HI1 i 8a 0+ 0(87r5)0(at!T) + 0(at'™),

(10)

2.2.2 Factorization

A major gain in computational efficiency may result if Equation (9) is

written in the following factored form:

eAt' 9

At' . dzm _ 1 9 r—= = .n_ .n_ _n, -—n
T+z 9t =M+ M) D E'] aq

vt % "R G :
= R.H.S. of equation (10).

[I + A7 [+

16



and

Equation (11), the factored equation, differs from Equation (10) only by
terms which do not affect the stated accuracy. Using Equation (11), the
two-~dimensional operator of Equation (10) was reduced to two one-dimensional
operators.

For spatial discretization, the central difference scheme is used, and

the terms (%2)1 Jand 3%(&%2) are represented by the following approximations:
9

g n'y,4
and
30y LGy TP e T - Pag TPy T g
3n Fan’1, 3 3(am)2
+ O(Anz),

When Af£ and An are taken to be 1, Equation (11) becomes:

- p— %
Li189 g, 3 ¥ Qday g+ N 8a 5= Ky (12)
where

_18(at")
i-1 72 1+ 1-1,3

> |

1 6(at")
T+ " 1-1,3

[

+

N —
t
=

and

17



2< 1< tnay -1
The Kij represents the right hand side of Equation (10), and Lj-q, Qj, Nj4q
are UxY4 matrices. The solution of Equation (12) for Aa?’j requires the
inversion of a block tridiagonal matrix. This procedure is shown in Appendix
C. The solution of Aq's, of Equation (11), which is referred to as the

n-sweep, is obtained from the following:

Lymg 837 5oy + Qg 80Ty ¢ N 0Ty gy - 8T (3
where

Ljop = % SN LA ?zjéﬁ’?,w " Eg 3o

Nyvq = % (é?,jﬂ "% Yril,jﬂ - '}% mril,jﬂ - E?,JH)

Q=1- ?32' s Ri,g *205)

and

2<J < Jmax = 1.
The matrices W, Y, R are given in Appendix B. For each time step, the
solution of the previous time step is used to calculate the R.H.S. of
Equation (10) and the L.H.S. of Equations (12) and (13). The solutions of
Equations (12), (13) and (11a) yield the flow field at interior points of
the new time step. At the boundaries, either the flow variables are
specified, or they are calculated from the known values at the interior
points., To initiate the calculation, an initial set of values must be
assumed. The three-point backward scheme uses three time levels; the third
level is calculated from the previous two levels. Therefore, one could not

start the calculation with just an initial solution at n=0. The trapezoidal

18



rule is employed for the first time iteration, and the three-point backward
scheme 1s used thereafter.

2.3. Boundary Conditions

The importance of treating the boundary conditions correctly has long
been pointed out by authors such as Moretti (20). The 1981 Symposium on
Numerical Boundary Condition Procedures (21) was a recognition of the
importance of this aspect in numerical computations. Essentially, boundary
conditions affect both the well-posedness of initial-boundary value problems
and the stability of their numerical solution (22).

At in-flow either the velocity components and the density (or
temperature) or the stagnation temperature and pressure and the flow angle
were specified. At solid boundaries, both u and v are zero and either a
constant surface temperature or an adiabatic wall condition is specified.
Fluid properties which are not specified at boundaries are obtained from
solutions at interior points by extrapolation. At the outflow boundary,
where p is specified, p, u and v are obtained by linear extrapolation.
Details on the extrapolation are provided 1n Appendix D.

2.4 Turbulence Model

As stated earlier, a complete closure of the governing equations
require that a turbulence model be provided. In this research, two
turbul ence models, namely Cebeci's algebraic model and the variation of it
introduced by Baldwin and Lomax (5), were examined.

Cebeci's model (6) is a two-layer model in which the calculation of the
eddy viscosity, ug, depends on whether one considers points in the inner
region or the outer region. In the inner region, the expression for pg is

based on Prandtl's mixing length theory:
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(ut)inner =

where y is the normal distance from the wall and % the mixing length. They

are obtained from the Van Driest expression

% = ky [1mexp(@P)],
with

ky = 0.4

s
At = 26y (Zu)72
Pw

Here, v is the kinematic viscosity, and 71, and py, are the shear stress and

density at the wall, respectively.

In the outer region, pyt is calculated from:
() outer = Yo®k1eb?

where

n.o =Kk J (ue—u)dy ,

and

¥ 6,1
C1ep = [1%5.5(5) ]

In the above, ug is the velocity at the edge of the boundary layer, § is the
boundary layer thickness, Y is the Klebanoff intermittency factor, and k, =
0.0168.

The inner region extends from the wall to the crossover point y,, where
(ut)inner = Mo. For y > yo, values of (ut)oyter are applicable. One of the
difficulties in applying Cebeci's model lies in the accurate determination of

8. Baldwin and Lomax (25) pointed out that significant errors would result
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from the inaccurate evaluation of § and modified Cebeci's model to avoid this
calculation.

In the Baldwin and Lomax model, the eddy viscosity for the inner region
is obtained from:

(ut)inner = P 22| wl,

where

For the outer region, the following formula is used

(ut)outer =K2 Cep P Fuake Fiiep (¥)

where

Ccp = 1.6

ymax Fmax or }

2
wk ymax u difr / Fmax

use the smaller of the two.
wake C

6,-1

F (y) = [1+5.5 (C )]

kleb kleb ¥/ Ymax

Ckieb = 0-3 Cyx = 0.25

Fpax 18 the maximun of F(y) defined as

Fy) =5 |w|2,
1

and ypax is the y-location where F(y) maximum occurs. ugjr is given by

u = (v uZ + v2 )ma

dif X

The success of this model relies on the existence of a well-defined peak

for the function F(y) and not having to calculate the boundary layer

21



thickness, 6. In the current cascade computation, the Baldwin-Lomax model
was used in the computer program, No difficulty was encountered.

2.5 Artificial Viscosity

The algorithm described in section 2.2 works well for low Reynolds
number calculations, but often requires additional damping terms for
computational stability at high Reynolds number. The form of the damping
terms used here is the same as Steger's (11). When these damping terms are
added, Equation (11) becomes:

[1+8At" 3 gn _ =1 eat!

~n ~n aGH
avt o 9% G 1 T g
14z o an Re 9n
& el eat' - 2 2,J -n
+ T Aq €1 Tt rd [(VE AE) + (Vn An) ] = q (14)

In Equation (14), a fourth order dissipation term has been added to the right
hand side of the equation, while second order terms are added to both
implicit factors. Operators such as VE and AE are backward and forward

operators. In a central difference approximation,

1+1,5 T 2%, * %41,
and
(v, 8.)% = ¢ T + 66, . ~Uo .0
£E & i+2,] i+1!j i,3 i_1vj i-2,]
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are used for second and fourth order derivatives, respectively. The
coefficients, €, and €,, are dissipation coefficients.

Artificial viscosity terms of this nature were studied by Desideri et
al. (22). Their study was based on simplified forms of the governing
equations and certain types of boundary conditions. Nevertheless, their
limits for the ratio of ¢, to €; are used as a guideline for the stability
behavior of the present damped algorithm.

2.6 Inverse Design

The inverse design consists of computing a wall geometry that satisfies
a specified pressure distribution. One may initiate the 1nverse design with
an educated guess-geometry and a reliable procedure for wall modification.
Each newly selected wall geometry should yield a wall pressure closer to the
target pressure than the previous ones. In this research, two methods have
been examined. One is an adaptation of the so-called secant method, often
used i1n the numerical solution of non-linear equations. The other is based
on the virtual wall velocity idea previously used by Thompkins and Tong (13).

2.6.1 Secant Method

The secant method is illustrated in the following sketch. In this

figure, 1t 1s desired to find the zero of a function of ¢(x).

183

Starting from two initial guesses (xy,¢7) and (x2,¢2) on the curve, a

straight line is drawn through those two points, intersecting the x-axis at
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x3. Then another straight line is drawn through (x2,62) and (x3,¢3),
intersecting the x-axls at xy. If this process is continued, the
intersection of each new straight line with the x-axis should get closer and
closer to the correct value of x for which ¢ vanishes. If the two initial
guesses are sufficiently good and the function ¢ sufficiently well-behaved,
convergence of the method is quite rapid.

For the extension of the method to inverse design problems, the

following formula is used:

Py _ P
r =r +u(r

1 b, _ P, 5" r1) (15)

In Equation (15), all quantities are evaluated at the wall. Subscripts "1"
and "2" denote the two guesses used to calculate the next wall geometry and
subscript "d" the design pressure. At each wall correction, Equation (15)
must be used at every wall point in the region of interest. Clearly, this
means smooth wall geometries will be obtained only if wall pressures are
smooth. Since this may not necessarily be so, a wall geometry smoothing
method must be introduced. 1In this case, all calculated wall geometries were
smoothed by a least squares method, using a low degree polynomial.

