
(D 645 U) CINCINNAT UNIV OH DEPT OF AEROSPACE ERGINEERING7AD-~~A1245 AAYSS SOF THREE-DIMENSIONAL VISCOUS INTERNAL FLOWS /AND APPIE M. K NGHIAE AL AUG82 AFL-828-65

UNLtIID AORT-302 FS-006 / 04 N

EEE hEThEEE



1.0.8

NAILA kUMA ''



AFOSR-TR- 93 0 REPORT NO. AFL 82-8-65

ANALYSIS OF THREE-DIMENSIONAL VISCOUS INTERNAL FLOWS

KN. GHIA

AND

U. GHIA

This research was supported by the Air Force Office
of Scientific Research, under AFOSR -. 80-0160.

Distribution of this report is unlimited. [)TIC;
0. tLELECTE

C') August 1982 
PR 0 3

83 04 05
149



II

ANALYSIS OF THREE-DIMENSIONAL VISCOUS INTERNAL FLOWS

K.N. GHIA*

AND *Acc ess Ion For
AND Soo, --TIS GRA&I

U. GHIA DTIC TAB
Unannounced El
Justificat ion

Department of Aerospace Engineering and By
Applied Mechanics Distribution/

University of Cincinnati Availability Codes

Cincinnati, Ohio

Dist Special

Af j
This research was supported by the Air Force Office
of Scientific Research, Bolling Air Force Base,
under AFOSR Grant No. 80-0160 with Dr. James D. Wilson
as Technical Monitor.

Distribution of this report is unlimited.

* Professor

** Research Associate Prcfessor



* UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE 'When Deta Entered)I REPORT DOCUMENTATION PAGE READ INSTRUCTIONS

BEFORE COMPLETING FORM[ R ORMR 20 2. GOVT ACCESSION NO. 3 . RIC"IENT'S CATALOG NUMBERAF:OSR-TR- G ;3 0 12 0. ; Wx"'/_, / )R II' NT

4. T!TLE (and Subtitle) S. TYPE OF REPORT & PERIOD COVERED

ANNUAL REPORT
ANALYSIS OF THREE-DIMENSIONAL VISCOUS INTERNAL March 1, 1981-Feb. 28, 1982

FLOWS 6. PERFORMING ORG. REPORT NUMBER
AFL 82-8-65

7. ACjTNTORR) an T T
.RGRA. NUMBER(&)6

Kirti N. Ghia and Urmila Ghia

3 PERORMNG ORGANIZATION NAME AND ADDRESS I0. PROGRAM ELEMENT. PROJECT, TASK-,REA a WORK UNiT NUMBIERS

Dept. of Aerospace Engineering & Applied 
Mechanics

University of Cincinnati 2307/A4

Cincinnati, Ohio 45221 (11 10Z . f

11 COTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

Air Force Office of Scientific Research/NA August 1982

Building 410 13. NUMBER OF PAGES

Bolling Air Force Base, D.C. 20332 27
14. MONITORING AGENCY NAME & ADDRESS(if diflerent from Controitlng Office) IS. SECURITY CLASS. (of this report)

Unclassified

15a. DECL ASSI FICATION!DOWN GRADING
SCHEDULE

16. DiS7RI,TION STATEMENT (of this Report)

Approved for Public Release; Distribution Unlimited.

17. DISTRI ,. TION S 'ATEMENT (of the abstract entered in Block 20, If different frogn Report)

I.a S ..LEMSNT AY NOTES

3. KEY WCR:S 'Conrtnue on reverse side it necessary arid identify by block number)

Three-Dimesional Internal Flows Flow Separation, Secondary Flows

Laminar and Turbulent k-C Turbulence Model, Anisotropy
incompressible and Compressible Semi-Implicit & Implicit Numerical Methods

Rectangular and Polar Curved Ducts Multi-Grid & Strongly Implicit Techniques
Navier-Stokes Eqs., Parbolized NS Eqs. ADIBlock Gaussian Elimination Method

