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ABSTRACT

An assessment of several three-dimensional invis-~
cid turbine aerodynamic computer codes and 1nss
models used at the NASA Lewis Research Center {s
presented, Five flow situations are examined, for
which both experimental data and computational
results are available, The five flows form a basis
for the evaluation of the computational procedures.
It was concluded that stator flows may be calculated
with a high degree of accuracy, whereas, rotor flow
fields are less accurately determined. Exploitation
of contouring, leaning, bowin?, and sweeping will
r$qu1re a three-dimensional viscous ana’ysis tech~
nique.

INTRODUCTION .

The design and analysis of turbines requires
increasingly more analytical sophistication, This
increase in sophistication s required because tur-
bine design 1{is becoming more complex as newep
features such as endwall contouring, and Jeaning,
bowing, and sweeping of the vanes and blades are
used, These newer design featurss 1in combination
with Jower blade aspect ratios will lead to more
complicated flows within turbine stages. Along with
those flows, there will be an increasing uncertainty
in the heat transfer to the endwalls and to the vane
and blade surfaces., A greater fundamental knowledge
of the flow will be required for effective design,
including such items as boundary layer state and
location of transition, and the effect of turbulence
on both transition and heat transfer. Interactions
between the stator and rotor flow fields is also an
jmportant area that requires far greater under-
standing, The proper representation of the initial
conditions entering the turbine, i.e., the effects of
the combustor exit distortions, must also be under-
stood as well as modeled., If these complex pheno-
snena are to be modeled and computed, it will be
necessary to develop three-dimensional viscous
codes, A substantial amount of effort will be
required for the development, assessment, refinement,
and application of such codes, However, the
potential returns in term of increased aerodynamic
performance and improved heat transfer predictions
make the effort worthwhile.

The current approach to the design and analysis
of turbines is to rely on inviscid computations
coupled with a boundary layer calculation and an
assortment of loss correlations. By and large, turbo-
machinery designers have learned how to design and
analyze turbines using that approach coupled with a
great deal of intuitive judgement.

The scope of this paper is limited to the evalu-
ation or assessment of the design procedure described
above, For purposes of assessment,attention 1is

focused on flov field computations using the inviscid
computer codes, TSONIC, TCWIC/MERIDL (ref. 1, 2) and
the Denton Code ({(ref. 3, 4), The results from an
integral boundary layer code, BLAYER (ref, 6), as
well as profile, mixing and endwall losses using
Stewart's analysis (ref, 6) are also evaluated,
Secondary flow losses, incidence losses, and tip
clearance Jlosses as determined from various 1oss
correlations (ref. 7, 8) are evaluated as well,
Comparisons are presented of the computed results
with experimental data obtained from two-dimensional
(ref. 9) and annular cascades (ref, 10, 11, 12}, a
large warm core turbine (ref. 13) and a small axial
turbine (ref., 8). The melhod or approach used to
carry out the assessment of the computations s
presented in the following section,

METHOD/ APPROACH

The approach used in this paper is to examine a
number of experimental studies for which selected
aerodynamic parameters have also been computed, and
to arrive at conclusions vegarding our current pre-
dictive capability, Five experiments and corres-
ponding computations will be examined in sequence. A
brief description of each study will be presented,
including, as appropriate, the desi~, approach, the
experimental measurements, the inv.icid flow compu-
tations, the boundary tayer loss calculation, and the
calculations from correlations for secondary flow,
incidence, and tip clearance losses. Each of the
five studies were examined as to the adequacy of the
computational scheme to predict the experimental
data. On the basis of the comparison, an evaluation
or assessment of the predictive capability of the
computer code will be presented, In addition, poten-
tial difficulties associated with the computational
method will be identified. Specific examples will
also be discussed regarding the needs for additicnal
code verification,

The five flow examples chosen for study involved
an examination of:

Kinetic energy loss coefficients in two-
dimensional cascade flow (ref. 9).

Axial and tangential velocities and
flow angles in an annular cascade (ref.
10, 11).

Rotor temperature and flow angle with
nonuniform inlet flow {ref. 13).

