NASA /TM—2003-212457 ATAA-2003-4120

‘rlﬁ:,v‘» > I

%

Comparison of the AUSM™ and H-CUSP
Schemes for Turbomachinery Applications

Rodrick V. Chima and Meng-Sing Liou
Glenn Research Center, Cleveland, Ohio

June 2003



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:

e 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.

e 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.

e 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.

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

e 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
databases, organizing and publishing research
results . . . even providing videos.

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

e Access the NASA STI Program Home Page
at http:/lwww.sti.nasa.gov

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

e Fax your question to the NASA Access
Help Desk at 301-621-0134

e Telephone the NASA Access Help Desk at
301-621-0390

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



NASA /TM—2003-212457 ATAA-2003-4120

Comparison of the AUSM™ and H-CUSP
Schemes for Turbomachinery Applications

Rodrick V. Chima and Meng-Sing Liou
Glenn Research Center, Cleveland, Ohio

Prepared for the

16th Computational Fluid Dynamics Conference

and the 33rd Fluid Dynamics Conference and Exhibit

sponsored by the American Institute of Aeronautics and Astronautics
Orlando, Florida, June 23-26, 2003

National Aeronautics and
Space Administration

Glenn Research Center

June 2003



The Propulsion and Power Program at
NASA Glenn Research Center sponsored this work.

Available from

NASA Center for Aerospace Information National Technical Information Service
7121 Standard Drive 5285 Port Royal Road
Hanover, MD 21076 Springfield, VA 22100

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




COMPARISON OF THE AUSM™ AND H-CUSP SCHEMESFOR
TURBOMACHINERY APPLICATIONS

R.V. Chima and M.-S. Liou
National Aeronautics and Space Administration
Glenn Research Center
Cleveland, Ohio 44135

Abstract the AGARD Propulsion and Energetics Panel Working
_ Group 26 as a test case for examining effects of grid and
Many turbomachinery CFD COde.S use_?e.conqﬂrdefurbulence model on solution accurde§Sixteen dif-
central-difference (C-D) schemes with artificial viscos- ferent CFD codes were used to predict the performance

ity to control point decoupling fand to capture shocks. ¢ 5 yransonic compressor rotor designated NASA rotor
While C-D schemes generally give accurate results, the¥37 3.4 One operating point at 98 percent of maximum

can also exhibit minor numerical problems including ined in detail dicted .
overshoots at shocks and at the edges of viscous Iayer@c,)W was examined in detail. Predicted pressure ratios

and smearing of shocks and other flow features. In aﬁ/ar_ied by nearly 10 _percent, and predicted effic_iencies
effort to improve predictive capability for turbomachin- varied by about 6 points. In general, pressure ratios were
ery problems, two C-D codes developed by Chima fo0 high and the efficiencies were too low. The large

RVCQ3D and Swift, were modified by the addition of 'variations in results again suggests that the codes can

two upwind schemes: the AUSMscheme developed by stll be improved.

Liou, et al., and the H-CUSP scheme developed by Tat- Most of the codes used for these test cases used sec-
sumi, et al. Details of the C-D scheme and the tWOond'Order central-difference (C'D) schemes with artifi-
upwind schemes are described, and results of three te§t@l viscosity to control point decoupling and to capture
cases are shown. Results for a 2-D transonic turbinéhocks. While C-D schemes generally give accurate
vane showed that the upwind schemes eliminated visahswers, they can also exhibit some minor numerical
cous layer overshoots. Results for a 3-D turbine vandroblems. Shock smearing and overshoots are well
showed that the upwind schemes gave improved predidnown and can be minimized by switching off fourth-
tions of exit flow angles and losses, although the H-difference dissipation at shocks. Overshoots at the edge
CUSP scheme predicted S||ght|y h|gher losses than th@f viscous Ia.yerS are less well known but were shown in
other schemes. Results for a 3-D supersonic compress6gfs. 5 and 6. Many researchers have speculated that

(NASA rotor 37) showed that the AUSMscheme pre- artificial viscosity may smear out other flow features,

dicted exit distributions of total pressure and tempera-bUt this can be difficult to demonsirate.

ture that are not generally captured by C-D codes. All  Other work has shown that improved artificial vis-
schemes showed similar convergence rates, but theosity schemes or upwind schemes can give better accu-
upwind schemes required considerably more CPU timeacy than standard C-D schemes. In ref. 5 Tweedt,
per iteration. Chima, and Turkel compared two artificial viscosity

. schemes in a C-D code. The first was a standard artifi-
Introduction cial viscosity scheme with blended second and fourth

