
Meng-Sing Liou
Glenn Research Center, Cleveland, Ohio

Ten Years in the Making—AUSM-family

NASA/TM—2001-210977

November 2001

AIAA–2001–2521



The NASA STI Program Office . . . in Profile

Since its founding, NASA has been dedicated to
the advancement of aeronautics and space
science. The NASA Scientific and Technical
Information (STI) Program Office plays a key part
in helping NASA maintain this important role.

The NASA STI Program Office is operated by
Langley Research Center, the Lead Center for
NASA’s scientific and technical information. The
NASA STI Program Office provides access to the
NASA STI Database, the largest collection of
aeronautical and space science STI in the world.
The Program Office is also NASA’s institutional
mechanism for disseminating the results of its
research and development activities. These results
are published by NASA in the NASA STI Report
Series, which includes the following report types:

• TECHNICAL PUBLICATION. Reports of
completed research or a major significant
phase of research that present the results of
NASA programs and include extensive data
or theoretical analysis. Includes compilations
of significant scientific and technical data and
information deemed to be of continuing
reference value. NASA’s counterpart of peer-
reviewed formal professional papers but
has less stringent limitations on manuscript
length and extent of graphic presentations.

• TECHNICAL MEMORANDUM. Scientific
and technical findings that are preliminary or
of specialized interest, e.g., quick release
reports, working papers, and bibliographies
that contain minimal annotation. Does not
contain extensive analysis.

• CONTRACTOR REPORT. Scientific and
technical findings by NASA-sponsored
contractors and grantees.

• CONFERENCE PUBLICATION. Collected
papers from scientific and technical
conferences, symposia, seminars, or other
meetings sponsored or cosponsored by
NASA.

• SPECIAL PUBLICATION. Scientific,
technical, or historical information from
NASA programs, projects, and missions,
often concerned with subjects having
substantial public interest.

• TECHNICAL TRANSLATION. English-
language translations of foreign scientific
and technical material pertinent to NASA’s
mission.

Specialized services that complement the STI
Program Office’s diverse offerings include
creating custom thesauri, building customized
data bases, organizing and publishing research
results . . . even providing videos.

For more information about the NASA STI
Program Office, see the following:

• Access the NASA STI Program Home Page
at http://www.sti.nasa.gov

• E-mail your question via the Internet to
help@sti.nasa.gov

• Fax your question to the NASA Access
Help Desk at 301–621–0134

• Telephone the NASA Access Help Desk at
301–621–0390

• Write to:
           NASA Access Help Desk
           NASA Center for AeroSpace Information
           7121 Standard Drive
           Hanover, MD 21076



NASA/TM—2001-210977

November 2001

National Aeronautics and
Space Administration

Glenn Research Center

Prepared for the
15th Computational Fluid Dynamics Conference
sponsored by the American Institute of Aeronautics and Astronautics
Anaheim, California, June 11–14, 2001

AIAA–2001–2521

Meng-Sing Liou
Glenn Research Center, Cleveland, Ohio

Ten Years in the Making—AUSM-family



Acknowledgments

Several people have kindly permitted and sent me their calculated results that are included in the present paper.
Thanks are due to Drs. G. Billet and I. Mary of ONERA, France, D. Darracq of CERFACS, France, H. Paillère of

CEA, France, and J. De Wilde of University of Ghent, Belgium. Dr. Y. Zheng of Taitech, Inc. helped
in the preparation of the manuscript.

Available from

NASA Center for Aerospace Information
7121 Standard Drive
Hanover, MD 21076

National Technical Information Service
5285 Port Royal Road
Springfield, VA 22100

Available electronically at http://gltrs.grc.nasa.gov/GLTRS



National Aeronautics and Space Administration
Glenn Research Center
21000 Brookpark Road
Cleveland, Ohio 44135

NASA/TM—2001-210977                                                     1

Refs. [1,4–10]



NASA/TM—2001-210977                                                     2



Van Leer F.V.S.

p/p∞

0.0 2.0 4.0

θ
(d

eg
)

10.0

11.0

12.0

13.0

14.0

15.0

T/T∞

0.0 10.0

Van Leer/Hänel91

p/p∞

0.0 2.0 4.0

θ
(d

eg
)

10.0

11.0

12.0

13.0

14.0

15.0

T/T∞

0.0 10.0

AUSM(M-Splitting)

p/p∞

0.0 2.0 4.0

θ
(d

eg
)

10.0

11.0

12.0

13.0

14.0

15.0

T/T∞

0.0 10.0

Exact Riemann Solver

p/p∞

0.0 2.0 4.0

θ
(d

eg
)