Contoured endwall stator losses (ref. 12,

Small axial stage stator and rotor losses
(ref. 8).
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The paper now procecds to the Results section in
which the five flow cxamples wilT be dicussed fn
sequentfia) fashion,

RESULTS
Rectangular Cascade Flow (9)
Vane Design

The first assessment was carried out for a series
nwf stators having turning angles from 74 to 79.6
degrees, The vanes were tested in a two-dimensional
cascade in order to determine aerodynamic losses,
The vane design parameters are shown in Table I, The
velocity diagram for each vane was selected using a
meanline turbine design calculation and a common set
of inlet conditions which are representative of an
advanced high bypass ratio turbofan engine., The
desfgn stator exit velocity ratio was selected so
that the absolute stator exit velocity was equal to
the relative rotor exit velocity. In this way, the
stage kinetic energy was minimized and the losses
held to a minimum. Data fer & more conservative
W70 vane are also included for comparison,

Sirface Velocity Distributions

TSONIC, which is a finite diffarence inviscid
stream function solution on the vane-vo-vane surface
(ref. 1)}, was used Lo obtain the theoretical vane
surface velocity distributions, The stream sheet
thickness values used in the computation were modi-
fied to account for the effects of boundary layer
growth and contractlion on the endwalls of the cascade
tunnel and the test sectien. A one percent total
pressure iass from vane inlet to exit was assumed.

A commarison of the experimentai and theoretical
veloclty distributions fs shown in fig, 1. Excellent
agreement was obtafned on the pressure side for all
the vanes. The agreement on the suctio,, surface is
not as good, particularly with the higher exit angle
vanes, The maximum deviation occurs with the 79.69
vane, where the theoretical value is about 10 percent
higher than the data. In general, the difference
between the theoretical and experimental suction
supface velocity increased with vane exit angle,

Kinetic Energy Loss Coefficients

The computed velocity distributions were used as
input for an integral method boundary layer code
(ref. 5), BLAYER. The BLAYER code provided boundary
layer parameters for an aerodynamic loss calculation
(ref. 6), Laminar to turbulent transition was
imposed where laminar instability was predicted by
the code (momentum thickness Reynolds number of 200-
300). The experimental loss values were determined
in the following way. Flow angle and pressure survey
data were used to calculate velocity, mass flow, and
axial and tangential components of momentum 3s a
function of the probe position. Integration of these
quantities yielded overall values of the above quan-
tities at the survey plane. The aftermix kinetic
energy loss coefficient was calculated at the hypo-
thetical aftermix station where flow conditions were
assumed to be uniform. The procedure for making
these calculations can be found in Appendix B of ref,
15.  The experimental and theoretical losses are
shown in fig. 2 at the design ideal aftermix critical
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velocity ratio for each vane.

Two additional computations of the losses were made.
The first computation was performed in order to cli-
minate the effect of a variable trailing edge thick-
ness. The experimental loss data were adjusted to a
comnon 0.1 cenlimeter trailing edge thickness, using
the suggestion of ref, 16, wherein ten percent block-
age yields one percent loss. The theoretical losses
were also recalcutated o, the basis of a 0.1 cm
thickness. The results are c<hown in fig. 3a. The
second additional calculation was made using the
experimental velocity distpibutfons rather than the
thepretical distributions, The results are shown in
fig. 3b. Both aof the f!?ures show an fmprovement in
agreement between theoretical and experimental values.

Assessuient of Analysis

The, quasi three-dimensional inviscid analysis
exhibited excellent prediction capability fer the
prossure side of all vanes, but over-predicted the
suction surface velocity near the trailing edge,
especially for the higher angle vanes. These theo-
retical velocity distributions were subsequently used
to determine boundary %ayer parameters and loss coef-
ficients., The difference in the theoretical and
experimental loss coefficient varied from nearly zero
{74.90 vane in fig. 2b) to about 25 percent (75¢
and 79,60 vanes in fig. 2¢c and 2e). The larger
value of 25 percent represents an absolute loss coef-
ficient value of about 3/4 of one percent. It fis
concluded, therefore, that the use of the quasi
three-dimensional inviscid and boundary layer anal-
ysis for the prediction of the kinetic energy loss
coefficients for high turning angle vanes is accurate
to withing 3/4 of a point,

Correction of the data and analysis for trailing
edge effects (fig. 3a) findicates that the computa-
tional approach described does not mndel the flow
accurately in the base region. In addition, the
improved agreement resulting from the uze of the
experimental velocities (fig. 3b) indicates that a
source of error exists prior to the houndary layer
Toss calculation, Availability of a viscous & “vsis
which treats the entire flow field simultaneo. . as
opposed to combining an inviscid solver w .= a
boundary Tlayer computation, would provide a more
direct computational approach for . Joss determi-
nation.  Regardless of these considerations, it
should be emphasized that the mixing and profile loss
calculation for two-dimensional high turping angle
vanes s accurate to within 3/4 of one point.