20. ASITRAC7 rConinwe on re-erse side if necessary and identify by block number)

This report describes the technical progress achieved in research sponsored

by the Air Force Office of Scientific Research during the period between

:arch 1981 and February 1982. Three areas of research were pursued; two of

these consist of (1) analysis of laminar and turbulent duct flows, and (2) study

of laminar and turbulent separated flows. Both of these studies were aimed at

acquiring a better understanding of isolated physical phenomena significant to

turbomachinery applications via the use of appropriate model problems. The

DD ; 1473 EDION Cr '"OV ,s 's cBSOLETE UNCLASSIFIED (over)

SECJR1
1

v C .ASSI:A ION O
e

74iS DAG- "W7en Data Entervd,



UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGEC($7i Data mitered)

third area of research pursued consisted of ($ the analysis of numerical
methods with the goal of improving the efficiency and accuracy of the
various methods developed and implemented. In the first area of research,
fine-grid asymptotic solutions were obtained for laminar flow through curved
ducts of simple cross sections; also marching solutions have been obtained
for turbulent flow in the entrance region of curved ducts of simple cross
sections. The subjecL of streamwise separation is examined using the laminar
flow through a constricted asymmetric channel and the laminar and turbulent
flows past a thick blunt plate as the model problems. In the third category,
high-Re very fine-grid solutions have been provided for the 4hear-driven
cavity problem using a multi-grid strongly implicit method. ly, the
block Gaussian elimination method is implemented to solve the unsteady
Navier-Stokes equations to provide true transient internal viscous flow
solutions.

UNCLASSIFIED

:~LASS[ IC A ON :) -WS - AGEr47iefi --&to mEnra,



ABSTRACT

This report describes the technical progress achieved in

research sponsored by the Air Force office of Scientific

Research during the period between March 1981 and February 1982.

TLhree areas of research were pursued; two of these consist of

(l) analysis of laminar and turbulent duct flows, and

(2) study of laminar and turbulent separated flows. Both of

these studies were aimed at acquiring a better understanding

of isolated physical phenomena significant to turbomachinery

applications via the use of appropriate model problems. The

third area of research pursued consisted of (3) the analysis of

numerical methods with the goal of improving the efficiency

and accuracy of the various methods developed and implemented.

In the first area of research, fine-grid asymptotic solutions

were obtained for laminar flow through curved ducts of simple

cross sections; also n~arching solutions have been obtained for

turbulent flow in the entrance region of curved ducts of simple

cross sections. The subject of streamwise separation is examined

using the laminar flow through a constricted asymmetric channel

and the laminar and turbulent flows past a thick blunt plate

as the model problems. In the third category, high-Re very

fine-grid solutions have been provided for the shear-driven cavity

Problem using a multi-grid strongly implicit method. Finally, the

block Gaussian elimination method is implemented to solve the

unsteady Navier-Stokes equations to provide true transient

internal viscous flow solutions.
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SECTION I

OBJECTIVES

The objective of the present study was to develop analyses

and improved understanding of viscous internal flows in a class

of complex three-dimensional configurations related to turbo-

machinery, using appropriate model problems.

1. Laminar and turbulent three-dimensional internal viscous

flows were to be studied using the model problem of curved

ducts with simple cross sections. The asymptotic form of

this laminar flow was to be studied to investigate the

occurrence of Dean's instability by varying the Dean

number, K, and the aspect ratio of the duct cross section.

An additional goal of studying this flow configuration was

to provide a set of accurate asymptotic flow solutions,

so that the marching solutions calculated earlier using

the parabolized Navier-Stokes equations could be independently

verified.

2. Separated flows were to be studied with two different

objectives. For laminar flow, the model problem of a doubly

infinite channel with an asymmetric constriction was to

be studied to obtain solutions for high-Reynolds number flows.

on the other hand, a turbulent separated-flow analysis was

to be initiated to further understand the low-Reynolds

number turbulence modelling techniques required at the

boundaries in the second-order closure formulation of the

time-averaged Navier-Stokes equations.