In order to apply the above wall correction scheme to a design problem
using the thin layer Navier-Stokes equations, it is possible to perform a
complete direct calculation on each of the two geometries used to obtain the
next one and repeat the process until a satisfactory geometry is obtained.
However, it seems computationally more efficient to treat the whole problem
as a single direct computation in which wall corrections will be made after a
specified number of iterations (time steps) of the direct solver. One may
start the calculations using one guess for the geometry. The direct

calculations are stopped when the maximum absolute difference between the
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current wall pressure and the wall pressure at the previous time step (wall
pressure residual) becomes smaller than a specified value op- At this point,
the second guess-geometry is used, and direct calculations proceed with this
second geometry until the wall pressure residual falls below Op- Then using
the previous two geometries and their corresponding pressures, a new or the
third geometry is calculated using equation (15). This geometry and one of
the two guess-geometries whichever has a pressure closer to the design value
are used to obtain the 4th geometry. The process repeats with 3rd and 4th
geometries as the first and second guess geometries. For accuracy, a small
value of % should be specified. However, since Op determines the number of
direct solver iterations between two wall corrections, the 9p value may be
increased to speed up the computation. For a given Op» the number of direct
solver iterations decreases as one approaches the target geometry.
Therefore, to maintain accuracy, one may decrease op as the target geometry
is approached.

The form of Equation (15) makes it suitable for the design of flow
passages such as nozzles, diffusers, etc. where the inlet radius is specified
and remains fixed throughout the calculations. However, at the exit, where
pressure 1s usually specified, the term P,-P; vanishes, which makes the
formula 1napplicable. This inconsistency affects points in the neighborhood
of the exit, which must be obtained by extrapolation. Here, the
extrapolation was done so that the flow can be made nearly parallel at the
exit by maintaining the exit wall radius equal to the wall radius of the
adjacent point. This, of course, imposes a limitation on the kinds of exit
flows to be considered, but there does not seem to be a general rule of

extrapolation for the exit wall nodal points.
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Due to the presence of P, - Py in the denominator in Equation (15), it
is clear that numerical problems will arise if the difference between
calculated and target pressures becomes very small. Therefore, calculations
must be stopped when that difference becomes smaller than a pre-determined
value. Also, initial guesses must be selected such that their corresponding
pressure distribution curves do not cross each other.

2.6.2 Virtual Wall Velocity Method

Referring to the flux vector, G, at the right hand side of Equation

(10) and imposing the no-slip condition at the wall, it can be shown that:

at all times for the direct calculations (for a fixed wall). The subscript,
w, refers to the location at the wall. However, it is possible to imagine a
problem where the wall would be moving towards a steady state position
corresponding to the target (design) pressure. At that steady state

position, Gy, would be:

o] d
W J n.p
W

where superscript "d" denotes the design conditions. Assuming that the wall
moves with a finite velocity towards its steady state position, u, v, V and

nt are no longer zero at the wall. They can be calculated by requiring 5@

for the moving wall to be equal to 53, which leads to:
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oV 0 d
r puV + npP i r np
J pvV + n.p J n.p
(e+p)V - NP W 0 w

Equation (16) represents a system of four equations. The first equation
is automatically satisfied when the steady state is reached. If

geometric changes in time are disregarded, the last equation ylelds:

One may then obtain v from the second equation as:

172
d
ver (—, © sl%pl)

Now from the equation for ny and the definition of V, it can be shown that

- -P
\' ~ (unx + vnr) .

By applying the rules of partial differentiation, one can show that:

My = —nxxt' - nrrt' *

Assuming that the wall only moves in the r-direction, then

nt = = nr‘rt' *

and the magnitude of the wall correction is given by:

2

n
X
lar|=atr G+ 1) (1)

My

d_ A
l%') . an
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If the calculations are initiated with an assumed geometry, Equation (17) can
be used to correct the wall at each time step. However, since this would
require the calculation of a new grid at each time step, it is useful to
introduce op as described in 2.6.1 to set the number of time steps between
two wall corrections. In practice, it may be necessary to multiply the right
hand side of Equation (17) by a constant A. The value of X should be
selected small enough to keep the calculation stable. A value of 0.05 made
the computations very slow and a value of 0.2 was satisfactory. Also, the
computed r's at the wall are smoothed out by adding to the newly computed r's
the expression:

k (

Pivr,1 T 2Tt Tiag,) o

where j=1 denotes the wall, and k a positive constant. In the calculations

performed here, «k = 0.2 was used.
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3. Results and Discussion

In this chapter, some of the cases used to test the algorithm of the
numerical solution described in the analysis chapter are presented. Since
the inverse design feature of the computational program relies entirely on
the direct solution, it is important to assess the capabilities and
weaknesses of the direct solver. Therefore, a great part of the chapter will
be devoted to the results of the direct solver. Then illustrations will be
provided for the inverse design procedure. These illustrative cases have
elther known analytical or numerical solutions or experimental data. All
calculations were performed on an IBM 3081.

3.1 Direct Solution Results

3.1.1 Laminar Flows

3.1.1.1. Flow Formation in Couette Motion

The first case is the two-dimensional flow between two parallel plates
at low Reynolds number. One of the plates is held fixed and the other one is
suddenly set into motion with a constant velocity, u,, at a Reynolds number
%Qg of 6.2. Such a flow was considered by Beam and Warming (23), when they
extended their algorithm, originally derived for hyperbolic systems in
conservation law form, to the Navier-Stokes equations. However, their
governing equations were the full Navier Stokes equations in physical
coordinates, while a coordinate transformation and a thin-layer approximation

are used here.
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Figure 1: Flow formation in Couette motion
The geometry of the problem is shown in Figure 1. The no-slip condition is
applied at the walls (j=1, and J=Jp) along with an adiabatic wall condition.
At the g-boundaries (1=1 and 1=ip), periodic boundary conditions are imposed

as follows:

91,3 = qlm—1,J

92,3 = qlm,J
Essentially, the periodic boundary conditions are used here to maintain the
non-dependence of the flow field on the x-direction (or g-direction). The
solution of Equation (4) for this case is compared to the exact solution (24)
in Figure 2. The selected grid was uniform and had 6 points in the
E-direction and 11 points in the n~direction. As expected, the solution
showed no variations in the x-direction, and only one x-station needed to be
considered. Due to the use of a relatively large time step, only 40
iterations were required for convergence. Because of a large time step, the
computed results of 5 and 10 iterations, labeled as 5n and 10n in Figure 2,
are in poor agreement with the exact transient solution, while the exact
steady state solution and the computed result labeled 40n are in good
agreement. This is an indication that the steady state solution is

independent of the time step and of the initial conditions. Better
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Figure 2. Flow formation in Couette motion.
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Figure 3. Centerline velocity for the entry region of a pipe at Re4=40.
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agreement with the exact transient solution is obtained with smaller time
steps, but more iterations are required.

3.1.1.2. Entry region of a circular pipe at Req = 40

The second case is the entry region of a circular pipe at low Reynolds
number, with a uniform velocity uy of 100 ft/sec prescribed at the inlet,
Friedman et al. (25) used a numerical solution of the incompressible
Navier-Stokes equations to show how the Reynolds number affects the flow. In
Figure 3, the present solution of the centerline velocity is compared to
theirs for a Reynolds number of 40. The present solution (Eq. 3) was
obtained with a 21x15 grid and converged in U400 iterations from an impulsive
start from uniform conditions. Both a constant temperature wall and an
adiabatic wall were considered. It is seen that the constant temperature
condition yields a better agreement with Friedman et al.'s solution.

3.1.1.3. Entry region of a circular pipe at Regz = 3000

The third case is the laminar flow 1n the entrance of a pipe at Rey =
3000. The uniform velocity prescribed at the inlet was again 100 ft/sec.
Because the entry region at this Reynolds number is quite long (above 300
radii), only part of it was considered in the present calculations. A 41x18
grid was used, and the solution converged in 1200 iterations from an
impulsive start at uniform conditions. The solution is shown in Figure 4,
along with Nikuradse's experimental curves (26) and the analytical results of
Campbell and Slattery (27). Also shown is the only point from Reshotko's
experimental data, as presented in Reference 27, that falls within the range
considered here. Figure 4 shows that the agreement of the present solution
with the solution by Campbell and Slattery (27) is generally good, except at
the centerline. Nikuradse's data are also presented for comparison. The

validity of these data for comparison in this problem, however, has been
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Figure 4. Entry region of a circular pipe. Laminar flow velocity distributions.
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Figqure 5. Entry region of a circular pipe. Laminar flow pressure distribution.
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questioned by Campbell and Slattery, Shapiro (see discussion in Reference 27)
and Sparrow et al. (28). The data point from Reshotko's experiment seems in
good agreement with the present solution near the centerline. Figure 5 shows
a comparison of the computed non-dimensional present pressure distribution
versus the non-dimensional axial distance divided by the Reynolds number with
the analytical results of Schiller reported by Tietjens (26), are in very
good agreement with experimental data. It should be noted that the present
results were obtained using Equation (3) and a rather coarse grid with the
spacing in the x-direction taken as one diameter. For pipe flow problems,
the solution of Equation (3) at high Reynolds numbers seems to allow such
large spacings. However, making Ax much larger than one diameter would
result in a computationally unstable situation.

