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AERODYNAMIC RESEACH IN TURBOMACHINES AT VKI

— GAS TURBINE RELATED PROBLEMS, PART | AXIAL FLOW COMPRESSORS —

F.AE. BREUGELMANS

INTRODUCTION

The VKI Turbomachinery
laboratory started its activi-
ties in January 1960. Those
activities have been - and still
are - oriented towards the educa-
tion of R § D engineers, mainly
for the industry, and to R § D
itself in the fields of propul-
sion, energy production and
transport of chemical process
systems.

The research carried out up
to now spans a large spectrum of
types of investigation. Funda-
mental simple experiments are
intended to provide a better
physical understanding of signi-
ficant flow behaviour, such as
base pressure effect, unsteady
flow and secondary flow mecha-
nism, as a basis for the develop-
ment of improved calculation
method and optimisation. Studies
are made of the complete develop-
ment of single or multistage
machines for specific purposes.
In between, analyses and para-
metric studies of design compo-
nents such as meridian flow paths
and cascade sections are carried
out. ELven for the most basic

CHAUSSEE DE WATERLOO, 72
B-1640 RHODE SAINT GENESE, BELGIUM

VON KARMAN INSTITUTE FOR FLUID DYNAMICS*

experiments, the emphasis is put
on the correct simulation of the
industrial operating conditions,
as the ambition is to provide
data which can be incorporated
quickly into industrial design.
The following sections will dis-
cuss in more detail the achieve-
ments in the field of compressors
and turbines and the associated
theoretical and numerical devel-
opments.

In the AXIAL COMPRESSOR
FIELD, emphasis has been placed
on highly loaded machines, i.e.,
transonic and supersonic compres-
sors. Significant contributions
in blade design optimization,
loss correlations and secondary
flow reductions have been made,
on the basis of several thousand
cascade tests and some ten single
stage compressor tests. The
effort is concentrated on the
unsteady flow phenomena such as
rotating stall and blade to blade
flow variations, for which
experimental and numerical tech-
niques are developed.

In the AXIAL TURBINE DOMAIN,
emphasis is placed again on
highly loaded bladings, with
supersonic outlet velocities, and
on secondary flow investigations
with a view to reducing their
effects. A unique experience has
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been acquired in the calculation,
the design and the testing of
transonic turbine cascades. In
the field of axial turbines the
main effort is directed to the
design and analysis of two dimen-
sional transonic bladings and the
detailed investigation of second-
ary flows in straight and annular
cascades. Strong emphasis is put
on the development of computer
codes for the calculation on non-
viscous two dimensional and three
dimensional flows.

The HEAT TRANSFER AND BLADE
COOLING studies cover a wide
variety of basic research of the
effects of turbulence, Re number,
curvature, boundary layer transi-
tion and Mach number on the heat
transfer in the presence of film
cooling. The application to
turbines concerns blade surface
and sidewall heat transfer
studies in order to optimise
cooling flow schemes.

Testing and computational
techniques have been used in
combination in all four areas. A
range of computational procedures
have been developed for design
and off design analysis of all
types of components, for cascade
performance prediction over the
full Mach number range, for
boundary layer development in the
incompressible and compressible
flow regimes and for the three
dimensional analysis of bladed
channels [1].

PART T - AXIAL FLOW
COMPRESSORS
INTRODUCTION

The compressor research can
be divided into cascade investi-
gations, axial flow and centri-
fugal compressors. The emphasis
has been on supersonic flow
phenomenae in cascades and
rotors, but gradually shifted to
the unsteady aspects of flows in
COMpressors.

1. COMPRESSOR CASCADE
RESEARCH

The cascade is the simplest

numbers between [ ] refer to

references

- e

bconfiguration of an axial flow

turbomachine. The intersection
of a cylindrical stream-surface
with the blade row provides the
cascade model. This simple model
has provided the basic correla-
tions for flow deflection and
losses of a large variety of
blade shapes and cascade confi-
gurations.