Annular Cascade Flow (10,11)

Cascade Experiment

The second assessment was made for the case of
flow through an annuiar cascade having stator vanes
with 67 degrees of turning as described in the
previcus section. A laser system was used to obtain
velocity and flow angle data. The experimental
stator ring assembly with the window opening on the
shroud surface is shown in fig. 4, At a fixed point
in the flow field, two components of velocity were
measured so that magnitude and direction could be
calculated, The orientation of the resultant velo-
city V and the flow angle « is illustrated in fig. 5.
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Laser survey measurements were made at 11 axial
locations within the vane passage and at an axfal
loca- tion 1/2 axial chord downstream of the trailing
edge as shown in fig. 6, At a given axial plane,
measure- nients were taken for one or mere fixed
radial posi- tions at 1/3-degree increments across
the passage, fig, 6.

Flow Velocities and Angles

The velocity of the air flowing through the vane
passage was calculated by using the inviscid two.
dimensional computer programs MERIDL and TSONIC
described iIn references 1 and 2, respectively, The
MERIDL program calculates the flow on the hub-to-tip
midchannel stream surface that is subsequently used
fn the TSONIC program to obtain a solutien on a num-
ber of blade~to-biade stream surfaces from hub-
to-tip. A quasi-three-dimensfonal  solution s
obtained hy requiring that, for each of the TSONIC
solutions, the pressure and sucktion-surface static
pressures be equal near the vane trailing edye, This
condition is obtained by slightly changing the down-
stream whirl distribution for the MERIDL program,
repeating the TSONIC solutions, and iterating until
the preceding static-pressure equality is satisfied
to within some tolerance limit, This procedure (ref,
17) requires the user to make the downstream whirl
distribution changes. Flow velocities and angles
were also computed using the DENTON code (ref, 3, 4)
which is a time marching finite volume solution of
the Euler equations, At the downstream boundary the
static pressure is specified at the hub and the span-~
wise pressure variation is calculated by the program
assuming zero weridional streamline curvature (simple
radial equilibrium).

Cusps are located at the vane leading and
trafiling edges in order to minimize discontinuities
fn the grid slope. The cusps carry no load and,
therefore, periodicity is automatically sattsfied by
the DENTON program, A comparisun of the theoretical
and experinental flow angles and velocities are pre-
sented in fig, 7, 8, and 9 for constant axial posi-
tions of 20, 50, and 80 percent of axial chord. The
results are shown for 10, 50, and 90 percent of
span. The theoretical results shown were obtained
from the quasi-three-dimensional {nviseid TSONIC/
MERIDL code and the three-dimensional DENTON code.
At 20 percent axial chord, fig, 7, the TSONIC/MERIDL
comparison is generally good. At the 50 percent
chord position, TSONIC/MERIDL slightly overpredicis
the velocity at the 50 and 90 percent span posi-
tions. At 80 percent chord, TSONIC/MERIDL under-
predicts the velocity near the hub, then tends to
overpredict at the midspan and vane tip locations
near the pressure side, whereas the DENTON results
accuratel, predict the velocities at the three span
positions. The flow angles generally are slightly
overpredicted by both codes over the entire region.

The experimental accuracy of the measurements was
determined using a parameter estimation technique and
comparisons were made with the computed results, The
velocity magnitudes using TSONIC/MERIDL and DENTON at
20 percent axial chord were found to fall outside the
measurement uncertainty band by 1.0 and 0.4 percent,
whereas the flow angles fell inside the band. The
uncertainty hand for the measurements was approx-
imately 1.0 percent for the seed particle measurement
and less than 2.0 percent for seed particle lag, The

corresponding flow angle uncertainties were 1,49
and less than 19, At 50 percent axial chord, the
corresponiding values were 2,0 and 0,7 pergent for the
velocities, and 0,19 for the flow angles. At 80
percent axial chord, the percentages for the velo-
cities were 2.0 and 0.4 and for the flow angles were
0.19 and 0,20,

Assessment

Inspection of the overall results shows that both
of the inviscid codes accurately predict two cori-
ponents (axfal and tangential) of velocity and the
corresponding flow apgle through a 679 apnular
stator cascade, Velocity magnitudes are predicted to
within 2 percent and flow angles to within 0.2 degreo
of the uncertainty band, The largest differences
occur near the endwall and toward the vane exit,
where viscous and secondary flow effects are the
largest. A more critical assessment of the computer
codes wil) be made when the radial component of the
velocity is measured, Also, the inviscid codes will
be put to a more stringent test when applied to the
prediction of the flow field in hifgher turning angle
stators (i.e,, 75 to 800), where stronger secondary
flows will be generated, Some evidence that the
DENTON code will not mode) regions of strong secon-
dary flows 1is presented in refs, 18 and 19, The
results of refs, 18 and 19 are not surprising in view
of the fact that the secondury flows due to viscous
effects (i.e,, endwall boundary fJayer and vane
leading edge interaction) fs not accounted for {n the
Inviscid codes, However, until such time as the
ahove mentioned assessments are performed, it s
concluded that the inviscid codes described accu-
rately predict the two components of velocity and the
flow angle in a slator,

Non-Uniform Turbine Inlet Temperature Flow {13)
Turbine Design

The third assessment was made for a 20-inch rotor
diometer low aspect ratio turbine stage with nonuni-
form radia) temperature distribution at the stator
entrance, Fig, 10 shows the turbine inlet tempera-
ture distributions with and without the Conmbustor
Exit Radial Temperature Simulator (CERTS). The corre-
sponding inlet total pressure distributions are shown
in fig. 11, The stators vanes were designed for 75
degrees of turning and were similar to that described
in section 1 entitled “"Rectangular Cascade Flow."
Total temperatures, flow angles, and pressures were
measured at inlet and exit planes.