3.1.1.4, Isolated airfoil

As a test of the algorithm for more complicated geometries, the laminar
flow over an isolated NACA 0012 airfoil was examined. The calculations were
performed at a Reynolds number of 10,000 with respect to the chord length and
a free stream Mach number of 0.2. The grid around the airfoil was obtained
using Sorenson's code (9) which allows specification of a uniform n-spacing
and near-orthogonality at the wall. For the computations, a 79x34 grid of
the C-type, as shown in Figure 6, was used. The distance between the wall
and the nearest g-line was approximately 0.0011, and an elliptic shape outer
boundary was specified at 7 chords away from the airfoil. A zero-degree
incidence angle (measured from the x-axis) was selected, which means symmetry
of the flow field existed about the x-axis. For a geometry such as shown in
Figure 6, the elliptic outer boundary is the inflow boundary, while the
vertical line at the right is the outflow boundary. At the outflow boundary,

the pressure was specified, while p, u and v were extrapolated. The
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extrapolation was done by taking 3/9n as zero, where n is the direction
normal to the outflow boundary. This involves the inversion of three scalar
tridiagonal matrices to obtain p, u and v at the boundaries. At the inflow
boundary, two methods of specifying the boundary conditions were considered.
The first consisted in specifying p, u and v and extrapolating for P by
taking %% = 0. The second consisted of specifying the stagnation pressure

Po, and temperature, T,, and the flow inlet angle, then the left running

Riemann invariant, given by:

where ¢ is the speed of sound and w the total velocity (w = YuZ+v%), was
linearly extrapolated from the interior to the boundary (see Reference 29).
For adiabatic flows, w at the inlet can be obtained from:

o = =) I~ + (4(Y+1)CpTo - 2(Y=-1)(r)° 12 ’

(Y+1)

where all quantities are evaluated at the inlet. Then u and v are obtained
from w using trigonometric relations and the flow inlet angle. Also, knowing
w and Ty, the inlet static temperature and speed of sound are obtained. The
inlet Mach number can then be calculated, and the inlet pressure is obtained
from an isentropic relation between P, and the Mach number. This method is
valid for inviscid flows and only approximately correct for viscous flows.
Therefore, the inlet boundary should be taken far enough from the airfoil.
For the isolated airfoil problem, both methods of treatment of the inflow
boundary were found adequate.

At the wall, the no-slip condition (u=v=0) was specified, along with an
adiabatic wall condition. The wall pressure was obtained from the interior

pressure, which requires the inversion of a scalar tridiagonal matrix. At
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the common boundary in the wake region, all flow variables were extrapolated
and the averages of the extrapolates from above and below were used. The
extrapolation procedure, again, assumed no gradients in the normal direction.

The results of this calculation are shown in Figure 7, where the
computed pressure distribution is compared to Mehta's incompressible solution
as presented in reference 11. The present solution, obtained after 500
iterations from an impulsive start from free stream conditions, agrees well
with Mehta's solution.

3.1.2 Turbulent flows

3.1.2.1. Flow in a circular pipe

In order to assess the validity of the turbulence models presented in
Chapter 2, a turbulent flow in a pipe was considered. Calculations were
performed in a pipe section 5 radii long. A logarithmic velocity profile was
prescribed at the inlet to simulate fully-developed conditions, and the

objective of the test was to verify that such a profile would be maintained 5

radii downstream. This test was performed at a Reynolds number, %2, of

110,000, with an average velocity , :} of 100 ft/sec. Both the Cebeci
and the Baldwin-Lomax models were examined, and the velocity profiles
obtained at the pipe exit using both models are compared to the logarithmic
profile in Figure 8. A better agreement with the logarithmic profile is
obtained with Cebeci's model. It was also observed from the computed data
that the Baldwin-Lomax model tended to underpredict the wall shear. For that
reason, Cebeci's model was used in pipe-flow computations.

As a more severe test for turbulent-flow calculations, the flow in the
entrance region of a pipe was considered. The calculations were performed
for a Reynolds number of 388,000 and an inlet velocity of 200 ft/sec using a

31%x34 grid. The grid spacing near the wall was-%E = 0.0005, with ro

o
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Figure 8. Fully developed flow in a circular pipe at Reg=110,000.

38



being the pipe radius. This grid was stretched exponentially towards the
centerline, in order to reduce computational time. In the x-direction, a
uniform increment of one diameter was used. Due to the small grid near the
wall, the time step for this problem had to be taken small enough to allow
stable calculations from an impulsive start at uniform conditions. However,
to accelerate the computations, the time step was increased by a factor of 20
after 100 iterations. The velocity results after 600 iterations are shown in
Figure 9, along with the experimental data of Barbin and Jones (29), obtained
at the same Reynolds number. The agreement is generally good, although the
numerical solution (of Equation 3) indicates a slightly larger acceleration
near the centerline. 1In Figure 10, the computed pressure distribution is
compared to the experimental one. The experiment was performed on a pipe
length of U5 diameters, while the calculations were performed on a pipe
length of 30 diameters. For comparison, the reference pressure was
arbitrarily taken as the exit pressure of the computations. 1In this case,
the numerical solution deviates only slightly from the experimental data.
This could partially be attributed to the imperfections of the turbulence
model, and partly attributed to the difference in pipe length between
computational and experimental cases.

3.1.2.2. Compressor cascade

The last case of the direct solution is the flow in a compressor cascade.
The cascade blade geometry used in the calculations was the result of an
analytical and experimental investigation by Schmidt et al. (7). Sorenson's
code (9) was used to obtain the finite difference grid for the cascade. The
grid 1s shown in Figure 11. It is a 79x34 grid of the C type, in which the
vertical line on the extreme right represents the outflow boundary, and the

vertical line at the extreme left, the inflow boundary. The outflow and
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inflow boundaries are connected by two periodic boundaries maintained at a
vertical distance equal to the cascade spacing from each other. It should be
noted that the periodic boundaries are joined to the inlet boundary by
circular arcs. For a clean separation between inlet and periodic boundaries,
1t seems desirable to keep the radius of those circular arcs as small as
possible. However, it was found that trying to use a very small radius could
make the grid generation calculations unstable.

The spacing maintained between the inner-boundary and the nearest g-line
was approximately 0.00056. The blunt trailing edge of the airfoil was
changed to a sharp trailing edge in order to allow a smooth stretching of the
grid in the wake region (g£-direction), without the need for additional points.
This modification was not expected to 51gnificantly\affect the solution away
from the trailing edge.

The boundary conditions for the cascade problem were treated as
described in the case of the isolated airfoil, except for the periodic
boundaries. At the periodic boundaries, extrapolation from the interior
(using-§% = 0) was used for all variables. 1In order to maintain periodicity,
the average values of the extrapolators from above and below were imposed at
both boundaries.

The calculations were performed at a Reynolds number of 170,000, which
is roughly a tenth of the Reynolds number of the experimental investigation
of Reference 7. It was assumed that the solution at the lower Reynolds
number would still represent the essential features of the solution at the
higher Reynolds number. Attempting a high Reynolds number calculation would
have required the use of a finer grid near the wall, and, therefore, a much

larger number of grid points. This, combined with the smaller time steps
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associated with finer grids, would have led to a much more expensive
solution.

Convergence for the cascade problem was found to be quite slow, with
large oscillations of the dependent variables in time. 1In particular, when
p, u and v were specified at the inlet and the pressure extrapolated, large
pressure fluctuations were observed at the inlet. Since those fluctuations
did not seem to die out fast enough, this treatment of the inlet was
abandoned in favor of the specification of the stagnation pressure and
temperature and the flow angle (35.3°). Although oscillations were present
in this inlet treatment as well, they were not as large, and they died out
faster. However, in this case, the inlet Mach number cannot be specified but
is determined from the specified inlet stagnation quantities and outflow
static pressure. For given inlet stagnation quantities, the exact inlet Mach
number will be obtained 1if the exact downstream pressure 1s specified. Since
the exact values were not available at the required locations, the
experimental inlet Mach number (0.75) could not be obtained without going
through a trial-and-error procedure.

The results of the calculations shown in Figure 12 are for inlet Mach
numbers of 0.734 and 0.77 measured at the inlet midpoint. Referring to
Figure 12, comparison of the two computed Mach number curves suggests that
for a given upstream stagnation conditions, a small change in downstream
static pressure may result in a small change in inlet Mach number which in
turn may have a significant effect on the solution. Therefore, one may
expect that the non-uniform inlet Mach numberswill affect the solution.

Since a uniform inlet Mach number only occurs when the inlet boundary is
taken far enough from the airfoil, 1t is reasonable to expect that doing so

might improve the results. Figure 13 shows a linear interpolated result for
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Figure 12 for inlet Mach number of 0.75. It is compared to the experimental
data. The wall Mach numbers plotted in these figures were obtained from an
1sentropic relation between the inlet stagnation pressure and the wall static
pressure. In general, Figure 13 shows that a good agreement exists between
the computed and the experimental values with an inlet Mach number of 0.75.
However, in all cases the computed peak Mach number seems too high.