Turbomachinery blades are usually designed withdifferences and Eigenvalue scali?ﬂﬁThe second was
proprietary design codes and are heavily analyzed withthe Symmetric Limited Positive (SLIP) flux limiter
computational fluid dynamics (CFD) codes before com-which is the low-speed part of the more general Convec-
mitting to manufacture. However, turbomachinery tive Upward Split Pressure (CUSP) schemes developed
designers often distrust absolute performance predichy Tatsumi, Martinelli, and Jamesdf11it was shown
tions and rely only on changes in predicted performancehat the SLIP formulation gave better resolution of lami-
between designs. This practice suggests that the accwar boundary layer velocity profiles and better predic-
racy of CFD codes can still be improved. tions of performance of a low-speed centrifugal impeller

In 1994 ASME and IGTI sponsored a blind test than the standard formulation.
case for turbomaChinery CFD codes at the 39th Interna- In several papers, Liou and others have deve|oped

tional Gas Turbine Conference held in The Haguethe Advection Upstream Splitting Method (AUSM)
(unpublished.) The same test case was later adopted Bymily of upwind schemes and applied them to many
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aerodynamic problems ranging from 1-D shock tubeStokes equations on a blade-to-blade plane. Radius
problems to 3-D multi-element wind€5These appli- change, stream surface thickness, and rotation can all be
cations have shown that the AUSM schemes have excehodeled. The differencing scheme, artificial dissipation,

lent shock-capturing properties and give very accuraté@nd solution algorithms were all similar to those
resu'ts for a W|de Variety of problems_ deSCFIbed preV|0Us|y fOI‘ the SW|ft COde.

In the present work the H-CUSP and AUSM Governi ng Equat|ons
schemes were added to two C-D turbomachinery analy- The Navier-Stokes equations were written in a Car-
sis codes developed by Chima, RVCQ3E and tesian(x,y,z) coordinate system rotating about the x-
Swift.2"~19Three turbomachinery blades were analyzedaxis with angular velocitf2. The equations were trans-
and the results were compared to experimental data. lfprmed to a curvilinea(&, n,¢) system using standard
each case the upwind schemes gave significant improvgachniques, and all viscous terms in fdirection were

ments over the C-D scheme. Resullts for a 2-D transonigyropped using the thin-layer approximation. The result-
turbine vane showed that the upwind schemes ellmlmg equations are:

nated viscous layer overshoots. Results for a 3-D turbine

vane showed improvements in predicted exit flow angle 0,0+ J[0;E +0,F +0.G~Re(9,F,+9.G)] = H (1)
and loss profiles with the upwind schemes. Finally,

results for a 3-D supersonic compressor (NASA rotorWhereq = [p, pu, pv, pw, €] T is the vector of conserva-

37) showed that the AUSKMscheme gave large tion variables, and
improvements in the prediction of exit total pressure and

total temperature profiles. _pU’ 7
CFD Codes puUU’ +&,p
=J1 !
Swift E =J7pw +&,p 2)
, . , : pwU' +¢&,p
The Swift code is a multiblock Navier-Stokes anal- ,
_phOU + QEep_

ysis code for turbomachinery blade roWs°The code

solves the Navier-Stokes equations on body-fitted grid
using an explicit finite-difference scheme. It includes ) _
viscous terms in the blade-to-blade and hub-to-tip direc@ndH is a source term due to rotation. In (1) and (2)
tions, but neglects them in the streamwise direction
using the thin-layer approximation. Two turbulence

models were used: the Baldwin-Lomax mod&land andh, = (e+ p)/p is the total enthalpy. The full equa-
Wilcox’s k-w modef:21 with Menter’s shear stress tions are given in ref. 17.

transport (SST) modificatioff. In equation (2)U' is the contravariant velocity

The baseline code used C-D’s for the fluxes, andcomponent in theelative frame of reference. Using
scalar artificial dissipation to capture shocks and to conprimes to denote relative velocities,

trol point decoupling’ Eigenvalue scaling was used to
scale the artificial dissipation directionally on stretched

grids®° An explicit, four-stage Runge-Kutta schefe

was used to solve the flow equations. To accelerate con- W= w+Qy
vergence to a steady state, all calculations were run at ﬂearranging terms gives
Courant numbers around 5.6 using a spatially-varying