Secondary Flow and Temperatures

The inviscid rotational code developed by Denton
was also used to obtain the analytical results., The
code is a three-dimensional time-marching solver of
the unsteady Euler equations in finite-volume form
for fixed or rotating turbomachinery blade rows
(refs. 3, 4). Good resolution of the blade profiles
was obtained by using nonuniform grid generation.
The grid used for the stator vane channel was 19
(pitch) x 19 (span) x 58 (axial). The corresponding
grid dimensions for the rotor blade channel were 10 X
19 x 68, Cfomputational time was reduced by using a
two-level multigrid technigue. The code was run for
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the stator with the measured inlet tomperature and
pressure profiles from the experiment, both with and
without CERTS, as are shown in fig. 10 and 11. The
stator exit velocity was matched to the experimental
data by specifiying appropriate static pressures at
the stator exit hui and tip., Thz computed results at
the stator exit were then circumferentially averaged
using mass flow weighting and used as inlet condi-
tions for the rotor. The rotor exit velocity was
matched to the experimental data by specifying Jppro-
priate static pressures at the rotor exit hub and
tip. The computed results at the rotor exit were
also circumferentially averaged to allow comparison
with the cxperimental survey results obtained from
probes in the statjonary frame.

The secondary flow pattern computed with the
Denton code is shkown in fig. 12 for the wmidchord
position of the rotor, The flow movement, from suc-
tion to pressure surface, causes a redistribution of
the inlet temperature profile, The hot flow at the
midspan position shifts toward the endwalls at the
pressure surface and the cooler endwall fluid moves
tovward the midspan region at the suction surface,

Figure 13 compares the analytical and experi-
mental rotor exit temperature profiles with and with-
out CERTS, The results indicate that the CERTS
temperature profile is mixed out at the exit survey
plane, although the analytical profile indicates a
lack of mixing (see fig. 13). The slight temperature
drop in the experimental data at the tip endwall is
attributed to heat transfer through the casing, The
computed profile without the simulator, fig., 13,
shows close agreement with the data with the excep-
tion at the tip endwall.

Rotor Flow Angles

The rotor exit angles are shown in fig. 14. For
the test with the simulator, close agreement fis
obsarved at the hub, while large differences are seen
at midspan and tip. The difference at the tip is
he.feved to be due to increased clearance due to the
use of coolant air with the simulator (0.5 percent
¢learance without CERTS versus 1.1 percent with
CLRTS), The flow angles without the simulator, fig,
14, show close agreement at the tip. However, the
midspan flow shows a substantial difference between
theory and experiment. A significant amount of under-
turning occurs at the midspan of the rotor

Assessment

In contrast to the good agreement shown in the
previous section hetween computed and wmeasured flow
angles for the annular cascade, the predicted flow
angle from the rotor is in severe disagreement with
the measured data. The experimental rotor exit flow
angles had 11 to 14 degrees less turning than pre-
dicted by the DENTON code. The occurrence of this
severe underturning is helieved to be partly due to
the Tow aspect ratio of the blades which give rise to
strong secondary flow over & large portion of the
span. As noted previously, it may not be possible to
compute the strong secondary flow fields with the
DENTON code, 7This is due to the fact that only the
rotational portion of the secondary flow is computed
whereas the viscous contributions (i.e., vortex
formation) is not accounted for in an Euler code. An

additiona) factor conteibuting to the discrepancy
hetween the experimental and measured flow angles may
be the interaction between the stator and rotor
secondary flow fields which s not accounted for in
the analysis. The computed results at the stator
exit were circunferentially mass averaged and then
used as fnlet conditions for the rotor. The rotor
inlet flow field used for the CENTON computations,
F?e:gfcre, does not correspond to the physical flow
eld,

The discrepancy noted in the flow angles of the
present flow example suggests that the inviscid rota~
tional code 1s unable to predict the strong sevondary
flows present in a rotor passage and that a three-
dimensional viscous code may be required in order to
accurately predict rotor flow fields.