10.0

11.0

12.0

13.0

14.0

15.0

T/T∞

0.0 10.0

NASA/TM—2001-210977                                                     3



NASA/TM—2001-210977                                                     4



NASA/TM—2001-210977                                                     5



NASA/TM—2001-210977                                                     6



10 20 30 40 50 60
time

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8
th

ic
kn

e
ss

AUSM t ri ad
Sandham & Reynolds

Mc=0.8 - Re=600 - a =0.0001 random noise

AUSM + triad
DNS

0

2

4

6

8

y

0 2 4 6 8 10 12

x

0

5

10

z

0 25 50 75 100
time

0

1

2

3

4

5

6

δ w

0 0.5 1 1.5 2

x1

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3
ρ

0 0.5 1 1.5 2

x1

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

1.25

1.3

ρ

NASA/TM—2001-210977                                                     7



NASA/TM—2001-210977                                                     8



NASA/TM—2001-210977                                                     9



two-phase

initial conditions

pure gas

flow mixture

steady state

pure liquid

0 2 4 6 8
x [m]

0

0.2

0.4

0.6

0.8

1

vo
id

 fr
ac

tio
n

Phase Separation Problem
initial profile
t=0.2 s
t=0.4 s
t=0.6 s
t=0.8 s
t=1 s
t=1.2 s
t=2 s

0 2 4 6 8
x [m]

1e+05

1.1e+05

1.2e+05

1.3e+05

1.4e+05

pr
es

su
re

 [P
a]

Phase Separation Problem
AUSM+, sigma=0, x1=0.003, x2=0.004, 100pts, CFL=0.05

open to atmosphere

Vo=2.1 m/s

0 5 10 15 20
x [m]

0

0.2

0.4

0.6

0.8

1

vo
id

 fr
ac

tio
n

Oscillating Manometer

0 5 10 15 20
x [m]

0

0.2

0.4

0.6

0.8

1

vo
id

 fr
ac

tio
n

Oscillating Manometer
AUSM+, 4−eq. model, sigma=0.0, 220 points

0 5 10 15 20
time  [s]

−2.2

−1.2

−0.2

0.8

1.8

liq
ui

d 
ve

lo
ci

ty
 [m

/s
]

Oscillating Manometer
AUSM+, 4−eq. model, sigma=0.0, 220 points

analytical
AUSM+

NASA/TM—2001-210977                                                     10



0

2

4

6

8

10

12

14

z

XY

Z

XY

Z 7.0E-02
6.9E-02
6.8E-02
6.7E-02
6.6E-02
6.5E-02
6.4E-02
6.3E-02
6.2E-02
6.1E-02
6.0E-02
5.9E-02
5.8E-02
5.7E-02
5.6E-02
5.5E-02
5.4E-02
5.3E-02
5.2E-02
5.1E-02
5.0E-02
4.9E-02
4.8E-02
4.7E-02
4.6E-02
4.5E-02
4.4E-02
4.3E-02
4.2E-02
4.1E-02
4.0E-02
3.9E-02
3.8E-02
3.7E-02
3.6E-02
3.5E-02
3.4E-02
3.3E-02
3.2E-02
3.1E-02
3.0E-02

Starting field: 0 sec
0

2

4

6

8

10

12

14

z

XY

Z

XY

Z 7.0E-02
6.9E-02
6.8E-02
6.7E-02
6.6E-02
6.5E-02
6.4E-02
6.3E-02
6.2E-02
6.1E-02
6.0E-02
5.9E-02
5.8E-02
5.7E-02
5.6E-02
5.5E-02
5.4E-02
5.3E-02
5.2E-02
5.1E-02
5.0E-02
4.9E-02
4.8E-02
4.7E-02
4.6E-02
4.5E-02
4.4E-02
4.3E-02
4.2E-02
4.1E-02
4.0E-02
3.9E-02
3.8E-02
3.7E-02
3.6E-02
3.5E-02
3.4E-02
3.3E-02
3.2E-02
3.1E-02
3.0E-02

0.6 sec
0

2

4

6

8

10

12

14

z

XY

Z

XY

Z 7.1E-02
7.0E-02
6.9E-02
6.8E-02
6.7E-02
6.6E-02
6.5E-02
6.4E-02
6.3E-02
6.2E-02
6.1E-02
6.0E-02
5.9E-02
5.8E-02
5.7E-02
5.6E-02
5.5E-02
5.4E-02
5.3E-02
5.2E-02
5.1E-02
5.0E-02
4.9E-02
4.8E-02
4.7E-02
4.6E-02
4.5E-02
4.4E-02
4.3E-02
4.2E-02
4.1E-02
4.0E-02
3.9E-02
3.8E-02