It must be kept in mind that
the complete force field existing
in a rotating blade channel is
not correctly represented in a
cascade, and the more the radial
displacement of the streamlines,
the larger will be the discre-
pancy between cascade and rotor
blade section performance. The
two dimensional reference condi-
tions in a cascade do not neces-
sarily correspond to the stream-
tube contraction in a blade row,
neither does the blade surface
boundary layer. The multiple
interference of blade rows cannot
be simulated.

These limiting conditions do
not prevent the cascade model to
be an important tool for flow
investigations and study boundary
layer evolution, streamtube area
contractions, secondary flow,
supersonic cascade flow.

The flow around a blade in a
cascade configuration is subject
to accelerations and decelera-
tions along the blade surface.
These velocity distributions, or
pressure gradients, influence the
development of the boundary layer
along the surface, from laminar,
transitional to turbulent and
separation. An optimum subsonic
blade shape for a given loading
can be defined in function of an
optimum decleration in which all
the stages of the boundary layer
are controlled. This optimum
scheduling yields a prescribed
velocity distribution from which
a blade profile is obtained by an
inverse method (Fig. 1). The
theoretical two dimensional and
with area contraction predictions
are compared with the experiments
[2]. The contraction is natural-
ly developed through the blade
channel and influences the decel-
eration. A controlled wall
shaping, simulating the stream-
tube contraction, will control
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FIG. 1 LOW SPEED CASCADE WITH
CONTROLLED BOUNDARY
LAYER EVOLUTION

the axial velocity and boundary
layer evolution. The variation
of the contraction, or axial
velocity density ratio, modifies
the throat area and location
compared to the two dimensional
geometry. This effect is ob-
tained by porous walls through
which the sidewall effects are
eliminated by suction. This wall
porosity causes a recirculating
flow which is especially strong
in transonic investigations, it
makes the throat area not well
defined and influences the inlet
flow (Fig. 2). The control of the
velocity distributions and there-
fore of the flow separation is
found back in the minimum loss
point. A 45° cambered double
circular arc cascade demonstrates
a strong dependence of the losses
upon axial velocity density

2 -0 CASCADE MOODEL

FIG. 2 FLOW RECIRCULATION

B -

ratios at constant inlet flow
angle and different Mach number.
The two dimensional loss
increases rapidly with the inlet
Mach number. The formation of a
supersonic pocket, and the fol-
lowing shock wave increase the
downstream diffusion [3]. The
flow is more subject to a thicker
boundary layer and works with an
augmented tendency to separation.
Losses will increase. This ef-
fect can be counterbalanced by a
flow acceleration (& > 1.0)
through the blade row (Fig. 3).
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FIG. 3 TRANSONIC CASCADE
MODEL

The streamtubes obtained by
a through flow calculation at
nominal or off-design conditions
do not necessarily exhibit a two
dimensional ($ = 1.0) character.
The knowledge of the relation
between loss, flow turning in
function of axial velocity
density ratio at the different
operating conditions is essential
for a successful flow analysis in
axial flow compressors. This
shows clearly that the knowledge
of the two dimensional perform-
ance @ = 1.0 is insufficient for
the overall flow analysis and
prediction [4].

1.1 SUPERSONIC FLOW IN
CASCADE

- The increased energy
exchange between the fluid and/or
higher peripheral speeds. The
first method is limited by
aerodynamic loading criteria and
the second one by the mechanical
limitation of blades and rotor-
disks. It leads to the study of

Download service for the GTSJ member of ID , via 216.73.216.204, 2025/0—77(J43._



GTS] 10—39 1982

supersonic flow in compressor
cascades, covering the transonic
case where supersonic conditions
exist only locally inside the
blade channel and the supersonic
case where the inlet velocity is
supersonic with respect to the
blades. The axial component,
normal to the blade front, can be
subsonic or supersonic in extreme
cases, Consider a configuration
as encountered in aeronautical
and industrial applications (Fig.
4). Two important differences
appear when comparing with a low
speed cascade, i.e., the inde-
pendent choice in inlet flow

direction is not possible, a very

well defined relation between
inlet Mach number and flow angle
exist and is determined by the
front part of the suction sur-
face. The Mach line M_, emanat-
ing from the suction surface and
not interupted by two successive
shock waves, represents the inlet
conditions.