%tc. are the inviscid fluxes;, andG,  are viscous fluxes

e = p[CVT + %(u2 +v2+ w2)] is the total internal energy

U’ = Exu+Eyv' +E,W

vV =v-Qz ®3)

time step _and implicit residual smoothmg. Th_e Eigen- U = (G u+EV+EW) —Q(E,2-E,Y)

value scaling was also used to scale the implicit smooth- _ (4)

ing coefficients. =U-Qg,

RVCQ3D Metric terms &, , etc. are evaluated at grid points

The quasi-three-dimensional turbomachinery analysing a conservative, centered schehighe metric
ysis code RVCQ3D developed by Chifnfwas usedto  terms (includingé, ) are averaged ta1/2  for the

develop and test the upwind schemes before attemptingpwind schemes. The Jacobian tedroan usually be
3-D calculations. RvCQ3D solves the thin-layer Navier-
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combined with the metric terms and will be neglected
here.

Equation (1) is solved in the following form:

0,9 = J[R —(R,+D)] ©)
where R; isthe inviscid residual, R, is the viscous resid-
ual, and D isanumerical dissipation operator.
Artificial Dissipation and Upwind Schemes

Baseline Scheme

The baseline numerical scheme uses standard cen-
tral differences for the flux terms 0:E, and a scaar arti-

ficial dissipation D. D iswritten as the sum of a second
and forth difference operator in each direction:

Dg = (Dg+ D, +D.)q

(6)
Dgq = 0g[Ce(€50:0—€4055:0)]
where €, and €, are coefficients given by
€ = Komax(Vi_g, Vi, Vis 1 Vi 4 2)
€, = max(0,K,—¢,)f;
K4 =1/4 s @)
5 =
K, = (025t01)/16
v, isapressure sensor for shocks
v o= |pi_1—2pi+pi+1| ®)

Lot 2Pt Py

and f, isaramping function that reduces the dissipation

linearly with grid index near solid surfaces (typically by
afactor of 0.05 at the wall) to minimize effects on skin
friction.

Experience has shown that more dissipation is often
needed along the long side of highly-stretched cells.
Thus equation (6) includes an Eigenvalue scaling coeffi-

cient Cg, originally proposed by Martinelli, et al.2 Here
amodification proposed by Kunz, et al 9 was used.

A+ A
_ n" "¢
CE‘)‘E 1+ )\E

N = U7+ cEg ©
g, = JeZrezres

In(9,) A; isthe maximum Eigenvalue (i.e., the spectral

radius) of the inviscid flux Jacobian, c is the speed of
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sound, and & istheinverse of the spacing normal to the
surface.

H-CUSP Scheme

The Symmetric Limited Positive (SLIP) scheme
was introduced by Tatsumi, Martinelli, and Jameson in
refs. 10 and 11. The scheme uses flux-limited dissipa-
tion to produce a non-oscillatory scheme.

The Convective Upward Split Pressure (CUSP)
scheme was also introduced in refs. 10 and 11. The
CUSP scheme was developed as a flux-split scheme
similar to the AUSM scheme; however, it was imple-
mented as a dissipative flux added to a C-D flux. For
computational efficiency the dissipative fluxes can be
updated less often than the C-D fluxes. The E-CUSP
formulation bases the dissipative fluxes on the internal
energy, while the H-CUSP formulation is based on stag-
nation enthalpy. The H-CUSP formulation was used
here.

For the H-CUSP scheme, the artificial dissipationis
written as:

Dea = (diy1/2=0iv1/2)4 (10)

where

div1/2 = %aEbEs(qR_qL) +%B(ER_EL) (11)

The first term is a difference of the conservation
variables q. If gz = q;,, and q, = q;, the term
becomes afirst-order artificial dissipation. If g and g,
are evaluated using the SLIP limiter described later, the
term becomes third order in smooth regions of the flow
and first order near shocks, similar to baseline scheme.
The second term is a difference of the fluxes E. It is
added to give a true upwind scheme for supersonic flow.

Switching terms aUand B are devised to use the first
term for low speeds and the second term for M > 1, with
a continuous blending in between.

Liou and Steffen proposed a decomposition of the

flux E into a convective term and a pressure term.12 An
equivalent splitting is used for the CUSP schemes.