Over the pressure side, which is the lower surface, the agreement
between computed and experimental Mach number is very good for the first 60%
of the chord. A maximum deviation of 10% occurs around 80% chord location.
Over the suction side, the upper surface, deviations occur in the 15 to 40%
chord region. The experimental peak seems to occur at 25% chord while the
computed peak occurs at 30% chord. The maximum deviation, however, only
amounts to 7%.

The flow compression takes place rapidly from 30% chord onward over the
upper and lower surfaces. Some accleration occurs over the lower surface
toward the trailing edge. This flow behavior is shown both computationally
and experimentally. Because of the rapid compression, 1t is suspected that
there might be a possibility of flow separation over the upper surface toward
the trailing edge. The velocity field plot, shown as Figure 14, indicates
that there is a small flow reversal and then a reattachment over that region.

Experience gained with the cascade calculations shows that care must be
exercised 1n obtaining an adequate grid for the computations. The
distribution of points along the airfoil must be such that the geometry is
adequately represented.

Convergence for cascade direct computations may require 3000 to 5000
1terations from an impulsive start. Acceleration of the computations

requires the use of large time steps. The non-dimensional time step At'

45



RRRRTIL RN

4.00

00

/-Trailing Edge
3.

00

Z,Upper Surface

=
}/

Enlargement over

the upper surface near the trailing edge showing flow reversal.
L6

Velocity field between compression blades.

Figure 14.



considered here varied from 0.001 to 0.02. However, large time steps require
more smoothing for stability. Since excessive smoothing may lead to less
accuracy, a careful balance must be kept in the choice of the time step and
the smoothing coefficient (referred as €1, in section 2.5). Also, subsonic
computations require less smoothing than computations involving transonic
effects. It should be noted that upwind differencing has not been
incorporated in the code. Therefore, the code is not quite ready for
transonic computations. This may explain some of the discrepancies observed
in Figure 13 where the wall Mach number exceeds 1. On the IBM 3081 and for a
79%x34 graid, roughly 4.2 seconds of CPU time are required for each iteration.

3.2 Inverse Solution Examples

The illustrations presented for the direct solution were designed to
show that good results can be obtained for a variety of cases. For the
design problem, it is assumed that the direct solver is good, and the success
of the inverse methods presented earlier is judged by their ability to
produce a wall geometry that yields a pressure distribution close to a target
distribution.

3.2.1 Secant Method

An axisymmetric nozzle with a wavy wall geometry as shown in Figure 15
was selected for sample calculations. The corresponding pressure
distribution, as calculated by the direct solver, is shown 1n Figure 16.

This pressure distribution, along with the two initial geometry guesses shown
in Figure 15, were 1nput to the design calculations. Figures 15 and 16 show
the convergence histories for the wall geometry and the wall pressure,
respectively. It is seen from those figures that a good design can be
obtained with a small number of wall corrections. In this case, the

calculations were started with uniform flow conditions prescribed on the
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first guess-geometry. The value of op Was kept constant throughout the
calculations, but was selected small enough to allow accurate results. The
449 direct solver iterations required for the problem are not excessive,
given that the direct solution for a single gepmetry would require about 200
iterations.

3.2.2 Virtual Wall Velocity Method

3.2.2.1. Flow nozzle

The nature of the virtual wall velocity method restricts its use to
problems in which the region to be corrected lies between two fixed points.
For example, its use for a nozzle design problem may assume that the
locations of the inlet and exit radii are fixed, and the interior part is to
be redesigned.

This method was applied to a nozzle design problem as shown in Figure 17.
In that figure, the target geometry is shown as a solid line, and corresponds
to the pressure distribution shown as a solid line 1n Figure 18. The
pressure distribution was input to the design calculations as a target
pressure, and the geometry shown as a broken line in Figure 17 was used as an
initial guess. The best geometry, represented by the circles, was obtained
after 15 wall corrections and 670 iterations of the direct solver, which
shows that this method is somewhat slower than the previous method. The
corresponding pressure distribution, shown by the circles in Figure 18, is
quite close to the target pressure.

In order to check if results could be obtained with an initial geometry
taken farther from the correct geometry than in the above case, the same
problem was restarted with an initial geometry as shown in Figure 19. The
best computed geometry, obtained after 22 wall corrections (700 direct solver

iterations), is also shown in Figure 19. Here as before, the corresponding
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pressure was quite close to the target pressure. In the above cases, A = 0.2
was used and the sign of the R.H.S. of equation 17 was taken as positive if
pd was greater than p and negative otherwlise. More illustration may be found
in reference 30.

3.2.2.2. Redesign of Compressor Cascade Blade

Since the relationship between pressure and wall geometry may become
quite complicated in a cascade problem, the selection of two 1initial
guess-geometries may not be as easy in this case as it is in nozzle or
diffuser flows. For that reason, the virtual wall velocity method was
selected for use in cascade computations. In order to test the method, the
compressor cascade previously described for direct computations was again
considered, with the inlet Mach number reduced to 0.44 so that transonic
behavior could be avoided. The wall Mach number from a direct computation on
the unmodified cascade 1s shown in Figure 20. For the design calculations,
it was decided that the upper surface Mach number "bump", as seen in Figure
20, be removed. The wall correction method was applied only in that portion
of the blade, and the rest of the geometry was kept the same as for the
unmodified blade. Such a modification only serves the purpose of
11lustrating the inverse design, and it is understood that in most cases, one
may need to increase the area i1nside the Mach number curve rather than
decrease it.

For the cascade computations, ) was not kept constant, but was

calculated as

d _ 7,
A= 2" (P_D_R]

where X' is specified. The desired effect of this modification was to
emphasize the difference between small and large values of| Ar |calculated

from Equation (17). Particularly, geometry corrections near the junctions
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between the specified geometry region and the specified pressure region were
to be made smaller, while corrections inside the specified pressure area
(where |Pd - P | is larger) were to be made comparatively larger.

The design calculations were initiated using the unmodified cascade and
its converged solution. After each wall correction, the new geometry was
manually input to Sorenson's Grape code to obtain a new grid. It should be
noted that making the process fully automatic requires coupling of the grid
program with the Navier-Stokes code). After the 6th wall correction, A' was
increased from 0.5 to 0.9 to accelerate the process. The final Mach number
distribution shown in Figure 20 was obtained after 26 wall corrections (4,800
iterations). It 1s quite close to the target distribution, and could have
been made even closer by allowing for more wall corrections. The
corresponding geometry modification is shown in Figure 21,

Examination of the wall Mach number history after each wall correction
reveals that the wall Mach number in the region being modified behaves in a
wave-like manner. A wavy wall Mach number distribution such as the one shown
in Figure 20 (10th wall correction) is typical. The waves are generated at
the right side of the region being modified and move to the left, where they
tend to vanish. The process will be stable if the amplitude of each new wave
1s smaller than the previous one.

The speed of the calculations is controlled by both At' and A'. Since
At' 1s usually limited by stability requirements for the direct solver,
acceleration of the inverse process is obtained by varying A'. At this
point, the upper limit for A' has not been established as yet.

At the junctions between the region of specified geometry and the region
of specified pressure, little control can be exercised over the pressure

distribution, as shown by the Mach number spike on the left side of the
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corrected region. Similar behavior has been reported in Reference 31.
Removal of such a spike can be done by independent smoothing of the geometry
or by extending the region of specified pressure.

In the cascade computations, the sign of the right hand side of Equation
(17) was taken as positive for Pd < P and negative for Pd > P. The method
works well for subsonic cases. However, for transonic calculations where
small changes in geometry may lead to substantial changes in flow behavior,
particularly when shocks are present, a more elaborate way of determining the

sign of the wall correction may be required.
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4. Conclusions

The following objectives of this research were achieved:
1. An implicit factored algorithm was applied to the two-dimensional
(axisymmetric and planar) thin layer Navier-Stokes equations. Good results
were obtained for a variety of cases.
2. Two methods for using the direct solver as an inverse design tool have
been examined. The method of virtual velocity was used for compressor
re-design calculations. In the re-design illustration, 26 wall corrections
or 4800 time-steps were required to yield the final geometry. The rate of

convergence is considered quite acceptable.

5. Recommendations for Future Work

It is believed that if one gains more experience in using the direct
solver one may obtain more accurate results with less computation time.
Also, improvements can be made for more efficiency and better accuracy. For
example, adaptation of the algorithm to vectorized computers may lead to
substantial savings in computer time. Introduction of upwind differencing
would lead to a better handling of shock waves in transonic flows. For flows
with supersonic inflow or outflow boundaries, conditions compatible with the
supersonic nature of the flow will have to be imposed. Also, higher level
turbulence models can be used, and extensions to the three-dimensional case

are desirable. '
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APPENDIX A

Body-Fitted Coordinate System

In order to have boundary conditions satisfied exactly over an arbitrary
shaped body, the Navier-Stokes equations are written in a transformed
coordinate system such that the boundaries of the flow field correspond to
grid lines of the finite difference network. In this Appendix, a method of
obtaining such a transformation is explained.