FIG. 4 SUPERSONIC CASCADE
MODEL

Secondly, the downstream
pressure has to be imposed as
opposed to the low speed cascade
where the downstream static pres-
sure is a result from flow turn-
ing and streamtube contraction
for the observed loss. The down-
stream pressure has to be set by
a throttling system which will
make the multiple oblique shock
system to collapse into a single
shock wave in the blade channel
as shown in Fig. 5. Further
throttling will detach the shock
wave from the blade leading edge,

ht - B

35 ——— T

I L . I ! L L
01 12 13 14 15 16 17 18 19 20
Mss

CHANNEL SHOCK
TOTAL PRESSURE

LOSS COEFFICIENT

spillage occurs and finally a
full unstart with pulsating flow
will result.

The losses of a supersonic
cascade can be divided in fric-
tion, shock wave and interaction
losses. Although higher losses
do occur, the efficiency can be
high due to the large enthalpy
increase in a single blade row.
By limiting ourselves to that
part of the losses due to shock
waves, we can distinguish three
zones:

- The bow shock, or that part
that extends from the leading
edge to infinity upstream. The
arriving fluid has passed through
an infinite number of waves. The
strength of these bow shocks and
their shape depend on the leading
edge thickness. These waves
weaken at axial upstream dis-
tances through the interaction
with the expansion waves and
finally tend towards the Mach
line of M_ as illustrated in Fig.
4. The strength of the bow wave
decreases and the pitchwise
averaged recovery ratio tends to
1.0 at a sufficient upstream dis-
tance. An example of a double
circular arc bladed cascade is
shown for M_ = 1.58. The effect
of the leading edge thickness is
clearly demonstrated, and the
losses are larger than those
obtained by a single bow wave
such as proposed by Moeckel (Fig.
6). The increase in losses due to
leading edge thickness has been
measured in a rotor test and
agrees with the predictions [5].
- A second type of loss is the
channel shock which is approxi-
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mated by a normal shock, a confi-
guration which occurs near the
rotor optimum efficiency point.
The shock losses can be computed
on the basis of an average inlet
Mach number or by integration.
Minimising the shock loss re-
quires an as low as possible Mach
at which the shock occurs. A
double circular arc airfoil (Fig.
5) shows a Prandtl-Meyer expansion
and the channel shock produces
larger losses than the corre-
sponding normal shock at inlet
Mach numbers. This blade shape
optimisation conducts to the
wedge - or reversed camber (S-
shape) type of airfoils in the
high Mach number regions [6].

- A third aspect of the super-
sonic flow losses is the shock
wave boundary layer interaction.
The sudden pressure increase
through the shock wave is spaced
out in the boundary layer through
a multiple shock wave structure.
The boundary layer thickening
reduces the geometrical throat
area and a blockage correction
has to be incorporated in order
to safeguard against choking. A
redistribution of the streamtubes
provides some flexibility in the
high speed stages. The cascade
tunnel walls experience the same
shock strength and the wall
boundary layer reduces further
the effective area. The cascade
model will unstart before the
maximum static pressure rise is
obtained corresponding to the
rotor conditions [7].

1.2 SECONDARY FLOW

The curved passage of a
blade channel shows a transverse

Sk - B

pressure gradient, which is
necessary for the equilibrium of
the deflecting flow and results
in the curved streamlines. The
fluid that does not have the
velocity of the core flow will
seek another trajectory with a
suitable curvature in order to
obtain equilibrium with the
existing transverse pressure gra-
dient. This is the case for the
incoming sidewall boundary layer
which will drift towards the suc-
tion surface, meet with the suc-
tion surface boundary layer and
roll up into the corner vortex.
This motion (drift) induces the
passage vortex (Fig. 7).