E=UWy+pg

Y = [p, pu, pv, pw, phy] T (12)
T

o= [05,5, £, 05

Using this decomposition, (11) becomes:



disa/2 = %aEbEs(qR_qL) 13) - A
+%B[(UR'UJR—UL'QJL)+9i+1/2(pR—p|_)] :L.Oi
An interface relative Mach number is defined by: ZO GMO 777777 | P
M = P? (14) - ]
C&s
where the tilde indicates Roe averaging, Lor |

- :JD_|_UL+JE;UR -1.0 OMO 1.0

, etc., and
MR . (15) Figure 1 — Functions a and 3 for the H-CUSP
_ 1 . scheme
¢ = /\/(y —1)%0—§(u2 +V2+ WZ)%
AUSM™* Scheme
Then the switching functiof  is given by: The Advection Upstream Splitting Method
(AUSM) scheme was introduced by Liou and Steffen in
0 max(0,2M ~1) for 0sM <1 199112 The AUSM scheme defines a cell interface
B = Omin(0,2M +1) for -1<sM <0 (16)  Mach number based on characteristic speeds from the
5 sign(M) for M| = 1 neighbqring cells. T_he interface Mach number is use(_:i to
determine the upwind extrapolation for the convective
which can be coded conveniently as part of the inviscid fluxes. A sep_arate splitting is used
for the pressure terms. Generalized Mach number and
fy =2M -1 pressure splitting functions were described by fou

17
n and the new scheme was termed ASUMhe AUSM'

. . scheme was shown to have several desirable properties:
Tatsumi, et al. showed that one-point shocks couldi, it gives exact resolution of 1-D contact and shock dis-

B = sign(1, M) x min[1, max(0, f,)]

be obtained if switching functioa*c is given by: continuities, 2, it preserves positivity of scalar quanti-
ties, and 3, it is free of oscillations at stationary and
a*c = ag-pU’ (18)  moving shocks.
where The AUSM' scheme avoids an explicit artificial

dissipation, and differences the fluxes directly using:

a = rrmax(|M[, r-Mg)
r* = max[1, (1- 2M|)r¢] 1) OfE = Ei-+-l/2_|.5i—-1/2 | (20)
rm=min(L, rg) _ A flux decomposition similar to (12) is used to
fe = (Cy+C)/Ce write

E =pUo+pg

M, is a cutoff Mach number, typically taken as
My 00.1x min(1, M,,,,) , whereM is the largest rela-

tive Mach number expected in the flow field. Swanson,Here pU’ is the mass flux across a cell interface. It can
et al. showed that the CUSP schemes also benefit frorhe written as:
increased dissipation along the long side of stretched

cells?3 They suggested Eigenvalue scaling terms = pU' = pck
r+andr-. Herer* has been modified by the addition of

the (1-2M|) term. Coefficientst andf are shown in  wherec = (cy+¢,)/2 is the average speed of sound,
figure 1.

@®=y/p =[Luv,whyT &0

max

v

g = PLEM (22)

andM is the relative interface Mach number.
The fluxes are differenced using:

NASA/TM—2003-212457 4



E _ EPLEEsMi+1/2(pL+gpi+1/2 if Mj,1,,20
) = O P
V2 DREEM; L1 0- 0P s else 23) +|1'O -
[N
+H .
= e
wherefgandg are evaluated at-1/2 . Note that the 0.0
average speed of sourtd has been replaced with a | |
numerical speed of sourtd  which is described later. "
The interface Mach number and pressure are evalu- Loy il
ated using weighted averages of the left and right states. A
Defining left and right Mach numbers basedcon  as: -1.0 0,\-/<|> 10
g Figure 2 — Functions M* and P* for the AUSM™*
MLr = (24) scheme
& R
4 H “ H
thenM,, ,,, andp,,,,, are given by: schemée: They pr_oposed using a nume_rlcal _sp_eed_of
sound” that effectively scales the numerical dissipation
N . with the local flow speedu] instead of the local sound
Mi,1,, =M +M +D .
N P (25) speedc as - 0 . Inother words, the numerical speed
Pi+1/2 = P p tP pgtD, of sound goes to zero with the local Mach number. They
. . _ showed that the numerical speed of sound gave appro-
M= andP= are functions oM, andMg: priate amounts of dissipation, even when used with pre-
conditioning methods at very low speeds.
if M |<1 M"=M, , P =Pg The numerical speed of sound is given by:
+ _ + _
.else M_-Mu_’ P_—MlL/ML (26) g = fo
if |[Mgf <1 M_:MZR’ P_:PSR . J(1—M2)M2 + 4M2
else M =Mz, P =M;g/Mg = 1+ M2
(30)
M, r) a@re second order polynomialsif M = %(ML +Mpg)
M. = min[1, max(|M|, My)]
1 1 0
My = 7(ML +1)2 M, = —Z(MR—1)2, (27)
where fis a scaling facto is an average interface
My g are directional switching functions: Mach number, andh, s the local relative Mach num-
ber limited between a cutoff Mach numbsr, and 1.
M, = max(M,, 0) Mg = min(Mg,0), (28) 0
M, is typically taken ag0.2 to 0.5 x min(M ... 1)
andPg gy are fifth order polynomials M , e
' ’ In equations (25,)DpandDV are diffusive terms
3 5 12 that have been introduced to ensure pressure-velocity
PgL = My (2-M)+ =M (MZ-1) : . PV
16 (29) coupling at low speedD,, is a pressure-diffusion term

3
Psr = ~Myr(2+ MR)_EMR(M%—l)z

Plots ofM* andP* are shown in figure 2.