contoured Endwall Stator Flow
(12, 1 17§

¥ ¥

Endwall lesign

The fourth assessment was carried out on the
effact of stator endwall contouring on flow losses in
a small annular cascade. Two different contoured
endwall  stator geometries were designed and tested
for comparison with a cylindrical geometry, The same
vane profile shape (ref, 12) was used for all three
configurations. The three geometries are shown in
fig. 15; a cylindrical, an S-shape, and a conical
geometry. The vane surface velocities for the three
stators are shown in fig. 16. These were ohtained by
using the MERINL/TSONIC codes (refs, 1, 2). For
those cases where supersonic flow occurred, Wood's
modification was used (ref. 20). At the hub and mean
positions, the surface velocities were siightiy Tower
for the two contoured stators, a result of the
increased inlet passage height. At the tip, when
configuration A turns the flow radially inward, the
surface velocities decreased, followed by a Jlarge
overshonl in the suction surface velocity. The com-
puted pressure distributions along the suction sur-
faces of the three stator configurations are shown in
fig., 17. It may be seen in fig, 173 that the pres-
sure gradient from the Teading edge to about 70 per-
cent chord will drive the flow from hub to tip. Near
the stator exit, the pressure becomes lower near the
hub, and the Jow momentum fluid along the tip wall
would migrate to the hub wall., Contoured stator A,
fig. 17b, has a pressure distribution which would
prevent migration of low momentum fluid from the hub
beyond midspan. At about 80 percent of the axial
chord, a low pressure region occurs near the tip,
trapping low momentum fluid in that tocation. Stator
contour B, fig, 17c, has less severe pressure gra-
dients and hence there is not a strong driving force
to move Tow~-momentum fluid to either the hub or tip
regions., From these data it appears that a signifi-
cant effect of endwall contouring is to reduce the
radial migration of low-momentum fluid,

Kinetic Energy Loss Coefficient

The stator kinetic energy loss coefficient was
calculated from fiow angle and total pressure sur-
veys. The calculation was based on the determination
of complete mixing at a hypothetical downstream sta-
tion as described in the section entitled "Rectan-




gular Cascade Flow." The losses, compuled in this
fashton, are shown in fig. 18 for the three geome-
trigs at the desfgn stator pressure ratio of 1.8 and
also for 1.35. The data show that the cylindrical
stator had lower losses near the tip and higher
losses near the hub than the two contoured stator
configuratfons, It appears that the cffect of con-
touring is to change the radial distribution of
loss, Frr the two contoured stator configurations,
the loss region rematned near the tip instead of
migrating radially fnward toward the hub as was the
case for the cylindrical stator. These experimental
observations are in agreement with the conclusions
drown  from the computed suction surface pressure
distributions shown in fig., 17 and dicussed in the
previous section. The overall kinetic energy loss
coefficients were approximately 0.5 percent lower for
the two contoured geometries than was the cylindrical,

MERIOL/TSONIC and BLAYER were used to calculate
the aftermix kinetic energy Joss coefficients for
both the vane profile and the endwalls. The profile
Joss included the friction loss along the suction and
pressure surfaces, and the mixIng loss. The endwall
loss was the total friction loss along the hub and
tip endwalls up to the axial measuring station.

The experimental values of typical kinetic energy
loss coefficients at design equivalent speed and
stage pressure ratio are compared with the computed
values in the upper portion of Table II. The com.
puted results include the secondary losses as well as
an incidence loss, The correlation of Morris and
oare (ref. 7) was used for the secondary loss calcu-
lation with one modification, i.e., only the inlet
displacement thickness term was used since the BLAYER
calculation already accounted for the downstream
boundary ltayer iosses. The comparison in Table 1]
shows that the calculated losses were 0,005 etc. and
0.001 lower for stator contours A and B than the
cylindrical contour, In adéition, the measured loss
coefficients were 0,003 lower for stators A and B
than the cylindrical stator. The computed loss coef~
ficients were in error by only 1.8, 5.8, and 3.8
percent, respectively, relative to the measurements,
for the cylindrical, contour A and contour B8
stators., The difference in stator pressure ratio for
the three configurations was due to variations in the
stator-rotor throat area ratios., This effect is
addressed in the following section on Small Axial
Stage Flow,

Assessment

The aftermixed kinetic energy loss conefficient
calculated from MERIDL/TSONIC with BLAYER and the
secondarry flow losses using the correlation of Morris
and Hoare yielded values which agreed closely with
the overall neasured stator loss. Both the analysis
and experiment showed that the reduction in loss with
contouring was small for the lightly loaded configu-
rations used in this study. A more meaningful case
would involve a highly loaded stator configuration in
which the radial and cross chamel gradients, and
hence, the secondary flows, would be greater, Most
of the loss reduction with the contoured stators was
attributed to a reduction in boundary layer growth
along the vanes and endwall surfaces,