Following Thompson et al. (8), one may define a coordinate
transformation from a physical plane (x, r) to a computational plane (£, n)

50 that the computational and physical coordinates are related by the Poisson

equation:
gXX +€r'r‘ = f(E.n)
Nex ¥ Mpp = g(e,n) . (A1)

In the above, f and g are forcing functions to be specified. In practical
problems, it is often desired to define a computational grid work in a
rectangular, uniform, transformed plane. Equations (A1) are therefore

rewritten so that £ and n become the independent variables:

1
- + Y + — (f + =0
* x&& 2 BXEn xnn JZ( XE g Xn)
1
- + Y + — + = 0 A2
&P 2 Br&n r J2(fr'5 g rn) (A2)
where ¢
2 2 2 2
= + Y: +
o« =X r , Xg Pg
B = xgxn * rirn > J= X r 1 x r, gxnr' L
£ n n g
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and

no=-dr ;N = Ixg (A3)

Equations (A2) are a set of elliptic partial differential equations. If
a gset of values for x and r are specified at the boundaries of the region of
interest, these equations can be solved numerically by using, for example, an
SOR (successive over relaxation) or an LSOR (line successive over relaxation)
technique.

As mentioned earlier, f and g must be specified. If one selects f =g =
0, equations (A1) reduce to a set of Laplace equations, and the solution of
Equations (A2) yields a highly uniform distribution of grid lines as viewed
in the physical plane. If a non-uniform grid is desired, for example when
one needs a fine grid near a wall, which gets coarser as one moves away from
the wall, then one must find a method of specifying f and g. Steger and
Sorenson (9, 11) using the exponential form of f and g suggested by Thompson,
derived a method of specifying the forcing functions so that orthogonality

and a specified spacing can be maintained near the boundaries. According to

this method, f and g have the following form:
£(g,m) T £ (8) e+ p(g) o ¢(Tmax W
1
g(E,n) = g,(&) ¢ °" + g (&) ¢ 4(Mmax “n) (A4)

where £,, f,, g,, 8, are positive constants which must be calculated so that
four geometric constraints are satisfied, and a, b, ¢ and d are positive

constants to be specified.
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The third and fourth constraints are the same as the first two, except

that they are applied to the boundary j=jpax (outer boundary). They lead to

two equations similar to (10) for x and L h=J .

max max

n h=J
Now considering the boundary j=1 (n=0), it is clear, since npay is

large, that Equations (AY4) reduce to

£(g,0) = £, (£)
g(g,0) = g1<£) (A11)

Assuming that Equations (A2) apply at the boundary j=1, one may obtain

expressions for f,(g) and f,(£) by combining (A2) and (A11):

it

£,(e) = Ld(r hy = x ho )1,

+ x.h )], (A12)

g,(8) = LiCrhy + xh),

where

2 -
h1 = [-J%(a xe’_‘E 28 xEn + Yxnn)]J=1

2
h2 = [-J7(a rgg 28 rEn + ann)]j=1 ]

In the above equations, x, and r, are obtained from Equations (A10)..
A similar procedure applied to the outer boundary allows one to obtain
expressions for f,(£) and g,(£). Then for specified values of a, b, c, d,
f(g,n) and g(gE,n) are known functions which can be used in the solution of
Equations (A2). For details on the solution procedure, the reader is
referred to Reference 9.

In this research, a computer code was written to solve Equation (A2),

both with f=g=0 and with f and g specified as explained above. The code was
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tested on simple cases. However, for complicated viscous grids such as for

airfoil cascade calculation Sorenson's Grape code is used (Ref. 9).
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APPENDIX B

Matrices used in the Numerical Algorithm

In this appendix, the matrices used in the algorithm for the thin layer
Navier—-Stokes equations are presented. Equations (12) and (13) of the text
were derived for the numerical solution of Equation (1) of the text. All the

matrices involved are listed as follows:

o L -1 |0 | o T
A= - | 3Y 2 1Y 2 l (Y-3)u -1v | 1=y
2 2 l |
- ey S an s e an ——— l pury T
uv -v 1 -u 0
****** I " LA
Yeu + (1-y) u (u2+v2) - Ye + Y=1(3y2 +y2) = (y-1)uv | v
p | o 2 l
L -l
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B is obtained from A by replacing £ by n_and E by n.

y 2 2
Let a, =u (§ﬂx N, ) a, = §'unxnr
~ 4y 2 u 2 2
oy = u (nx + 30, ) ay = Y 55 (nx +n, )
a,l a,r a,r
1 1 1
%, i (5 )i,J+1 A S PR G o P
a,r a,r
1 1
= —— + D
%, 41 (=5 )1,J+1 (=5 )1,3
a,r a,r
1 1
= — + —
a’1,3—1 (=5 )i,j (5 )1,3-1
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2 2 2
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%2 a1 )10 )y
a.r a.r
a - (2, ()
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a3 is obtained by replacing the subscript 1 of a1 to 3
i,J i,
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1,341 1,341
a3 is obtained by replacing the subscript 1 of a1 to 3
1,31 i,ij-1
Similarly ay 8y and au may be obtained.
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Matrices D, M1, Ei,j+1 and Ei,j*1 are given by
-
1
D =— 0 0 0
r
Y-1, 2,2 4 v e o 4 u _
5 (uT+v°) + 3 orRe (Y=1)u (Y=-1)v 3 orRe Y-1
L 0 0 0 0
—
0 0 0 0
n
- 1 2 v 2 X
M = — X -
1 r 3% 0 4o 0
n
2 v 2 X
-_— 0 -
3o 3% 0
4 v 2 2y
i -3—u-5(nxu+nr,v) My 3 p(unx+2vnr) 0
B 0 0 0 0
-
0 0
E Al
1,3+ 3 ReJi'J
Ju J
Ju (=n ), .(=) (=n_), . (=)
(g 5 61,501 ] X HTR L300 Trlayire L, g
Ju
+ )y Gy g
1 -
0 0 | o 0
E:1 3=1 is obtained by changing 1, j+1 of Ei,j+1 to 1,5~1"

68

TREET



APPENDIX C

Solution of Block Tridiagonal Systems

The use of the Beam and Warming implicit factored algorithm (23) in the
solution of the thin layer Navier-Stokes equations leads to the inversion of

tridiagonal systems. This appendix describes how the solution of such
systems was obtained in this research.

Consider the following system:

Q1 N1 _1 B X1 7] B F1 T
L Q Np X2 Fp
Ly Q3 N3 x3 F3
(c1)
Ln-1 Qn-1 Np-q Xp—~1 Fn-1
| Lp Qn ] L %n | | Fn _

as may result from Equations (12) or (13) of the main text. Here, Ly, Qj,
and Ny are U4x4 matrices, and X; and Fy are Y4 element column vectors.

Equation (C1) is rewritten as:

Ex=F, (C1a)
where "=" denotes a matrix and "-" a vector. A Lower-Upper decomposiiion of
E ylelds:
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QN ] 1 ]

L Q No o I

L3 Q3 N3 23 1
Ln-1 Qn-1 Np-g n-1 I

n Ln  Qn _| o Sn 1]

(U1 Ny ]

u No
uz N3
« (c2)
X
Un-1 Np-1
| Un _

where uj and 1§ are 4x4 matrices, and I is the 4x4 unity matrix. Carrying
out the multiplication on the right hand side of Equation (C2) and

identifying terms, one obtains:

u; = Q, (C3a)

21 = Li u| (C3b)
1 %11

uj = Qi —- &3 Ny (C3c)
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with i =2, 3, ... n
Now replacing E in Equation (Cla) by its Lower-Upper decomposition,

carrying out the multiplication and identifying terms, one obtains:

g1 = 4 (Cha)
and g, = fj - % 8~-1 » 1=2,3, ...n (Clp)
Xn = up~ ! gp (C5a)
Xi = ug”t (8y ~ NyXj+q) , 1 =n-1...2, 1 (C5b)

Therefore, knowing uj and 1j from Equations (C3) and g; from Equations
(CY4), one may calculate the elements of X from Equations (C5). It should be
noted that all required matrix inversions apply to 4x4 matrices and can be

easily performed.
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APPENDIX D

Boundary Conditions Extrapolation

The following sketch shows the boundary conditions specified for pipe

flows.
. aT 9
atJ=Jmax u=vs=20 —a—'_'a—p:O
n n _
J = Jmax
p
u
v p specified
specified J =1
i j - du T _3p _
i=1 at j 1 v=20 T 0 5 " Bn " 0]

For the explicit part, the R.H.S. of Equation (10), at the inflow, the

pressure p is obtained from linear extrapolation:

. - LI - L5
Pi,j = (1 * 35,) P25 " Fs, P30
where Asq = sp~sy, A8p = 8378 and s is the length along a £ = constant line.