The AUSM schemes define the mass flux across
cell interface in terms of split Mach numbers and a com is
in equation (22.) How-

mon interface speed of sound,

that was introduced by Liou and EdwartsThe term
was originally added to the mass flux, but here it was
recast as a modification t™,,,,, , and all density
terms were cancelled. The term was also reduced by a
?actor of two by numerical experimentation. The result

ever, Liou and Edwards showed that the interface speed
of soundc in equation (24) could be chosen arbitrarily
without affecting the shock-capturing properties of the

NASA/TM—2003-212457



_ 1AM (p, - pR)
Il Ty Tee—
4M2(p_ + pR) (31)
AM = (My =My ) = (Mpyg—Myg)

Finaly D, is a velocity-diffusion term that was

introduced by Lioul®Itis given by:
- +p
D, = PP EF%{%Z(MR—ML) @2

Limiters
SLIP Limiter

For the H-CUSP scheme the right and left states

were calculated using the SLIP limiter.19 For left and
right statesa and b, the limiter is defined by:

a—b |2 (33)

R(a,b) = 1-| 22— |7,
S

and a limited average is defined by
L(a b) = R(a b)2EE0 34
(a, b) (ab)m 5[ (34)

The conservation variables g are interpolated to
i+1/2 using:

1
G = G+ 5L(A0G _1/2 A0; 4+ 3/2)

1
Or = Gi+1*5L(A0i_1/2 A0 1 3/5) (35)

Agi_q1/5 = G —0i_g
van Albada Limiter

For the AUSM™ scheme the right and left states

were calculated using the van Albada limiter.2* The lim-
iter is defined by:

(a2+¢g)v+ (b2 +¢€)u
(a%+¢g) + (b2 +¢)

S(a, b) =

(36)

where € =107. The primitive variables

@ = [p,uv,w, p @einterpolatedtoi+1/2 using:

1
W =t QS(A‘*)i —12 8, 1/7)
(37

_ 1
WR = W41~ 5B _1/5 AW, 1))

NASA/TM—2003-212457

SST k-w Turbulence Model

Results for a transonic compressor rotor shown
later used the SST k-w turbulence model. Wilcox’s
baseline k-w model was described in ref. 21, and the
implementation of the model in RV CQ3D was described
inref. 6. The shear stress transport (SST) model was
developed by Menter in ref. 22, and is described bel ow.

The SST model is based on Bradshaw’s assumption
that the shear stress in a boundary layer is proportional
to k. Menter showed that this could be added to the base-
line model as a modification to the turbulent viscosity.

ak

Vi T max(a, o, QF ) (38)

where a; = 0.3, and Q isthe magnitude of the vortic-

ity. The first term in the denominator recovers the base-
line model and the second term gives the SST model.
Since Bradshaw’s assumption does not necessarily hold
in free-shear layers, F, isablending function that turns

the SST model off away from the wall.

F, = tanh(argj)
arg, = max4 2.Jk 400vQ (39
2 £0.0900y’ wy? 0

Menter has shown that the SST model gives excel-
lent results for adverse pressure gradients. The one dis-
advantage to the model is that it requires the distance to
thewal y.

Results
2-D Transonic Turbine Vane

A transonic turbine vane tested by Arts, et a B was
computed as a 2-D test case. The vane was tested exper-
imentally in the Isentropic Light Piston Compression
Tube Facility at the von Karman Institute. The facility
has independent control over the exit Reynolds number,

the exit isentropic Mach number, M, , and the inlet

turbulence intensity. Surface pressures were measured
with static taps, and wake total pressure profiles were
measured with a high-speed traversing probe.