SQ TR

¢ 4t

Hou

S

SECONDARY FLOW, LEAKAGE, SCR;\PING VORTICES

FLOW IN THE
ENDWALL REGION

FIG. 7

The two dimensional charac-
teristics, such as exit flow
angle and loss, are not constant
over the blade height. The rela-
tive importance of the secondary
flow on the total loss is deter-
mined by the aspect ratio and
flow turning. Considering the
example of a NACA 65-12A1,-10
cascade (AR = 1, o = 1.0) we
observe a rapid increase of the
pitchwise averaged losses over
the last quarter of the blade
span. The midspan exit flow
angle is 27?5, decrease to 22°
at 10% span and tend to 29° at
the wall. The presence of the
corner vortex is very well
illustrated by the w and 6 evolu-
tion over 50% of the span. The
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sandwise evolution of the outlet
flow angle is controlled by the
passage vortex, an inviscid
phenomenon while the loss distri-
bution is influenced by inlet
boundary layer thickness (Fig. 8)

[8].

0.4
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03 0. 0.5
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Yih
2-D CASCADE MODEL

- SPANWISE EVOLUTION OF
THE SECONDARY FLOW

The secondary flow aspects
become of primary importance in
high turning and small aspect
ratio bladings. The secondary
flow losses wg are the major
contribution in the total loss
wT. The performance prediction
on the basis of two dimensional
information will yield too opti-
mistic results. The midspan
contraction by the secondary flow
is not known since it is the
result of an interaction between
the growth, spanwise extension of
the endwall boundary layer flow
and the midspan pressure field.
An iterative procedure is needed
in the calculation process [9].

The experimental correlation
of Fig. 9 is obtained from com-
pressor cascade investigations
with different flow turnings 6
and aspect ratios h/c [10].

Ell €1
—lw

FIG.

9 SECONDARY FLOW LOSS
CORRELATION

The single observation of
modified turning and higher

B -

losses in function of cascade
parameters can be complemented by
a positive action in the blade
design. An example is the com-
plete or partial slotting of the
compressor blade which can com-
pensate for the detrimental side-
wall effect. Such experiments
have shown that a beneficial ef-
fect is obtainable for highly
loaded and small aspect ratio
configurations.

2. ROTOR AND COMPRESSOR
STAGE RESEARCH

The axial flow compressor
research has been focused on two
aspects: the transonic-supersonic
compressor and the study of the
unsteady flow phenomenon.

2.1 TRANSONIC-SUPERSONIC
COMPRESSORS

The progress made in tran-
sonic and supersonic compressors
of the shock-in-rotor type is
illustrated in Fig. 10 [11]. The
shock-in-rotor transonic-super-
sonic compressors are an applica-
tion of one or several systems
for supersonic diffusion, i.e.,
the normal shock, the precompres-
sion, the external-mixed or
internal compression process
using multiple shocks and the
pipe diffusion using a pseudo-
shock system.

“70«30 !
28 |
26 |
2.4 -
22
20 -
1.8 r
1.6

14§

1.2 L
0.4

10 EVOLUTION OF HIGH SPEED
COMPRESSOR PERFORMANCE

FIG.

The supersonic flow condi-
tions are encountered in the fan
and front stages of aeroengines,
in large gas turbine compressors
and special industrial applica-
tions, such as UFg pumping.
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A first principle of the
shock-in-rotor which was investi-
gated is the pseudo shock pattern
in a long channel.

The pseudo-shock diffusion
is based on the principle that
all supersonic flow will be
decelerated in a multiple weak
normal shock system, provided
that the flow channel is suffi-
ciently long. Such a channel,
conforming to a blade passage,
causes the generation of a blunt
trailing edge for a long slightly
divergent channel. The principle
of complete shock containment and
the influence of the back pres-
sure on the length of the blade
passage has been demonstrated on
a test prototype. It was
recognized that some control over
the high exit swirl angle could
be gained by a suitable rotor
blading. A second prototype
demonstrated this capability, the
third prototype rotor optimized
the leading edge supersonic
expansion, the pipe diffusion
process, the exit swirl angle and
the trailing edge thickness.