On the besis of the comparisons between the com-
puted results and the experimental data, the combined
inviscid-correlative appreach or (coupled analysis)
appears Lo have the potestial of accurately pre-
dictin? stator performance. 1he difficulty with this
analytical approach is that the accuracy of the {ndi-
vidual loss calcuiations {s not amenable to verifi~
catfon, Profile and mixing losses, endwall friction
losses, secondary flow losses, and fncidence losses
for the stator rings cannot be experimentally deter-
mined on an individual basis. The only measure of
succes. s the comparison of overall experimental
lnoss with the sum of the individual calculated
Josses, In addition, since the reduction in the loss
coefficient appears to be associated with a redistri-
bution of losses across the passages, one would
expect that a reliable computational approach must be
capahle of treating the secondary flows that occur in
a turbine pasrage., 1he analytical approach requires
a formulatfon which treats the secondary flow gen-
erat?d hy vane leading edges as well as by passage
turning.

In spite of the consjderations discussed above,
it is noted that the computed stator losses are in
excellent agreement with the experimental data.
Until further assessment is carried out, it is con-
cluded that the three-diimensional inviscid approach
coupled with «n integral boundary layer and Jloss
correlations provides a highly accurate technique for
computing losses in a stator row.

Small Axfal Stage Flow (8)

Geometric Configuration

The three stator configurations described in the
preceeding sectlion, "Contoured Endwall Stator," were
tested with a common rotor to determine the effect of
contouring on overall stage performance., It is cur-
rently believed that contouring reduces the radial
and cross-charinel  pre-sure gradients and reduces
boundary layer growth, thus inhibiting the movement
of Tlow mowentum fluid and reducing loss. Further
testing was carried out using a small (12.8- centi-
meter dianeter) axial flow turbine.

Loss and Efficiency Calculation

The Josses for the three configurations were
calculated using MERIDL/TSONIC, BLAYER, and Morris
and Hoare's correlation as described previously and
in ref. 8. The analysis used the experimental values
of turbine inlet temperature, pressure, mass flow,
wall displacement and stator pressure ratio. Table
11 shows the breakdown of the individual losses cal-
culated for both the stator and the rotor. As seen
in the previous section {Contoured Endwall Stator
Flow), the calculated total stator kinetic energy
loss coefficents were within 0.003 of the measured
values. Inspection of the rotor losses shows that
there is a substantial reduction in the calculated
total rotor kinetic energy loss coefficient for the
two contoured stators relative to the cylindrical
geometry. When the rotor loss coefficient is con-
verted into stage efficiency loss (ref. 8), the
vaiues are nearly constant for all three stator con-
figurations. ({i.e., 0.104, 0.101, 0.101). This
effect is due to the fact that the two contoured
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stages have higher rotor pressure ratios. (Loss
compittations were also made for stator configuralicns
A and B with rotated vanes so that the same statoy
and rotor pressure ratios were achieved as with the
cylindrical geometry., The resulis caused only minor
changes to the values in Table Il and had no effect
on the conclusions.) Addition of the computed stator
and rotor losses yfelds overall sta_ e efficiencies of
0.856, 0.865, and 0,863 for the cylindrical, stator A
and stator B configurations, respectively, 1lhe cor-
responding measured values of the stage efficiencies
were 0,845, 0,851, and 0,853,

Assessuient

Using the detailed data presented in Table Il it
{5 possihle to compare the calculated efficiency
Josses (an') with those measured for the three geo-
metric configuratfons, This was done by converting
the measured stator kinetic energy loss coefficient
to a stage efficlency loss using the expression in
ref. 8, For the case of the cylindrical contour, the
measured values € of 0,055 converts to a an' value of
0.036. The computed value of the efficiency Jloss
{0.035) 15 within 2.8 percent of the measured value,
Fur contour A, the difference between calculated and
measured An' is 6.9 percent; and for stator @, the
value is zero. As observed earlier, the ability (
compute stator Tlosses with a conhined inviscid-
boundary layer-correlative approach for these geome-
iries appears to be excellent, Since the rotor eff(-
ciency loss canpot be measured separately, the effi-
ciency losses for the s ator and exhaust duct were
summed and deducted from the measured stage effi-
clency loss.,  That is: an'potor = An'stage
(8n'stajur. *  8n'exhayst duct).  Hence, for” the
cylindrical geometry, the sum of the measured ..ator
efficiency loss (0.036) and the duct efficiency loss
(0.005) were subtracted from the measured stage ¢”fi-
ciency loss (0.155; to yield a "measured® rotor effi-
clency loss {(0.114), The computed value of Lhe rotor
efficiency Tloss for tLthe cylindrical configuration
(0.104) shows a difference of 8.8 percent relative to
the measured value, Likewise, the difference between
the computed and measured rotor efficiency loss for
contour A was 10,6 percent and for contour § was 9
percent, These results for the stator and rotor
indicate that dmprovements 1in the compukation of
turbine efficiency require greater accuracy in the
rotor passage., In view of the spanwise redistribu-
tion of low-womentum fluid and the associated tran-
verse flows that occur as the flow leaves the con-
toured stator passage and enters the rotor passage, a
three-dimensional viscous analysis may be required to
}mprove the accuracy of the rotor flow field calcu-
ation,