3. The efficiency and accuracy of semi-implicit and implicit

methods were to be investigated using model problems. In

the first category, the strongly implicit (SI) scheme was

to be studied using the model problem of flow in a shear-

driven cavity in order to improve its convergence rate.

Also, the multi-grid technique was to be employed to

further improve the convergence rate of semi-implicit

solution techniques. In the latter category, a fully

implicit scheme was to be developed for enabling direct

solution of the Poisson equation in generalized ortho-

gonal curvilinear coordinates.

The research performed in each of these areas is described

briefly in the next section; the main results and conclusions

obtained are also summarized.
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SECTION 2

DESCRIPTION OF SIGNIFICANT ACCOMPLISHMENTS

All three areas of research proposed were initiated and the

specific achievements made in these studies during this reporting

period are briefly described in the following subsections.

2.1 Laminar and Turbulent Duct Flows

Asymptotic flows inside curved ducts of rectangular as

well as polar cross section were analyzed using the Navier-

Stokes equations in terms of the axial velocity, the axial

,vorticitv and the cross-flow stream function. one of the ob-

jectives of this study was to investigate, for the polar duct,

the possibility of Dean's instability which, for curved

rectangular ducts, is characterized by the occurrence of an

additional pair of secondary-flow vortices. The significance

of this phenomenon is that this second pair of streamwise

vortices creates additional pressure losses. To achieve this

goal, the asymptotic form of the flow equations was used to

calculate some benchmark solutions which serve as the only

available quantitative check on the accuracy of the developing-

flow numerical solutions for this class of flow problems. From

the investigators' earlier work on this problem, it was felt

that, for highly curved configurations, the strong coupling

between the primary and the secondary flow should have to be

honored by the numerical solution technique employed. In fact,

Ghia et al. (1980) had observed, using an alternating-direction
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implicit (ADI) method, that the simultaneous solution of the

three differential equations governing the primary and the

secondary flows in these highly curved configurations was

essential for computational efficiency. Also, the initial

conditions employed were observed to have a significant influence

on the stability of the numerical scheme, particularly for

cases with high Dean number K.

The strongly implicit (SI) scheme was developed to facili-

tate efficient high-Dean-number solutions of the coupled flow

equations. Numerical experiments were conducted with all three

governing equations being solved simultaneously as well as

with the axial velocity equation being solved sequentially with

a coupled solution of the vorticity and stream function equations.

From the limited experiments conducted, it was observed that

the coupling of all three equations was not crucial for the SI

scheme; this was contrary to the findings for the ADI method.

Further, a combined multi-grid- strongly implicit (MG-SI) scheme

was also developed; brief remarks about this method will be

made later in this section. Using this new method, fine-grid

results were obtained by K. Ghia, U. Ghia and Shin (1981).

Figures 1-3 show some of their typical results. The details of

these results are given in a technical paper which was presented

at the ASME Winter Annual Meeting, November 1981, in Washington,

D.C. Additional details of the MG-SI method were also prepared

and added to this study and the revised manuscript prepared has

been submitted for journal publication.
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A technical paper based on the analysis developed and the

results obtained for turbulent flow inside curved ducts of

regular cross section was completed by Goyal, K. Ghia and

U. Ghia (1982) and has been submitted for journal publication.

The wall-function approach and the low-Reynolds number

modelling approach are carefully evaluated therein.