A small supersonic compres-
sor intended as a component for a
small gas turbine was studied
later. The rotor was designed
for an inlet Mach number of 1.5
and complete shock containment.
The high stage pressure ratio, 2
to 1, imposed a high exit swirl
requiring a high speed tandem
exit guide vane, with shaped
leading edges to provide a closer
matching between the flow and
blade angles.

A second principle is the
precompression obtained by a S-
shaped blade. The inlet Mach
number is reduced before the
channel shock occurs in an
attempt to reduce the shock
losses. Such a principle can
work for a sufficiently high Mach
number. A Mach 2 axial flow com-
pressor stage was investigated.
The static pressure achieved
through the rotor required an
important contribution in the
meridional plane and serious mis-
matching occurs at off-design
conditions. This can be allevi-
ated by the instalment of a bleed
system which increases temporar-
ily the inlet mass flow during
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FIG. 11 SUPERSONIC COMPRESSOR

PERFORMANCE

The transonic-supersonic
compressors have a limited or a
non-existent mass flow range as
shown in Fig. 11. The phenomenon
is linked to the principle of
limited incidence angle variation
for the blades with supersonic
conditions.

The industrial application
and the thermodynamics of high
speed flight require a wide mass
flow range. A variable geometry
blading of a variable camber and
stagger type can match the flow
conditions imposed by the super-
sonic relative inlet Mach numbers
and the variation of the mass
flow. The following results were
obtained at 88% nominal speed:
+35% and -20% variation of the
reference massflow, at 98% speed:
+13% and -20% respectively. The
study of the shock waves in com-
pressor cascades, as shown in the
previous chapter, enabled the
definition of blade row axial
distances to avoid shock wave-
blade interference.

The third type of supersonic
compressor rotors is one with a
?up?rsonic axial inlet component

14].

The current propulsion units
for high speed flight require an
intake to decelerate the incoming
air to subsonic values. The
admission of the supersonic flow
into the compressor face would
simplify and lighten the system.
This can be accomplished by a
moderate supersonic diffusion in
an external compression followed



GTSJ 10—39 1982

by a supersonic rotor with a
supersonic axial inlet component.
Research carried out in this
field at VKI includes the analy-
sis of the axial Mach number
variation, stability as a func-
tion of speed and throttle valve
variations and detailed flow
field exploration at different
stations. The axial Mach number
variation is simulated by a
variable nozzle in the intake
which provided a continuous
variation of the axial inlet
velocity up to a Mach number of
1.55. The flow field survey
confirmed the analysis for the
positive incidence angle varia-
tions.

The research in the tran-
sonic and supersonic compressor
field has contributed to: the
general understanding of the high
speed flow problems at the com-
pressor inlet face; the variable
geometry applications; the formu-
lation of the supersonic inci-
dence rules; and the use of a
supersonic axial inlet component.

2.2 UNSTEADY FLOW IN AXIAL
'FLOW COMPRESSORS

The use of a turbocompressor
in adverse conditions will affect
its performance, the compressor
loses surge margin. The mis-
matching of compressor stages at
off-design conditions or exces-
sive aerodynamic loading causes
stall of the blades, rotating
stall and ultimately surge.
Finally, the energy exchange be-
tween the mechanical parts and
the fluid requires a blade-to-
blade variable field which inter-
acts with the downstream field.
The three types of unsteady ef-
fects: distortion-surge (macro-
scopic scale), rotating stall
(medium scale) and blade-wake
interference (microscopic scale),
have an aerodynamic and mechani-
cal aspect.

Distortion
The installation of indus-
trial compressors or certain
flight conditions do not
guarantee the inlet flow condi-
tions as assumed in the design or
test cell. Total pressure and/or

2.2.1

- R

total temperature non uniform-
ities do occur and the compressor
operates, circumferentially, in
different points of the perform-
ance map.