It is noted that the results discussed above were
obtained with high solidity stator blading, accom-
panied by light loading and well accelerated flow,
The ability of the analysis to, predict the losses in
lower solidity blading with higher loading is not yet
assessed,

CONCLUSIONS

Comparisons hetween measured and computed aero-
dynamic parameters have been examined in an effort to
evaluate current computational capabilities, Specif-
ically, the ability of the inviscid TSONIC code, an

integral boundary Jayer code (BLAYER) and a mixing
loss model by Stewart to cowpute the kinetic energy
loss coelficients for a series of two-dimensional
high turning angle vanes was examined, [t wz¢ rone
¢luded that the compu.ational procedure tas avcurate
to within 3/4 of one point in loss coufficiert, It
was further concluded that fmprovements in the compy-
tatlon could result from improved flow modzling 1in
the trailing edge region. Improvement is a)so desire
able in the computation of the sucti¢n surface velp-
city distributicn,

The second evaluation was carried out for annular
cascade flow for which experimental laser measure-
ments of two velocity components and flow angle were
available, These data were compared with the results
of the quasi-three-dimensional inviscid TSONIC/MERIDL
code and the three-dimensional inviscid DENTON code.
It was concluded that both nf these codes accurately
predicted the axial and tangential velocity compo-
nents and the corresponding flow angle through a
679 turning vane. Additional evaluation of the two
codes needs to be carried out for the radial velocity
component and for higher turning angle vanes with
significantly larger secondary flows,

A third assessment was nerformed of the ability
of the DENTON code to pru¢.ct the temperature and
flow angles downstream of a single stage turbine
operated with and without a radial variation fin
entrance temperature, The three-dimenstonal {nviscid
DENTON code gave reasonable agreement with the rotor
exit temperatyre profiles but was in poor agreement
with the rotor exit flow angle distributions. The
computation does not prectst the significant under-
turning at the midspin rotor position that is
measured experimentally It was concluded that the
strong secondary “lews -rasent in the low aspect
blades may not be :=ffisently well modeled in the
code, In addition, the inviscid rotational approach
15 unable to account for realistic rotor inlet condi-
tions and stator-rotor interaction., Development of a
three-dimensional viscous analysis for the rotor flow
flelds appears necessary.

A fourth evaluation was performed regarding the
abilfty of TSONIC/MERIDL, BLAYER and a series of loss
correlations ta predivt the losses in contoured
stator rings. Comparison of the calculated stator
kinetic energy loss roefficients with the measured
values show excellent agreement, Further assessment
of the computational approach is required for wore
highly loaded stator configurations than those avail-
able for comparison. A difficulty with the present
apprroach is that individual loss comparisons can not
be performed for annular configurations, This situa-
tion creates a problem in attempting to evaluate the
benefits of contouring versus lean?ng versus bowing
versus sweeping. Significant deviations from two-
dimensionality will give rise to cross-channel
varfations and influence the ability to predict
secondary flow phenamena accurately.

The final assessment was on the application of
the TSONIC/MERIDL, BLAYER, and loss correlations to a
small axfal stage with contoured endwalls. This
comparison made use of the results described above
for the contoured stators by the addition of a common
rotor, The computed rotor Tosses were compared to
the experimental measurements. It was concluded that
additional {improvements are needed for the rotor flow

%)
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field computations.

In sumpry,

the ability to compnte losses and

flow flelds within two-dimensional and annular cas-
cade passages has evolved to a high degree of accu-

racy, with some exception,

In contrast, the ability

to predict the flow field and Lhe Josses wccurring in

the rotor Js much

less accurate, In view of the

highly complex nature of the flow fleld that may
occur in a turbine passage, and a strong desire to
. exploit nuve! stator and rotor geometries, develop-
ment of an accurate three-dimensional viscous code is

necessary,

Cx

p, P

Ry

ViU
V1, V2

id

n

S B

SYHBOLS:

trailing edge blockage factor,
t/s cos a

vane axfal chord, cm

kinetic nnerg; loss coefficient,
1« (V/Vig)®e

absolute pressure, N/cmd
radial position

rotor reaction,
AP rotor/aP stage

vane pitch, cm
tratling edge thickness, cm
temperature, K
velocity, m/sec

veloclty
components (see fig, 5)

mass flow rate per unit vane span,
kg/sec-cm

axial positinn

flow angle or absolute swirl angle,
degrees

angular position {fig. 6)
efficlency

axial solidity factor, cx/s
Zweifel loading factor

flow angle (see fig. 5)