2.2 Laminar and Turbulent Separated Flow

Laminar incompressible flow with streamwise separation

was studied further with the help of the model problem of a

doubly infinite channel with an asymmetric constriction. The

use of a semi-implicit method, such as the alternating-direction

implicit (ADI) method, leads to poor convergence for this flow,

particularly as the grid size is refined. To circumvent this

difficulty, the ADI method for the vorticity-transport equation

was coupled with the block-Gaussian elimination (BGE) method

for the stream-fanction equation, to obtain accurate and

efficient solutions for the channel flow problem. Since the

analysis used the derived variables, namely, the vorticity w, and

the stream function ', it also provided an independent check

for the results of U. Ghia et al. (1979b) which had been

obtained'using primitive variables. The present results for

seoarated flow agreed well with those of U. Ghia et al. (1979b)

for Re= 100. However, for a mildly separated flow configuration

with Re= 1000, the present results show a very different

internal structure. The results of the present true transient

analysis, obtained using the ADI-BGE method, appeared to be

5
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converging to steady-state values. These results for Re= 1000

are shown in Fig. 4. The streamline contours in Fig. 4a show

four discrete eddy structures, all rotating in the clockwise

sense, a transient characteristic of uns. ady flows. This

stable series of vortices formed on the lee side of the channel

constriction shows a qualitative resemblance with an unstable

series of like-rotating vortex structures in the separating

boundary layer on the tail end of a blunt body shown by Prandtl

and Tietjens (1934). The corresponding vorticity contours for

the Re = 1000 flow configuration are shown in Fig. 4b. A careful

reexamination of the results in the transformed plane revealed

that the grid used is not adequate between the reattachment

point and downstream infinity. Preliminary results have been

obtained using a modified grid where the discrete eddies combine

to a single eddy, a characteristic of steady flow in the

constricted asymmetric channel.

A turbulent separated-flow analysis was developed for

flow past a class of two-dimensional and axisymmetric blunt

bodies as shown in Fig. 5a. The time-averaged Navier-Stokes

equations for these flows were derived in surface-oriented

conformal coordinates (C,n) in terms of similarity-type vorti-

city and stream-function variables. Turbulence closure was

achieved by means of a two-equation (k,E) turbulence model which

enables determination of the isotropic eddy viscosity vt ' The

coupled vorticity and stream-function equations were solved

simultaneously using an incremental formulation of the factored

ADI scheme. Numerical solutions were obtained for a thin flat

6
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plate and compared with available experimental and analytical

data. Also, results were obtained for flow over a parabola

and compared with the flat-plate results. Finally, solutions

were obtained for flow past a two-dimensional semi-infinite

body with a shoulder, at Red = 24,000. Typical mean-flow

velocity profiles for the blunt plate were compared with the

experimental data of Ota and Itasaka (1976) and are shown in

Fig. 5b. All of the computed results have the same general

trend as the experimental data of Ota and Narita (1978);

possible causes for the differences within the separated-flow

region were carefully examined. Some of these results were

presented briefly by Abdelhalim, U. Ghia and K. Ghia (1982) at

an AIAA Mini-Symposium at the Air Force Institute of Technology,

Ohio. A full-length paper based on these results has been

prepared by Abdelhalim, U. Ghia and K. Ghia (1982)for presentation

at an ASME meeting.

2.3 Numerical Methods

A number of isolated effects were studied using model

problems so as to maintain the accuracy and efficiency of the

algorithms developed. This approach not only facilitates

the assessment of various algorithms, but also provides bench-

mark solutions for some of the model problems used. With an

eventual goal of solving flow through complex turbomachinery

passages, every effort is made, during each grant period, to

7



improve the numerical methods already used and to develop new

methods which can further enhance the convergence rate. The

solution convergence rate is strongly dependent on many

problem parameters, such as the Reynolds number, the mesh size

and the total number of computational points. This led to

carefully examining the recently emerging multi-grid (MG)

technique as a useful means for enhancing the convergence

rate of iterative numerical methods for solving discretized

equations at a number of computational grid points so large

as to be considered impractical previously.