A simple approach is to
split the compressor into a
parallel operation of the dis-
torted and non-distorted sector.
Surge occurs when the weakest
sector surges and the overall
operating point is a combination
of the two sectors. Such an
approach cannot take into account
the unsteady effects: the inci-
dence angle variations going
into, or coming out of the dis-
tortion sector are different, a
series of small circumferential
distortions provide a different
result from one large one with
the same circumferential coverage
(Fig. 12).

120 T T T
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°
L

110 [~

105 |- - T, 60% 4

Kg /sec

1.00 L L L
2.5 5.0 75 00 o 125

INFLUENCE OF A 120°
INLET DISTORTION

FIG. 12

The introduction of the
reduced frequency and the split-
ting up of a distortion in multi-
ple sectors provide a better
approach and more successful pre-
dictions of surge margin loss are
possible [15].

2.2.2 Rotating stall

The '"medium type'" size of
unsteady effect is the rotating
stall. One or more cells of
stalled fluid rotate in the
annular space between two succes-
sive blade rows at a fraction of
the rotor speed. These cells can
occupy the full height and an
important circumference of the
annular space. The excitation of
blade resonant frequencies by
these cells poses a very serious
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problem. The phenomenon is
related to the flow separation on
the blades.

The study of rotating shall
can define the cell structure,
improve the blade design and
describe pre-stall phenomena
which can be used in the control
loop. The total effect leads to
a better optimisation of the
aerodynamic and utilization of
the mechanical parts.

The experimental study of
this unsteady event is performed
using velocity and pressure
sensors in the absolute and rela-
tive axis of coordinates with a
connection to a digital computer
using a 16 channel medium speed
(50 kHz) data acquisition system
[16].

The non dimensionalized per-
formance map is shown in Fig. 13.
This single stage compressor has
a diameter of 0.70 m and a blade
height of 7.5 cm. Sufficient
axial distance is available be-
tween the blade rows for detailed
flow measurements. Eight cells
are observed at the onset of
stall, followed by a region where
no periodic flow can be observed
and finally, by further throt-
tling, the flow is reorganized
into one single cell which
occupies a large portion of the
circumference.

45 T nE T T T =T

e
¥t . 8 CELLS Ve

35

30

Il
25 2 CELLS

20 | | 1 L !

PERFORMANCE MAP OF
LOW SPEED COMPRESSOR

FIG. 13

The single rotating stall
cell is investigated for the
instantaneous velocity field
using multiple wire sensors. The
bisectrix of the crossed hot wire
is directed tangentially in order
to solve the ambiguity with
respect to one wire. The experi-
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ments at different radial and
axial positions Fig. 14 showed
that return flow exists upstream
of the rotor over the upper 80%
of the blade height, the flow
velocities in the cell approach
the rotor peripheral speed with
10° to 20° return flow. This
strong return flow decreases
towards the mid blade height,
while the hub has always an in-
flow component. The flow rela-
tive to the cell demonstrates the
""active cell'" principle. The
rotating stall cell is being fed
from the downstream end and a
crossflow exists through the
perturbed zone. The flow rela-
tive to the rotor demonstrates
the Stenning model of successive
stall of neighbouring blades
during the cell propagation (Fig.
15)[17].
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The second step is the in-
vestigation of the flow field in
the rotating blade channel, using
in-channel hot wire equipment and
on-blade sensors for velocity and
pressure. The blade surface
sensors indicate the stall onset
and the flow separation with
reversal. The radial slip along
the blade surface could not be
detected by this instrumentation.
The observations of the absolute
flow field, return flow at the
tip radius and incoming flow at
the hub has to be found back.