For the computations a C-type grid was used with

383 x49 (C,y) points. The grid spacing gave y* <15
over most of the vane. The grid size was found to give
good resolution of the suction surface shock and surface
heat transfer in ref. 6. Solutions were run for a case with
an exit Mach number of M,;; = 1.0 using the C-D, H-

CUSP, and the AUSM™ schemes and the Baldwin-



Lomax turbulence model. All solutions were run using ations of vane performance with quick turnaround. Solu-

4-stage Runge-Kutta scheme at a Courant number afons were run using the C-D, H-CUSP, and the AUSM
5.6. Dissipative terms were evaluated after the firstschemes and the Baldwin-Lomax turbulence model. The
stage, and the turbulence model was updated every fivgerative scheme was the same as that used for the 2-D
iterations. Convergence rates were similar for allcase. Convergence rates were similar for all schemes,
schemes, with mass flow error and total pressure 10Sith the maximum residual reduced about four orders of

converged to 0.3 percent or better in 2000 iterations. Ofnagnitude in 1500 iterations. Total pressure losses were
an SGI Octane workstation the C-D solution took 188¢onyerged to four digits.

sec. The H-CUSP solution took 1.27 times longer, and

the AUSM" solution took 2.65 times longer than the C-
D scheme.

The solutions were run on the Cray SV1ex com-
puter at NASA Ames Research Center (Bright.) The C-
D solution took about 1/2 hour, or about six minutes of

Computed Mach contours are shown in fig. 3. Thewall clock time using six processors. The H-CUSP
heavy black line isv = 1.0 and the contour incrementscheme took 1.47 times longer than the C-D scheme,

is 0.05. The flow accelerates from =0.15 at the inlet and the AUSM scheme took 1.57 times longer than the
to M = 1.2 on the suction surface. A normal shock C-D scheme.

reduces the Mach number ta=1.0 at the exit. Computed pressure contours on the blade surfaces
Enlargements of the shock, trailing edge, and wakeare shown in fig. 7. The blade profile is uniform along
computed with the three different schemes are shown itthe span, and the pressure distribution is nearly uniform.
fig. 4. The C-D results show some oscillations aroundThe flow accelerates fronM =0.21 at the inlet to
the shock and more severe oscillations around the wakey = g 73 at the exit.

The H-CUSP scheme eliminates most of the oscilla-

tions, although some are visible in the core flow. The ~ Figure 8 compares measured and calculated con-
+ tours of kinetic energy efficiency across the wake at a
AUSM™ results show a very clean shock and are com-. . .
letely non-oscillatory distance of _1/3 _aX|aI chord _d(_)wnst_ream_of the trailing
P ' edge. The kinetic energy efficiency is defined by:

Computed distributions of isentropic surface Mach

number are compared to experimental data in fibAH. n= Q? (40)
schemes agree very well with the experimental data. 2C(To=T)

Computed wake profiles located 43 percent of axialyhereQ is the velocity, Ty is the total temperature, and
chord downstream of the trailing edge are compared te ig the static temperature. The C-D scheme smears
the experimental data (digitized manually from ref. 25) jany of the details of the wake. The H-CUSP scheme
in fig. 6. The C-D results show the same oscillations INcaptures the wake shape better, showing underturned,

total pressure at the edge of the wake that were seen ilﬁ‘igh loss regions near the endwalls due to secondary

the contour plots in fig. 4. Neither of the upwind flows. The AUSM scheme overexaggerates the wake

schemes shows oscillations. The AUSKesults agree shape; however, subsequent results will show that the

very well with the experimental data, but the H-CUSP + . o

results show slightly too much wake decay and free-A.US'vI sqheme gives the best quantitative agreement
with experiment.

stream loss.

The spanwise variation of mixed out total pressure

. . loss coefficientl — P, /Py, downstream of the vanes
An annular turbine vane that was tested experimen:

tally by Goldman and McLallin at NASA Glenn is shown in fig. 9. The C-D results show little detail

) along the span. The H-CUSP results show some detail
Research Centf was used as a 3-D turbine test case. .
. . ~>~"near the tip but too much loss near the hub. The AUSM
A C-type computational grid was used, with

. Th iq : results show good qualitative agreement with the data
97x 32x 33 (C,8,r) points. The grid spacing gave along the entire span. All results show higher losses than
y* = O(5) over most of the vane. Although the grid the data at midspan. The midspan loss does not improve

was rather coarse, it gave reasonably accurate predigvith increasing grid resolution, and may be due to poor
modeling of the round trailing edge.

3-D Subsonic Turbine Vane

t. In all figures the C-D results are labeled “Baseline” ; -
and are shown with a solid black line, AUSKkésults The spanwise variation of flow angle downstream

are shown with a dashed red line, and H-CUSP results ©f the vanes is shown in fig. 10. The C-D results show
are shown with a dotted blue line. nearly uniform flow angle along the span, and the H-
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CUSP results are only slightly better. The AUSM™
results show excellent agreement with the data along the
entire span.