The energy term, e, is obtained from the knowledge of p, u, v and p. At the
outflow, u, v and p are obtained from an expression similar to the above
extrapolation formula. At the wall, j = jpax, the following backward second
order approximation is used to obtain T and p at wall from interior points.
3¢4

- l¢y + 0f

»Jma »J - Imax-2 2
0 - X max~1 RS 4 o(an)e,
. 2An
1,Jpnax
where, %%-= 0 and-g% = 0 for an orthogonal grid.

At the centerline, or line of symmetry, v = up = T,y = 0 are specified. Again

%% = 0. The following second order approximation is used to obtain u, T and

T2



=3¢ + 4o - ¢
(er = 1!1 i,2 113 + O(Anz) .
i1

For the implicit part of the algorithm, Equation (13) shows that at J = jpax~1,

n

or a typical term such as 51 j
’

——rl
the knowledge of Nj m Aqi,jm is required.

_rl
m q1,jm

At the wall, u = v = 0 and the matrix multiplication of (ﬁndan)i im
1

yields the following:

— 0 T
(nxdgh)i’jm

(¥=1) (npheM)y  im

| o0 |

For p, = 0 one may approximate AEi'Jm as follows,

e 4 It ~ 1z JHen
Cn 73 Gign 10073010 B8 e
n —n
= a Aei,jm—1 b Aei,Jm—Z
then
(Bndan) may be rewritten as
i,jm
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[0 0 0 o ] [0 0 0 o ]

o

0 0 o (nx)i’jm_1(Y-1)a 0 o (nx)i’Jm(Y"l)b
A jmmq + 8%y imep
(nr)i’Jm—"(Y—‘l)% 0 0 (nrl)i,jm(Y-1)b

[0 0 0 0 _j LP 000 i

o
o
o
o

In such a manner, ij Aa? im is obtained as a linear combination of
1]

—n —n
Aqi,jm-I and Aqi,Jm—Z, which are the values at the interior points,
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APPENDIX E

Computer Program

The computer program developed for the solution of the two dimensional
(axisymmetric and planar) thin layer Navier-Stokes equations is presented in
this appendix. The structure of the code is discussed, and a description of
the code input variables is given. Output from the code is also described,
and suggestions concerning how to run the code are given.

Code Description

The main routine of the code is very short, and merely allows to select
between Equations (3), (4) or (5) of the text. It contains a parameter
called IAXISY. For IAXISY = 0, Equation (4) is used. For IAXISY =1,
Equation (3) 18 used, and for IAXISY = 2, Equation (5) is used. For these
three values of IAXISY, calls are made to Subroutines AXISYO, AXISY1 and
AXISY2, respectively. These three subroutines are similar to each other in
their i1nternal structure: they all have an initialization part, or solution
part, a boundary condition part and a wall correction part.

In the initialization part all constants and variables needed for the
calculations are assigned values. A detailed description of input data is
given below. During the initialization, a call is made to Subroutine TRANSF
for the calculation of the finite difference grid. Also, during the
initialization, initial values are given to the flow variables p, u, v, e, P
{(in the code, RHO2 (I,J), U2(I,d), V2(1,J), E2(I,J), P2(I1,J)) in the entire
flow field considered.

In the solution part, the right hand side of Equation (1) of the text
(the Ki’j's) is formed, with the explicit artificial viscosity terms included.
The right hand side is stored in arrays HR(I,J), HM(I,J), HN(I,J) and HE(I,J).

Then the g-sweep is carried out: matrices Lj, Qj, and Nj (represented by
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C(I, K1, K2), A(I, K1, K2) and B(I, K1, K2), where K1 and K2 have values from
1 to U4) are constructed, with the implicit artificial viscosity terms
included, and the system of equations represented by Equation (12) of the
text is solved. During the solution of Equation (12), a call is made to
Subroutine TRIDIA which performs block tridiagonal inversions. Subroutine
TRIDIA itself makes calls to Subroutine INVERT, which performs the inversion
of 4 x U4 matrices. The solution of Equation (12) yields the Aaf'j 's,

which are stored in HR(I,J), HM(I,J), HN(I,J) and HE(I,J) for use in the
9-sweep. During the n—sweep, matrices LJ, Qj and NJ are constructed with
implicit artificial viscosity terms included, and a call to Subroutine TRIDIA
leads to the solution of Equation (13) of the text for the Aai,j 's.

In case the flow is turbulent, a call is made, at the beginning of the
solution part, to Subroutine TURB or SUBROUTINE CEBECI, for the Baldwin-Lomax
or the Cebeci turbulence model.

In the boundary condition part, the values of the flow variables are
obtained at the boundaries according to the guldelines given in the text.
Only the explicit treatment is done in this part, since the implicit
treatment is involved in the formation of matrices Ly, Qj, Niy and Lj, QJ, Nj.
In cases where scalar tridiagonal inversions are to be done (as in airfoil
problems as explained in the text), Subroutine STRID is called.

The wall correction part is only used when an inverse design is
desired, and only if the wall pressure residuals become smaller than Tp.
When the secant method is used, a call is made to Subroutine SMOOTH, for the
least squares smoothing of the computed geometries.

Subroutine TRANSF is the grid generation subroutine. 1In this
subroutine, the coordinates of the boundary points are input and the

coordinates of the interior modal points (X(I,J), R(I,J)) are obtained in two
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ways: by interpolation from boundary points or by solution of elliptic
partial differential equations (Appendix A). In addition, the grid may be
read from a separate file (i.e. when the grid has been calculated from a
different code and stored in a file). It is also possible to obtain a
coarse, but smooth grid by solving the equations of Appendix A and refine it,
say near a solid wall, by a spline interpolation procedure.

Input variables

The following is a description of the input variables, their meanings,
and how they should appear on data cards. A complete description is first
given for the planar case. Then changes related to the axisymmetric case are
shown.

For the planar case, data are input as follows (M, L and all variables

beginning with I or J are right justified integers):

Card 1

Column Variable Description

1-10 IAXISY This flag is zero for planar flow. It is one
for axisymmetric flow if Eq. (3) is used, and 2
if Eq. (5) is used. Eq. (3) should be used only
for straight channels. Eq. (4) can be used for
more complex shapes, but has not been tested for
Re>100000.

Card 2

Column Variable Description

1-10 STEP Time step for the numerical algorithm. Input in
the form X.XXXE+XX, right justified.

11-20 Z Numerical scheme selector. For the
three-point-backward scheme, Z = 0.5,

21-30 THETA Numerical scheme selector. For the
three-point-backward scheme, THETA = 1.0,

31-40 M Maximum number of grid points in the i-direction

(¢-direction). M should be less than 80.
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41-50

Card 3
Column

1-10

11-20

21-30

31-40

41-50

51-60

61-70

Card 4

Column

31-40

Variable

ITMAX

IFREQ

CRIT1

CRIT2

CRIT3

CRITUY

CRITS

Variable
PO
TO

AMACH

Maximum number of grid points in the j-direction
(n-direction). L should be less than u5.

Description

Maximum number of iterations (time steps)
allowed.

Frequency with which intermediary data are
output. If no intermediary output is desired,
make IFREQ greater than ITMAX. If output of

the dependent variables in the entire flow field
is desired every 10 iterations, IFREQ = 10,

Value below which the density residual must fall
for convergence.

Value below which the residual of pu must fall
for convergence.

Value below which the residual of pv must fall
for convergence.

Value below which the residual of e must fall
for convergence.

Value below which the wall pressure residual
must fall before a wall correction is made in
design calculations. If no inverse design is
desired, make CRITS smaller than CRIT1, CRIT2,
CRIT3, CRIT4. CRIT1 to CRIT5 are input in the
form X.XXE-XX and right justified.

Description

Inlet stagnation pressure (Psia)
Inlet stagnation temperature (°R).

Inlet Mach number. For IFLAT=0, (see below),
AMACH and the stagnation quantities are used to
calculate the inlet velocity UINF, which is kept
constant and is used as a reference velocity.
The same thing applies when IFLAT=1 and IPOUT=0.
For IFLAT=1 and IPOUT=1, this Mach number is
discarded and recalculated from PO and POUT.

Characteristic length (i.e. chord length for
airfoil, inlet radius for nozzle, diffuser,
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41-50

51-60

61-70

Card 5

Column

1-10

11-20

21-30

31-40

41-50

51-60

61-70

Card 6
Column

1-10

ALPHA

IVIS

IFLOW

Variable

IREAD

ITURB

IFLAT

INP

IPRT

ISYM

ICASC

Variable

IB

etc...) in feet. RAD is input in the form
X.XXXE+ XX.

Artificial viscosity coefficient for the
explicit part (eq).

IVIS=1 for viscous flow. IVIS=0 indicates an
inviscid flow. However, adjustments have not
been made for inviscid calculations.

Use zero if only grid computations are needed,
and one if both grid and flow computations are
needed.

Description

Use zero 1f 1nitial flow data are internally
prescribed (usually uniform conditions) and one
if initial flow data are read from a file.

Use zero for laminar calculations and one for
turbulent calculations.