The relative velocity in differ-
ent axial locations and mid-
passage was recorded at different
operating points using a crossed
hot-wire which is corrected for
the centrifugal effects on the
wires. The leading edge plane
velocity field is shown at four
radial positions. The velocity
and angular presentations have to
be combined: most of the reverse
flow is measured in the upper
half of the passage, the cell
does not show the same periodic-
ity at all radii Fig. 16 [18].

m/sec HEIGHT
135 E
93.3%
TIME TIME

STALL CELL

13.3%

FIG. 16 INSTANTANEOUS VELOCITY
FIELD IN RELATIVE
MOTION - 1 STALL CELL

2.2.3 Energy transfer

The unsteady character of
the absolute flow field is essen-
tial in the energy exchange be-
tween the rotating blades and the
fluid. The presence of a suction
and pressure surface produces a
blade to blade variable flow
field, a cylindrical surface will
be wrapped while passing through
a blade row.

it - B

The averaged steady state
expression of the flow equili-
brium in a turbomachine simpli-
fies the blade to blade variation
of the thermodynamic quantities
and the blade wake interference
problem.

Fluid particles, having a
different velocity than the
stream, but subjected to the same
static pressure field, will
experience a different amount of
energy exchange between blading
and fluid than the reference free
stream particles. The wake fluid
therefore gains more enthalpy
because of its longer residence
time in the rotor than in the
freestream fluid, as shown by
L.H. Smith in 1966.

The strongly retarded f1u1d
will experience a radial shift
with respect to the freestream
surface and the resulting temper-
ature difference can amount to
2.3% of the local temperature
level Fig. 17.

T
PRESSURE SURFACE

7
STREAM SURFACE

ATo 21
14

0.8
.1
I—O.G

L L4 L
v

L
0 20 40 60 50 98 99 100
/s PITCH

FIG. 17 BLADE TO BLADE T,
VARIATIONS IN THE ROTOR
TRAILING EDGE PLANE

A simplified approach from
full three dimensional analysis
is taken by considering the quasi
three dimensional solution such
as provided by the throughflow
analysis. This solution defines
the pressure field to which each
fluid particle is subjected. The
reference streamline or trajec-
tory is the one from the mean
surface in the blade to blade
direction. The fluid with a
velocity surplus of defect will
shift radially with respect to
this reference trajectory and
point by point a new trajectory
is defined as the fluid, with the
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GTSJ 10—-39 1982

assumed velocity defect, moves
radially into a new pressure
field.

The twisting or wrapping of
a stream sheet is shown to occur
through the blading (Fig. 17). The
application of the same technique
showed the radial migration of
the rotor boundary layer and the
larger enthalpy addition to these
fluid particles.

Such a result can only be
obtained by assuming a boundary
layer profile evolution in the
longitudinal and crosswise (here
radial) direction. A realistic
profile is obtained by the LeFoll
integral method for the stream-
wise evolution and the Johnston
model for the crosswise contri-
bution by introducing a wall
shear stress. An infinite slope
at the blade surface is avoided
and the blade surface streamlines
are constructed.

A typical result for a
transonic rotor at 90% of the
blade height is shown. The area
nearby the blade surface is
strongly magnified. Pitchwise
measurements of the temperature
profile indicated the tangential
Eem?erature evolution (Fig. 18)

19].
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VARIATIONS DOWNSTREAM
OF A ROTOR

3, NUMERICAL PROCEDURES

The classical singularity
method by Martensen was improved
to allow its application to thin
profiles and extended to the
calculation of tandem cascades by
introducing, in the calculation
process, a method to consider the
viscous effects linked to the

A - HEB

development of the first profile
wake in the second blade passage.
The results were checked very
favourably against experiments
[20].

Computer programs for the
calculation of compressible sub-
sonic inviscid cascade flows have
been developed on the basis of a
Martensen type of approach, using
the Jansen-Rayleigh theorem. The
method also takes into considera-
tion stream tube area variation
and, coupled with a mapping, can
be applied to radial and mixed
flow machine calculation, includ-
ing the effect of rotation. High
precision is obtained near lead-
ing and trailing edges, an
important fact especially when
dealing with cooled blades. The
method is very fast, and is cur-
rently used coupled with boundary
layer calculations [21].