1.6 sec
0

2

4

6

8

10

12

14

z

XY

Z

XY

Z 7.1E-02
7.0E-02
6.9E-02
6.8E-02
6.7E-02
6.6E-02
6.5E-02
6.4E-02
6.3E-02
6.2E-02
6.1E-02
6.0E-02
5.9E-02
5.8E-02
5.7E-02
5.6E-02
5.5E-02
5.4E-02
5.3E-02
5.2E-02
5.1E-02
5.0E-02
4.9E-02
4.8E-02
4.7E-02
4.6E-02
4.5E-02
4.4E-02
4.3E-02
4.2E-02
4.1E-02
4.0E-02
3.9E-02
3.8E-02

1.8 sec

0

2

4

6

8

10

12

14

z

XY

Z

XY

Z
1.27E-01
1.25E-01
1.23E-01
1.21E-01
1.19E-01
1.17E-01
1.15E-01
1.13E-01
1.11E-01
1.09E-01
1.07E-01
1.05E-01
1.03E-01
1.01E-01
9.90E-02
9.70E-02
9.50E-02
9.30E-02
9.10E-02
8.90E-02
8.70E-02
8.50E-02
8.30E-02
8.10E-02
7.90E-02
7.70E-02
7.50E-02
7.30E-02
7.10E-02
6.90E-02
6.70E-02
6.50E-02
6.30E-02
6.10E-02
5.90E-02
5.70E-02
5.50E-02
5.30E-02
5.10E-02
4.90E-02
4.70E-02
4.50E-02
4.30E-02

3.2 sec
0

2

4

6

8

10

12

14

z

XY

Z

XY

Z
1.27E-01
1.25E-01
1.23E-01
1.21E-01
1.19E-01
1.17E-01
1.15E-01
1.13E-01
1.11E-01
1.09E-01
1.07E-01
1.05E-01
1.03E-01
1.01E-01
9.90E-02
9.70E-02
9.50E-02
9.30E-02
9.10E-02
8.90E-02
8.70E-02
8.50E-02
8.30E-02
8.10E-02
7.90E-02
7.70E-02
7.50E-02
7.30E-02
7.10E-02
6.90E-02
6.70E-02
6.50E-02
6.30E-02
6.10E-02
5.90E-02
5.70E-02
5.50E-02
5.30E-02
5.10E-02
4.90E-02
4.70E-02
4.50E-02
4.30E-02

4.1 sec
0

2

4

6

8

10

12

14

z

XY

Z

XY

Z
1.030E-01
1.015E-01
1.000E-01
9.850E-02
9.700E-02
9.550E-02
9.400E-02
9.250E-02
9.100E-02
8.950E-02
8.800E-02
8.650E-02
8.500E-02
8.350E-02
8.200E-02
8.050E-02
7.900E-02
7.750E-02
7.600E-02
7.450E-02
7.300E-02
7.150E-02
7.000E-02
6.850E-02
6.700E-02
6.550E-02
6.400E-02
6.250E-02
6.100E-02
5.950E-02
5.800E-02
5.650E-02
5.500E-02
5.350E-02
5.200E-02
5.050E-02
4.900E-02
4.750E-02
4.600E-02
4.450E-02
4.300E-02
4.150E-02
4.000E-02
3.850E-02
3.700E-02
3.550E-02
3.400E-02
3.250E-02

4.8 sec
0

2

4

6

8

10

12

14

z

XY

Z

XY

Z
1.030E-01
1.015E-01
1.000E-01
9.850E-02
9.700E-02
9.550E-02
9.400E-02
9.250E-02
9.100E-02
8.950E-02
8.800E-02
8.650E-02
8.500E-02
8.350E-02
8.200E-02
8.050E-02
7.900E-02
7.750E-02
7.600E-02
7.450E-02
7.300E-02
7.150E-02
7.000E-02
6.850E-02
6.700E-02
6.550E-02
6.400E-02
6.250E-02
6.100E-02
5.950E-02
5.800E-02
5.650E-02
5.500E-02
5.350E-02
5.200E-02
5.050E-02
4.900E-02
4.750E-02
4.600E-02
4.450E-02
4.300E-02
4.150E-02
4.000E-02
3.850E-02
3.700E-02
3.550E-02
3.400E-02
3.250E-02