The vorticity-stream function formulation of the two-

dimensional incompressible Navier-Stokes equations was used to

study the effectiveness of the coupled strongly-implicit

multi-grid (CSI-MG) method in the determination of high-Re

fine-mesh flow solutions. The driven flow in a square cavity

was used as the model problem. Solutions were obtained for

configurations with Reynolds number as high as 10,000 and meshes

consisting of as many as (257 x 257) points. Figure 6a shows

the streamline contours for the cavity-flow configuration with

Re = 10,000. A magnified view of the various secondary vortices

is also-included. The values of y along the contours shown are

listed in Table 1. For this case of Re = 10,000, the present

results are in excellent agreement with those reported by

Keller (1981), and are computationally very efficient. Figure 6b

shows the corresponding vorticity contours with the values of w

along these contours listed in Table 1. This figure shows



that, in addition to the boundary layers at the walls, free-

shear layers with high vorticity gradients appear in the

interior of the cavity in a very complex manner. It was because

of this complex flow structure that uniform mesh refinement

was used in the present study. Earlier, some of these results

were presented in a paper by U. Ghia, K. Ghia and Shin (1981)

at a Multi-Grid Symposium held at NASA-Ames Research Center.

The original manuscript was revised to include additional results

for the convergence history of the MG-SI solution procedure.

In the revised form, the paper has been accepted for publication

in Journal of Computational Physics.

Towards the same goal of efficient numerical methods, the

two-dimensional unsteady Navier-Stokes equations, in terms of

vorticity and stream function, and generalized orthogonal

coordinates, were used to analyze a fully implicit scheme

developed for the general Poisson equation in this study. The

vorticity-transport equation was solved using an ADI method,

whereas the Dirichlet Poisson problem for the stream function was

solved using a direct block Gaussian elimination (BGE) method.

The BGE method was compared with the semi-direct (SD) method of

Martin (1978) for the general Poisson problem for accuracy and

efficiency and was found to yield a direct one-step solution,

irregardless of the degree of grid clustering, with considerably

improved efficiency as compared to the SD method. Osswald and

K. Ghia (1981) presented detailed results of this study at a

Multi-Grid Symposium held at NASA-Ames Research Center. The

9



manuscript is being revised to include accurate fine-grid

results for the Re = 1000 flow configuration. The revised paper

will be submitted shortly for journal publication.
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SECTION 6

TECHNICAL APPLICATIONS

Of the various areas of research pursued, two appear to

be most useful to the technical community. The multi-grid

solution procedure formulated for the Navier-Stokes equations

for determining fine-grid results for high-Re flows is a

unique capability developed in the present research. This is

particularly useful because, although the multi-grid procedure

is generally recognized as beneficial for accelerating

convergence, its adaptation to the solution of high-Re viscous

flows has been extremely limited thus far. Secondly, the

unsteady-flow solution procedure using time marching and block-

Gaussian elimination yields useful information about transient

separated internal flows. Both of these developments provide

highly accurate benchmark solutions for the problems to which

these have been applied so far. Both of these programs are

developed in modular form, and several of the modules are

prepared for general-purpose use and can be easily implemented

in other applications. Some other researchers have already

requested for some of these modules.
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TABLE 1. VALUES FOR STREAMLINE AND VORTICITY
CONTOURS IN FIGURES AND

Stream Function Vorticity

Contour of ip Contour Value of Y' Contour value of w
Letter Value of Number Number

a -1.0 xl0 - 1 0  0 1.0x10 - 8  0 0.0

b -1.0xl0 7  1 1.0x107  ±1 ± 0.5
_1*0x1-5 -6

c -1.0x1i0 2 t.xl0 ±2 ± 1.0

d -1.0x 10 4  3 1.0xl0 5  ±3 ± 2.0

e -0.0100 4 5.0 x 10- 5  ±4 ± 3.0

-0.0300 5 1.0 x 5 4.0

g -0.0500 6 2.5 x 10- 4  6 5.0

h -0.0700 7 5.0x10- 4

-3
i -0.0900 8 1.0 x 10

-3
j -0.1000 9 1.5 x10

k -0.1100 10 3.0 x 10 3

1 -0.1150

m -0.1175
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FIG, 6b. VORTICITY CONTOURS FOR FLOW IN DRIVEN CAVITY,
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