3-D Compressor Rotor

A low aspect ratio transonic inlet rotor for a core
compressor, designated NASA rotor 37, was used as a 3-
D compressor test case. The rotor was originally
designed and tested at NASA Glenn Research Center in

the late 1970's by Reid and Moore.3# It has 36 multiple-
circular-arc blades and a design pressure ratio of 2.106
at amass flow of 20.19 kg/sec.

The rotor was re-tested in a single-stage compressor
facility at NASA Glenn. The test facility was described

by Suder, et al.?”?® Radial distributions of static and
total pressure, total temperature, and flow angle were
measured at two axial stations located 4.19 cm upstream
and 10.19 cm downstream of the blade hub leading
edge.

These measurements were used for the ASME/IGTI
blind test case and the AGARD test case for turboma-

chinery CFD codes.™? Calculations from sixteen differ-
ent CFD codes were compared to the measurements.
Two details of the measurements proved to be difficult
to predict: First, most codes overpredicted the overall
pressure and temperature ratios, and underpredicted the
efficiency. Second, most codes failed to predict the
radial distributions of P, and T, downstream of the
rotor. Measured distributions show deficits in these

quantities near 20 percent span, but most codes showed
fairly linear radial distributions.

Two researchers predicted these distributions cor-
rectly: Hah using his HAH3D code with a pressure-
based, high-order upwind difference scheme and a k-¢

turbulence model,2° and Weber using the OVERFLOW
code with a Roe upwind scheme and the Spalart-Alma-
ras turbulence model.12 Most of the other codes used
for the test case used C-D schemes with artificial viscos-
ity and avariety of turbulence models.

Hah believed that the deficits in total conditions

were due to acorner stall.?® Alternatively, Shabbir, et al.
proposed that flow |eakage between the centerbody and
rotor disk could generate enough blockage to produce
the deficits.2C In this paper we suggest that the C-D
schemes used in most codes smear details of the P, and

T, distributions, while the upwind schemes used previ-

ously by Hah and Weber, and now in this work provide
increased accuracy that gives better agreement with the
experimental data.

NASA/TM—2003-212457

A multiblock grid was used for the present calcula
tions (fig. 11.) An H-type grid was used upstream of the
blade with 45x 34 x63 (x,6,r) points. A periodic C-
type grid was used around the blade with 259 x 46 x 63
points. The grid spacing at the blade and endwalls was

4x10~%cm, giving y* = 2-4 at the surfaces. The blade-
to-blade grid was optimized in a grid refinement study per-
formed for the ASME/IGTI blind test case (unpublished.)
Theinlet and exit of the grid were coincident with the
measurement stations described earlier. An O-type grid
was used above the tip of the blade with 199 x 13 x 13
points (13 points across the gap.) The total grid had
869,011 points, which is 3—4 times finer than the grids

recommended by Dunham, et al.?

C-D/Baldwin-Lomax calculations were run previ-

ously for the ASME blind test case.'® Some of these
results are included later for comparison.

The present results were computed using the SST k-

w turbulence model. Preliminary results using the base-
line k-w model showed that the AUSM/k-w scheme pre-
dicted higher pressure ratios than the AUSM/Bal dwin-
Lomax scheme. The reason was unclear, but seemed to
be related to better resolution of the shock/boundary
layer interaction on the casing. Menter’s SST k-w model
was then added to the baseline k-w model. Pressure
ratios predicted with the AUSM/SST k-w scheme
agreed closely with the AUSM/Baldwin-Lomax results
and are presented here.

The ASUM* scheme was used to calculate several
operating points. The C-D and H-CUSP schemes were
each used to compute one operating point at 98.7 per-
cent max flow. All calculations were run with a four-
stage Runge-Kutta scheme at a Courant number of 5.5.
Artificial and physical dissipation terms were evaluated
at stages 1 and 2. The turbulence model was updated
every two iterations. The calculations were typically run
3, 000 iterations to ensure convergence of the mass flow
error and total pressure ratio to about 0.01 percent. The
total CPU time on the Cray SV 1ex computer was about
10 hours per case for the C-D scheme, but on six proces-
sors the wall clock time was roughly 1.8 hours. The H-
CUSP scheme took 1.20 times longer than the C-D

scheme, and the AUSM™ scheme took 1.24 times longer
than the C-D scheme.

Figure 12 shows computed contours of relative
Mach number at 73 percent span at 98.7 percent max
flow. The heavy black contouris M = 1 and the contour
increment is 0.05. An oblique shock system runs
upstream of the blade and across the passage, where it



merges with a normal shock. AUSM™* results are shown,
but the C-D and H-CUSP results look similar.