5.5 sec

0

2

4

6

8

10

12

14

z

XY

Z

XY

Z
7.0E-02
6.9E-02
6.8E-02
6.7E-02
6.6E-02
6.5E-02
6.4E-02
6.3E-02
6.2E-02
6.1E-02
6.0E-02
5.9E-02
5.8E-02
5.7E-02
5.6E-02
5.5E-02
5.4E-02
5.3E-02
5.2E-02
5.1E-02
5.0E-02
4.9E-02
4.8E-02
4.7E-02
4.6E-02
4.5E-02
4.4E-02
4.3E-02
4.2E-02
4.1E-02
4.0E-02
3.9E-02
3.8E-02
3.7E-02
3.6E-02
3.5E-02
3.4E-02
3.3E-02
3.2E-02
3.1E-02
3.0E-02
2.9E-02
2.8E-02
2.7E-02
2.6E-02
2.5E-02

6.0 sec
0

2

4

6

8

10

12

14

z

XY

Z

XY

Z
7.0E-02
6.9E-02
6.8E-02
6.7E-02
6.6E-02
6.5E-02
6.4E-02
6.3E-02
6.2E-02
6.1E-02
6.0E-02
5.9E-02
5.8E-02
5.7E-02
5.6E-02
5.5E-02
5.4E-02
5.3E-02
5.2E-02
5.1E-02
5.0E-02
4.9E-02
4.8E-02
4.7E-02
4.6E-02
4.5E-02
4.4E-02
4.3E-02
4.2E-02
4.1E-02
4.0E-02
3.9E-02
3.8E-02
3.7E-02
3.6E-02
3.5E-02
3.4E-02
3.3E-02
3.2E-02
3.1E-02
3.0E-02
2.9E-02
2.8E-02
2.7E-02
2.6E-02
2.5E-02

6.4 sec
0

2

4

6

8

10

12

14

z
(m

)

XY

Z
7.4E-02
7.3E-02
7.2E-02
7.1E-02
7.0E-02
6.9E-02
6.8E-02
6.7E-02
6.6E-02
6.5E-02
6.4E-02
6.3E-02
6.2E-02
6.1E-02
6.0E-02
5.9E-02
5.8E-02
5.7E-02
5.6E-02
5.5E-02
5.4E-02
5.3E-02
5.2E-02
5.1E-02
5.0E-02
4.9E-02
4.8E-02
4.7E-02
4.6E-02
4.5E-02
4.4E-02
4.3E-02
4.2E-02
4.1E-02
4.0E-02
3.9E-02

Time-averaged over 1 cycle.

NASA/TM—2001-210977                                                     11



AUSM+-u

p/p∞

0.0 2.0 4.0

θ
(d

eg
)

10.0

11.0

12.0

13.0

14.0

15.0

T/T∞

0.0 10.0

NASA/TM—2001-210977                                                     12



AUSM+ CFL=0.50 N= 200
β=0.1250 α=0.1875

-1.0 -0.5 0.0 0.5 1.0
x

0.0

20.0

40.0

60.0

80.0
Pressure
Density
Temperature

AUSMDV : f(pL,pR)=pL,K=10 CFL=0.50 N= 200

-1.0 -0.5 0.0 0.5 1.0
x

0.0

20.0

40.0

60.0

80.0
Pressure
Density
Temperature

AUSM+-u CFL=0.50 N= 200
β=0.1250 α=0.1875

-1.0 -0.5 0.0 0.5 1.0
x

0.0

20.0

40.0

60.0

80.0
Pressure
Density
Temperature

AUSM+-up CFL=0.50 N= 200

-1.0 -0.5 0.0 0.5 1.0
x

0.0

20.0

40.0

60.0

80.0
Pressure
Density
Temperature

Roe CFL=0.50 N= 200

-1.0 -0.5 0.0 0.5 1.0
x

0.0

20.0

40.0

60.0

80.0
Pressure
Density
Temperature

Exact Riemann Solver CFL=0.50 N= 200

-1.0 -0.5 0.0 0.5 1.0
x

0.0

20.0

40.0

60.0

80.0
Pressure
Density
Temperature

AUSM+ CFL=0.50 N=4000
β=0.1250 α=0.1875

x
-1.0 -0.5 0.0 0.5 1.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

u-c : ∑ (∆p -ρ̄c̄ ∆u)/(2c̄2)