SUBSCRIPTS:
critical condition
ideal process

mean

] vaue surface

1 stator inlet

2 stator afternix station

2.5 station 0,52 cm downstream of vane

trailing edge

a aftermix station

SUPERSCRIPTS:
' total state condition

- mean
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TABLE, {--YANL DESIGN PARAMETERS

Altermix Aftermlx Tralling-edgn

flow angle, velocity ratlo, blockaye

n, degrees (VINeedy factor, b
67.0 0,778 0.111
74,9 443 NuL
75.0 833 127
77,6 810 e
79.6 1795 076

Axial

solidity
factor, oy

0,929
716
.630
537
39
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wiefel
loading
factor, ¥

0.774
701
792
790
813

TABLE 1 1-«CALCULATED AND MEASURED STATOR ANIL ROJOR LUSSES

- faitoured] [ Contoure
Cylindrical Stator Stator
Stator I B
CALCULATED
STATOR LOSSES (&) ‘
Profile and mixing 0,029 0,007 0.026
Endwall friction 18 017 016 H
Secondary 06 . 005 .00
Incidence .001 _.:000 .000
Total 0,050 U049 0,050
an'stage 035 027 031
Total-to-Static pressure
ratio agross stator 2.01 1.62 1.91
MLASURED SIATOR & .55 b2 052 ;
CALCULATED 4
ROTOR LOSSES (€): !
Profile and mixing 034 031 ,031
b endwall friction 007 000 007
Secondary , 022 017 020
Incidence 024 97 014
Tip Clearauce L (B0 013 +08s
Lisk windage . 002 002 002
Total 7 176 5
an'stage J04 .101 101
Total~tou-Static pressure
ratio across rotor 1.87 2.06 1.95
EXHAUST DUGT LOSS, aAn'stage 005 007 .005
(VERALL STAGE EFFICIENCY 856 ,865 .863
Rx 271 355 315
stage pressure ratio 2.77 2,77 2,77
MEASURED STAGE EFFICIENLY 845 .851 .853
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Figure 3, - Comparison of experimental losses corrected
to Q. 100 cm trailing edge thickness with theoretical
losses calculated using 0, 100 cm trailing edge thickness
and experimental surface veiocity distributions,
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Figure 5, - Nomenclature and orientation of velocity component measure~
ments for laser anemometer surveys,
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Figure 7. - Comparison of laser ...;asurements with theory at
20. 0 percent axial chord,
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Figure 8, -Comparison of laser measurements with theory at 50,0
percent axial chord,
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Figure 9, - Comparison of laser measurements with theory at
80, 0 percent axial chord,
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Figure 10, - Statar inlet temperature profiles,
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Figure 11, - Stator inlet pressure profiles,
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Figure 12, - Computed relative secondary fiow vectors at
rotor blade mid-chord,
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Figure 14, - Rotor exit flow angle profiles,
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Figure 15, = Schematic cross-sectional view of three stator
configurations tested, (Dimensions are In centimeters. )
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{b) Mean.
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Figure 16, - Deslgn blade surface velocity
distributions for the three stator configu-
rations,



ORIGINAL PAGE 5
OF POOR QUALITY

“susesnbyuod tojejs 33y ayy 40 sadelins uonons Guoe suoiInqLysIp aunssaad {eonfjeue jo uosieduwog

- "}t ainby
°g 40§2]s paInojusy (2) “v 10}8]S PalInojuo) (q)
30V4¥0S NDILIAS INCIV IONVISIA
ﬂ v / / anH a0H
VS
v
i1 H 434 20 8
\ Y
8r” ] i
& H d diL
M ) w “10)2)S |23uIpuliAg (e)
. a0H
G 3 IV N
0 a g v
oL ) )
08" q
060 ']
Laa
Oy
UNSSI¥d TVIO0L diL
JI0 O iiviS




{r}

T, €31

STATCR AFTERNMIXED KINETIC ENERGY LOSS COEFFICIEN

ORIGINAL PACE 1
OF POOR QUALITY

3 o  CYLINDRICAL STATOR
O CONTOURED STATOR A
A CONTOURED STATOR B

STATOR EXIT BLADE HEIGHT, PERCENT

(b) P) /Py 5 = L&

Figure 18, - Radlal varlation of stater kinetic energy loss co-
efficlent;
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