Computed maps of total pressure ratio, total tem-
perature ratio, and adiabatic efficiency versus mass flow
are shown in fig. 13. The dotted black line shows the C-
D/Baldwin-Lomax results reported in ref. 18, with the
one CD/SST k-w result added. The blue triangles show
the H-CUSP solution, and the red triangles show the

AUSM™ solutions. No attempt was made to determine

the numerical stall point with the AUSM™ scheme. All
schemes overpredict the pressure and temperature
ratios, but give very good predictions of the adiabatic
efficiency.

Figures 14 — 16 compare radial profiles of total
pressure, total temperature, and adiabatic efficiency
downstream of the rotor with experimental data taken at
98 percent of the maximum flow rate. Hah, et a. showed
that these profiles were very sensitive to the flow rate, 2
and that much better agreement was obtained by com-
paring calculations at about 99 percent flow. The solu-
tions shown here are all at a flow rate around 98.7
percent max flow.

Total pressure profiles are shown in fig. 14. The
data shows the deficit in P, below 30 percent span that
most codes in the ASME/AGARD test case were unable
to predict. Here the H-CUSP results show anearly linear
distribution of P, along the span that still fits the data
well overal. The baseline C-D results are similar near
the tip but show an overshoot near the hub. The AUSM™*
results match the data very well except for a dight over-
shoot at the hub. Many of the codes in the ASME/

AGARD test case showed similar overshoots near the
hub.

Total temperature profiles are shown in fig. 15. The
C-D results are smooth along the span and do not match
the shape of the measured profile very well. The H-
CUSP results are similar, but give dightly better resolu-
tion of the profile shape. The AUSM™* results agree very
closely with the data between 15 and 85 percent span.
The three schemes give minor differences in predicted
T, near the hub that are consistent with the overshoots

in Py noted above. All three schemes overpredict T,

near the tip, which accounts for the high overall temper-
ature (and pressure) ratios in fig. 13. Almost every code
in the ASME/AGARD test case also overpredicted T

near the tip, and the reason remains unknown.

Adiabatic efficiency profiles are shown in fig. 16.
Here all three schemes give remarkably similar results

NASA/TM—2003-212457

that agree very well with the data below 85 percent
span. This indicates that loss levels are being predicted
correctly by the SST k-w turbulence model, except per-
haps near the casing.

Conclusions

Two centrally-differenced (C-D) turbomachinery
analysis codes developed by Chima, RVCQ3D and
Swift, were modified by the addition of two upwind

schemes: the AUSM™ scheme developed by Liou, et al.
and the H-CUSP scheme developed by Tatsumi, et al.
Several test cases were run to evaluate the effects of the
differencing schemes on turbomachinery flow predic-
tions. The upwind schemes gave improvements in the
predictions over the C-D scheme for every case investi-
gated. The following results were noted:

1. The C-D scheme produced overshoots at the edge of
viscous layers. These were eliminated by both the

AUSM™* and H-CUSP schemes.

2. Although the AUSM* and H-CUSP schemes have
excellent shock capturing properties for model prob-
lems, all schemes gave comparable shock resolution
on general grids.

3. The H-CUSP scheme usually predicted dlightly
lower total pressures (higher losses) than the other
schemes.

4. There was no significant difference in convergence
rates for the three schemes.

5. The C-D scheme has the lowest operation count and
required the least CPU time of the three schemes.
The H-CUSP scheme uses the same inviscid fluxes
as the C-D scheme but has more complicated dissi-
pative fluxes and is therefore slower. In both
schemes the dissipative fluxes can be updated after
the first one or two stages of a multistage Runge-

Kutta scheme to save time. The AUSM™ scheme has
the highest operation count and was updated every
stage, so it was the slowest of the three schemes. For
a 2-D problem the H-CUSP scheme was 1.27 times
slower than the C-D scheme and the AUSM™
scheme was 2.6 times slower. For 3-D problems the
viscous fluxes and turbulence models require dis-
proportionately more time than the inviscid fluxes,
so the AUSM™* scheme requires relatively less of the
overall time. For 3-D problems the H-CUSP scheme
was 1.20 — 1.47 times slower than the C-D scheme
and the AUSM™ scheme was 1.24 — 1.57 times
slower.

6. For a subsonic turbine vane the AUSM* and H-
CUSP schemes predicted the 3-D wake shape better
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Figure 7 — Computed pressure contours on the
Goldman turbine vane, AUSM* scheme
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