u+c : ∑ (∆p +ρ̄c̄ ∆u)/(2c̄2) x10

u : ∑ (∆ρ - ∆p/c̄2) x10

AUSM+-u CFL=0.50 N=4000

x
-1.0 -0.5 0.0 0.5 1.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

u-c : ∑ (∆p -ρ̄c̄ ∆u)/(2c̄2)

u+c : ∑ (∆p +ρ̄c̄ ∆u)/(2c̄2) x10

u : ∑ (∆ρ - ∆p/c̄2) x10

Roe
E-Fix

CFL=0.50 N=4000

x
-1.0 -0.5 0.0 0.5 1.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

u-c : ∑ (∆p -ρ̄c̄ ∆u)/(2c̄2)

u+c : ∑ (∆p +ρ̄c̄ ∆u)/(2c̄2) x10

u : ∑ (∆ρ - ∆p/c̄2) x10

Exact Riemann Solver CFL=0.50 N=4000

x
-1.0 -0.5 0.0 0.5 1.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

u-c : ∑ (∆p -ρ̄c̄ ∆u)/(2c̄2)

u+c : ∑ (∆p +ρ̄c̄ ∆u)/(2c̄2) x10

u : ∑ (∆ρ - ∆p/c̄2) x10

320.0 340.0

X-axis(centerline)

P
re

ss
ur

e

0.0
Y-axis(behind shock)

D
en

si
ty

0.0

2.0

4.0

6.0

8.0

GERROR = 0.10E-01
ITPG = 2.53
JMAX = 350
CFL = 0.50
Pr/Pl = 0.71E+01

Density Contours

AUSM+-u

NASA/TM—2001-210977                                                     13



NASA/TM—2001-210977                                                     14



NASA/TM—2001-210977                                                     15



This publication is available from the NASA Center for AeroSpace Information, 301–621–0390.

REPORT DOCUMENTATION PAGE

2. REPORT DATE

19. SECURITY CLASSIFICATION
 OF ABSTRACT

18. SECURITY CLASSIFICATION
 OF THIS PAGE

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information.  Send comments regarding this burden estimate or any other aspect of this
collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson
Davis Highway, Suite 1204, Arlington, VA  22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC  20503.

NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)
Prescribed by ANSI Std. Z39-18
298-102

Form Approved

OMB No. 0704-0188

12b. DISTRIBUTION CODE

8. PERFORMING ORGANIZATION
 REPORT NUMBER

5. FUNDING NUMBERS

3. REPORT TYPE AND DATES COVERED

4. TITLE AND SUBTITLE

6. AUTHOR(S)

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION/AVAILABILITY STATEMENT

13. ABSTRACT (Maximum 200 words)

14. SUBJECT TERMS

17. SECURITY CLASSIFICATION
 OF REPORT

16. PRICE CODE

15. NUMBER OF PAGES

20. LIMITATION OF ABSTRACT

Unclassified Unclassified

Technical Memorandum

Unclassified

National Aeronautics and Space Administration
John H. Glenn Research Center at Lewis Field
Cleveland, Ohio  44135–3191

1. AGENCY USE ONLY (Leave blank)

10. SPONSORING/MONITORING
 AGENCY REPORT NUMBER

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES)

National Aeronautics and Space Administration
Washington, DC  20546–0001

Available electronically at http://gltrs.grc.nasa.gov/GLTRS

November 2001

NASA TM—2001-210977
AIAA–2001–2521

E–12831

WU–708–28–13–00

21
CFD; Upwind schemes; AUSM schemes; Low Mach-number flows; Multiphase flows

Unclassified -Unlimited
Subject Categories: 02 and 34 Distribution:   Nonstandard

Prepared for the 15th Computational Fluid Dynamics Conference sponsored by the American Institute of Aeronautics and
Astronautics, Anaheim, California, June 11–14, 2001. Responsible person, Meng-Sing Liou, organization code 5880,
216–433–5855.

Ten Years in the Making—AUSM-family

Meng-Sing Liou

We begin by describing the motivations that gave birth to the original AUSM scheme and then focus on the ingredients
that has spurred its growth and acceptance by the world of computational fluid dynamics. As it has played out more in
the field, weaknesses have also surfaced. Hence, nutrients and supplements are prescribed to help it grow and stay
strong and robust. In this paper, we will describe the saga of efforts owing to researchers who have contributed to
building up the AUSM-family for the CFD community. It is hoped that a healthy scheme will contribute to the
accurate and robust solution of problems encountered in a wide range of disciplines. We analyze numerical mass
fluxes with an emphasis on their capability for accurately capturing shock and contact discontinuities. We will present
a new scheme for the pressure flux, along with results for a host of test problems.
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