Use one for airfoil calculations, and zero for

flow between parallel plates, symmetric nozzles
or diffusers, etc.. (where the centerline is a

boundary).

For IFLAT=0, use INP=0 if inlet conditions are
internally prescribed (usually uniform
conditions) and INP=1 if inlet velocity
distribution i1s manually input. Not used if
IFLAT = 1.

Use IPRT=1 if initial flow data throughout the
flow field are to be output, and IPRT=0
otherwise.

Use ISYM=1 for symmetric airfoils at zero
incidence angle and ISYM=0 otherwise. Not used
for IFLAT=0.

Use one for cascades, and zero for isolated
airfoils. Not used for IFLAT=0.

Description

Number of points along each periodic boundary in
cascades. For 1solated airfoils, IB=1.
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11-20

21-30

31-40

Card 7

Column

1-10

11-20

21-30

31-40

41-50

Card 8

Column

1-10

11-20

21-30

IC

IG

IGP

Variable

ITEMP

IPOTO

THIN

THOUT

XTE

Variable

ITWALL

TWALL

POUT

IB + number of points along the inlet boundary
+1. For isolated airfoils, IC = M.

Number of points along the wake boundary
(between and including exit and trailing edge).

IG + Number of points along the airfoil surface
(counting the trailing edge only once). 1IB, IC,
IG and IGP are disregarded for IFLAT = 0.

Description

Use zero if temperature is not maintained fixed
at the inlet, and one if it is (in which case
velocity is also kept fixed at the inlet and
pressure is extrapolated). Not used for
IFLAT=0.

Use zero if stagnation pressure and stagnation
temperature are not kept fixed at the inlet, and
one if they are (in which case flow angle is
prescribed and Riemann invariant is
extrapolated). To maintain p, u and v fixed at
the inlet, use ITEMP=IPOTO=0. For IFLAT=0, use
ITEMP=IPQTO=0.

Prescribed angle between the inlet flow
direction and the x-axis (degrees). Not used
for IFLAT=0.

Rough estimate of the exit flow angle (degrees).
Used in internal calculation of initial velocity
field, Not used for IFLAT=0.

The x-coordinate of the trailing edge,

non-dimensionalized with chord length. Not used
for IFLAT=0.

Descrigtion

Use zero for an adiabatic wall and one if wall
temperature is prescribed. Not used for
IFLAT=0,

Prescribed wall temperature for ITWALL=1 (°R).

Prescribed exit pressure (Psia). Not used if
IFLAT=1 and IPOUT=0,
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31-40

Card 3

Column

21-30

31-40

41-50

51-60

61-70

Card 10

Column

1-10

11-20

21-30

IPOUT

Variable

INVERS

NEWAL

IDES1

IDES2

FACT

RLOW

RHIGH

Variable

IM

IM

ITMAX

Use IPOUT=1 if the exlt pressure is input as
POUT. Use IPOUT=0 if the exit pressure must be
internally specified as the free stream
pressure.

Description

Use one if inverse calculation is desired, and
zero otherwise.

For IFLAT=0, use NEWAL=0 for secant method and
NEWAL=1 for virtual wall velocity method (for
IFLAT=1 only virtual wall velocity method is
used).

Value of i corresponding to the beginning of the
controlled region in inverse design. For
IFLAT=0 use IDES1=1.

Value of i corresponding to the end of the
controlled region in inverse design. For
IFLAT=0, use IDES2=M. For airfoil calculations,
the controlled region must be on the upper
surface, unless modifications to the code are
made. For IFLAT=0 (and for the axisymmetric
case), only the upper boundary (J=L) can be
modified.

Multiplication factor used in smoothing for
virtual wall velocity method (0.2 has been
used).

Minimum allowable value of wall distance from
centerline in wall correction calculations with
secant method. Used in smoothing, to discard
erratic values.

Maximum allowable value of wall distance from
centerline (see RLOW).

Description

Same as M for grid calculations where ICLUS1=0
or when ISOREN=1 (see below).

Same as L for grid calculations where ICALC=0 or
ICLUST=0 or when ISOREN=1 (see below).

Maximum number of iterations for grid
calculations.
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31-140

41-50

Card 11

Column

1-10

Card 12 (skip if ISOREN=1)

Column

1-10

11-20

21-30

ICALC

Variable

ISOREN

Variable

ICLUST

JMC

JMLL

If ICALC=0, the grid is obtained by
interpolation from specified boundary values,
If ICALC=1, a PDE solution (APPENDIX A) gives
the grid.

Relaxation coefficient in SOR solution of grid
PDE's (0<W<2.0).

Description

If ISOREN=1, the grid is read from a file (e.g.
a file obtained from Sorenson's program). If
ISOREN=0, the grid is internally calculated.

Description

For simple channels (diffusers, nozzles, etc...)
the grid can be obtained as follows: calculate
a coarse but smooth grid (ICALC=1) and then
refine the grid by adding grid lines, say near
the wall, If ICLUST=0, no grid refinement is
needed. If ICLUST=1, the coarse grid is
calculated using the input values of X(1,J) and
R(1,J) (inlet coordinates). Then for the finer
grid, a new distribution of the X(1,J)'s and
R(1,J)'s must be given (the XG(J) and RG(J)
values). With the new inlet distribution, the
maximum number of points in the J-direction
changes from JM to JMC. The new distribution of
inlet points does not have to cover the entire
inlet. For example, one may need to keep points
from J=1 to J=JMLL as they are, and input a new
distribution for J=JMLL+1 to J=JMC (see Figure
E-1). The XG's and RG's are used to read in
these JMC-JMLL values, and the grid in the rest
of the domain is obtained by spline
interpolation from the old grid.

Maximum number of points in J-direction for
refined grid when ICLUST=1 is used. For
ICLUST=1, JMC is equal to L.

Number of inlet grid points (starting with J=1)
which are left unchanged when a refined inlet
distribution of points (ICLUST=1) is prescribed.
If the refined distribution covers the whole
inlet, make JMLL=1,
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e Coarse distribution (X(1,J),R(1,J))
/

— Finer distribution

J=JM
or J=JMC #
<
T | XG6(J)
i } J=JMLL+! to J=JMC
RG(J)
X}
J=JMLL+1 4
J=JMLL ¢
[ ]
J= | - - - -

Figure E-1: Grid refinement option (ICLUST=1)
3

Card 13 (Skip if ISOREN=1)

Column Variable Description
1-10 ICLUSt Similar to ICLUST, but applies to I-direction.

Associated with IMC, IMLL, XGI(I), RGI(I). The
ICLUST1 feature is not used for inverse design
computations where grid computations are
performed many times during the same run, after
each wall correction,

11-20 IMC Similar to JMC, but applies to I-direction. For
ICLUS1=1, IMC is equal to M.

21-30 IMLL Similar to JMLL, but applies to I-direction.

Card 14 (Skip if ISOREN=1)

Column Variable Description

1-10 P1 Initial value of fq (Eq. A4). A value of zero
is usually used.

11-20 PX1 Coefficient a in Eq. (AN).

21-30 P2T Initial value of f, (Eq. A4). A value of zero

is usually used.

31-40 PX2 Coefficient ¢ in Eq. (Al4).
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Card 15 (Skip if ISOREN=1)

Column Variable

1-10 Q

11-20 QX1

21-30 Q2

31-40 QX2

Card 16 (Skip if ISOREN=1)
Column Variable

1-10 WP

11-20 WQ

21-30 PLIM

31-40 QLIM

Card 16 (Skip if ISOREN=1)
Column Variable

1-10 WR

11-20 WS

21-30 RLIM

31-40 SLIM

Next input

Description

Initial value of g in Eq. (A4). A value of
zero 1s usually used.

Coefficient b in Eq. (AL).

Initial value of gp in Eq. (Ald). A value of
zero is usually used.

Coefficient d in Eq. (Al4).

Description

Relaxation parameter in solution of grid
equations (0<WP<2.0).

Similar to WP

Limitation factor to help stability of grid
solution (PLIM=1.0 has been used).

Similar to PLIM,

Description
Similar to WP

Similar to WP.
Similar to PLIM

Similar to PLIM.

. Values of X(I,1), the x values of grid points along the boundary J=1. IM

values should be input, 5 per card, in 13 columns fields. Data are input in

the form X, XXXXXXE+XX.

All values are non-dimensionalized by characteristic

length and are right justified. Skip if ISOREN=1.
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Values of R(I,1), the r values of grid points along the boundary J=1.

IM values must be input.

Skip if ISOREN=1.

Value of X(I,JM), the x values of grid points along the boundary J=JM.

IM values must be input.

Skip if ISOREN=1.

Values of R(I,JM), the r values of grid points along the boundary J=JM.

IM values must be input.

Skip if ISOREN=1.

Values of X(1,J), the x values of grid points along the I=1 boundary.

JM-2 values are needed
Values of R(1,J) the r
JM-2 values are needed
Values of X(IM,J), the
JM-2 values are needed
Values of R(IM,J), the
JM-2 values are needed
1nitialization but are

ISOREN=1,

(J=2 to J=JdM-1).

Skip if ISOREN=1,

values of grid points along the I=1 boundary.

(J=2 to J=JdM-1).
x values of grad
(J=2 to J=JdM-1).
r values of graid

(J=2 to J=dJdM-1).

points along the I=IM boundary.
Skip if ISOREN=1.
points along the I=IM boundary.

These values are used for the

not kept during the calculations. Skip if

Values of XG(J), the x values of nodal points along the inlet boundary

for refined grid. JMC-JMLL values are needed.

ISOREN=1, or ICALC=0.

Skip 1if ICLUST=0 or 1f

Values of RG(J), the r values of nodal points along the inlet boundary

for refined grid. JMC-JMLL values are needed.

ISOREN=1, or ICALC=0.

Skip if ICLUST=0 or if

Values of XGI(I), the x values of nodal points along the J=1 boundary

for refined grid. IMC-IMLL values are needed.

ISOREN=1 or ICALC=0.
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Values of RGI(I), the r values of nodal points along the J=1 boundaryf

for refined grid. IMC-

ISOREN=1 or ICALC=0.

Values of PDES(I), the

IMLL values are needed. Skip if ICLUS1 = 0 or

target pressure distribution, in Psia, for

I=IDES1 to I=IDES2 (from I=1 to I=M for axisymmetric case). Skip if no

design calculations are desired.

Values of U2(1,J), the

ft/sec. Skip if INP=0.

inlet velocity distribution, for J=1 to J=L, in

Values of the r coordinate at the wall (R(I,JM)) for second guessed

geometry if secant method is used. Data are input for I=1 to I=M.

Skip if secant method is not used.

In the above, all

boundary data are input 5 per card, in the form

x.xxxxxE+xx, and are right justified. Geometry data are

non—-dimensional.

For the axisymmetric case, data are input in the same way, except

for the following
Card 3
Column Variable
1-10 PINF
11-20 TINF
21-30 UINF
31-40 RAD
41-50 ALPHA
51-60 IVIS
61-70 IFLO

cards:

Description
Exit static pressure, used as initial pressure

everywhere (Psia)

Initial temperature, used as reference
temperature (in °R).

Inlet velocity, used as reference velocity (in
ft/sec).

See planar case.
See planar case.
See planar case

Same as IFLOW in planar case.
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Card 4
Column
1-10
11-20
21-30
31-40
Card 5
Column

1-10

11-20

21-30

card 6
Column
1-10
11-20
21-30
31-40

41-50

Variable

ITURB

INP

IREAD

IPRT

Variable

ITEMP

TO

ICENT

Variable
INVERS
NEWAL
FACT
RLOW

RHIGH

Description

See planar case.
See planar case.
See planar case

See planar case.

Descrigtlon

Use ITEMP=0 1f density is kept fixed at the
inlet, and ITEMP=1 if temperature is kept
constant. 1In both cases the inlet velocity is
kept fixed and pressure is obtained by
extrapolation.

This stagnation temperature and UINF are used to
obtain the static temperature which is
maintained fixed at the inlet.

Use ICENT=1 if the centerline is a boundary of
the flow field (J=1) and ICENT=0 if there is a
solid wall at J=1 (annular type). For ICENT=1,
only laminar calculations can be performed,

unless subroutine CEBECI is modified to account
for two walls.

Descrigtion

See planar case
See planar case
See planar case
See planar case

See planar case

For the axisymmetric case, skip cards 7 to 9 of the planar case.

Output Description

The output of the code first shows all the input parameters in the

order in which they are input. Reference quantities such as velocity,
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density, temperature, viscosity, etec...., which are calculated by the code,
are also printed.

Once the i1input parameters have been printed, the coordinates of the
nodal points in the finite difference network are output: the X(I,J)'s are
printed first, as M sets of data, each set corresponding to values of J from
J=1 to J=JM. Then the R(I,J)'s are printed in the same manner. If ICALC=0,
these values are the ones obtained by interpolation. If ICALC=1, these are
the initial data for the grid computations. For ICALC=1, the residuals DELX
and DELR for X and R are then printed for the first and the last iterations
of the grid computations. Then the final distributions of the X(I,J)'s and
the R(I,J)'s are printed.

If wall design calculations are to be done, the non-dimensional design
pressure distribution (along the controlled portion of the solid wall to be
modified) is printed next. If no design calculations are to be performed,
the above 1s skipped and the initial velocity, density, pressure and energy
fields are printed next if IPRT=1. The form of the output is the same as the
form of the X(I,J) and R(I,J) output. The printed values are
non-dimensional, and the title before each set of data indicates how the
non-dimensional values can be used to obtain the dimensional values.

The residuals DEL1P, DEL2P, DEL3P, DELUP and DELSP are printed next.
Residuals DEL1P to DEL4YP are defined as the maximum differences between the
values of p, pu, pv or e, respectively, between the current and the.previous
iteration in time (ITIME). DELSP is defined the same way, but only applies
to the wall pressure. Also printed are the locations (values of I and J
such as IHR and JHR for p, IHM and JHM for pu, IHN and JHN for pv, IHE and
JHE for e) where the maximum difference occurs. The residuals are printed

for each iteration, and their overall trend should be decreasing.
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If wall corrections are performed, the convergence history given by
the above residuals will be interrupted whenever DELSP becomes smaller than
CRIT5. At this point, the wall pressure in the controlled region
(corresponding to the current geometry) is printed. A new wall geometry is
obtained, and the corresponding r-coordinates are printed. Also printed is
DEL6P, the maximum difference between the current pressure and the target
pressure. DEL6P is printed after every wall correction. However, it
usually does not give an adequate indication on whether or not the current
pressure is approaching the target pressure, since the wall correction scheme
may not perform adequately at some points (such as the end points of the
controlled region). A plot of the pressure distribution in the controlled
region after each wall correction would give a better indication on the
success of the wall correction scheme, For airfoil calculations, the
calculations are stopped after each wall correction because a new grid must
be externally obtained.

When DEL1P, DEL2P, DEL3P and DELUP become smaller than CRIT1, CRIT2,
CRIT3 and CRITU, respectively (or after the number of iterations ITIME
becomes larger than ITMAX), the calculations are stopped, and the final
density, velocity, pressure and energy fields are output.

In addition to the output described above some data are automatically
stored by the code on files. At the end of the grid calculations, the grid
is stored in a data set with the reference number 13, At the end of the flow
calculations, the entire flow field values of u, v, p, e, pu, pv, P are
stored 1n a data set with the reference number 12. This way, the grid and
flow data can be read from data sets 13 and 12 and used, for example, in a

plotting routine written by the user.
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Additional Considerations

The present code has been run in FORTRAN IV on an IBM 3081 computer.
Double precision is used in the calculations. Adequate job control language
stétements must be provided in order to run the code.

As mentioned in the input data description section, a grid file is
read by the code if ISOREN=1 and a flow field data file is read if IREAD=1.
These files correspond to data set reference numbers 8 and 11, respectively.
Adequate job control language statements must be incorporated to account for
these input data sets. Also, in cases where the data sets are not available
(which may be the case when IREAD=0 or ISOREN=0), if may still be necessary
to create them (even if they contain no useful information) in order to make
the execution possible.

As mentioned in the output description section, some data are stored
in data sets 12 and 13. Adequate job control language statements must be
incorporated to account for these output data sets. One interesting way of
using data sets 11 and 12 would be, for example, to start the computations
with IREAD=0. The final values of u, v, p, e, pu, pv for the calculation are
automatically stored in a data set named DATA1 for example, corresponding to
reference number 12. If more iterations are needed for convergence, one may
restart the calculations using IREAD=1 and, through the appropriate job
control language statements, associate data set DATA1 to reference number 11
and use a new data set name, i.e., DATA2, in association with reference number
12. Then for the new run, the 1nitial flow field 1s read from 11 and the new
results are stored in 12 (DATA2). This allows for a more efficient use of
the code in very long calculations.

In order to read flow data stored by the code in a data set, a

statement such as the following must be used:

' 5 C-¥



DO SNt J=1,L
DO SN1 I=1,M
SN1  READ(11,SN2), U2(I,d), v2(I,J), RHO2(I,J), E2(I,J), M2(I1,J),
1 N2(I1,J), P2(I,J)
SN2  FORMAT(5X, TE15.6)
In the above, SN1 and SN2 are statement numbers. The same format must be
used in writing data into a file to be used by the code if IREAD=1. In order
to read grid data stored by the code in a data set, a statement such as the
following must be used:
DO SN1 J=1,L
DO SN1 I=1,M
SN1 READ(8,SN2), X(I,J), R(I,J)
SN2 FORMAT(2E14.6)

Sample Input and Output

The following is a simple example of a set of input data, and a
computer plot of the velocity field (see Figure E-2). Notice that the plot
was obtained by a small, separate code. Since plotting software varies with

facilities, no plotting routine was incorporated in the code.
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0.10000E+00 0.20000E+00 0.30000E+00 0.40000E+00 0.50000E+Q0
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