A general time marching
method with damping surface tech-
nique has been developed for
turbine application and later
extended to compressor cascades
with supersonic inlet Mach num-
ber. Due to the different bound-
ary conditions, relations between
inlet Mach number and flow angle,
a different version had to be
developed [22].

The prediction of surge
margin decrease, due to inlet
flow distortion, was improved by
developing a method in which the
parallel compressor theory and
the reduced frequency approach
are combined [23].
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tring = 2600°F (1427°C)
Tgas max = 3010°F, M, = 0.155
P 445 = 166.2 psia @ IS0 day
Woguzte thioss = 305.9 pps @ 1SO day
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0.06 IN. DIAMETER PASSAGES AT LEADING
AND TRAILING EDGE

0.08 in. DIAMETER PASSAGES ELSEWERE
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0.4 in. AVG. PASSAGE SPACING

23 PASSAGES TOTAL

Trhse = 2300°F
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TYPICAL RETURN TUBE
T skin max =

Teu mex =691 F

840 F of TYPICAL FEED TUBE
44

Tube oa =657 F gt
Tubera =574 F e F
NITRONIC-50 TUBES{16) .= 534 F
0.126:in. 0.D. NITRONIC-50 TUBES{12)
0.095-in. 1.D. 660" F 0.094-in. 0.D.
0.080-in. 1.D.

0.188-in DIAMETER

NITRONIC-50SPAR

0.312-in. DIAMETER(3)

0.25-in DIAMETER (2)

0.188-in. DIAMETER (1)

COOLANT FLOWS @ FULL LOAD (TF = 2600 F)
OUT 4 nozzte N

0.25pps | 3ENDWALL TUBES| ¢ 57 ppg

1200 psia | - {01 pps 1250 psia

[MANIFOLD 459 °F[MANIFOLD 225°F]

15 AIRFOIL TUBES 12 AIRFOIL TUBES
0.42 pps 0.42 pps

[MANIFOLD 393" F[ MANIFOLD 341"F]

l BYPASS

4 ENDWALL TUBES

IN-617 SKIN
0.026 in.

Technology Readiness Vehicle Stage 1
Composite Nozzle, Pitch Section

Py {INLET) = 1056 psia

STAGE WATER FLDW =5 pps
NUMBER OF BUCKETS = 80
BUCKET. HEIGHT = 4.1 in.
AXIAL CHORO#'36in.
PITCH DIAMETER = 65.1 in.

BUCKET AVG SURFACE TEMP — 900°F

PITCH SECTION AVG SURFACE TEMP — 950°F

PITCH SECTION PEAK SURFACE TEMP — 1100°F NOM
BULK AVG TEMP ~ 800°F

MAX STRAIN
~ 0.6%
T'< BOO°F,

N, BASED
SUPER ALLOY

0.06 IN. DIAMETER PASSAGES AT LEADING
AND TRAILING .EDGE

0.08 in. DIAMETER PASSAGES ELSEWERE
0.05 in. FROM SURFACE

0.4 in. AVG. PASSAGE SPACING

23 PASSAGES TOTAL

Trhov = 2300°F
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(C)

9) MEER, MZERAT RS — v BERIcE
T B G OBFE (0, —BREEH X DAL
AR ENOREDGTE —, NAL TM—354, (1975
—1), 262H, (C), Mitmr

B ®

10 EDBHK - SARFNEE - o4 » MRERIO R
R DERIHE, FHAERESEHS RN
No 21, ( 1977 ), 218

W E=RAX- @AM JP-4/LOX, JP—
4/AIR DRk & BRI E DORES, NAL
TM— 354, (1978—7), 111H, (C), fifk
Bt

12 BNIGHE, AR - ERIAK, KER-8
- TESORBRBEE R A 2 DY, NAL TM-—
381, (1979—5), 1448, (C), MiEH
13 SIARFME - B)IDEKE - EEWK, RILKE
—RE - L RBREEAERR /TR O HEAE, ( 1980
—9), 1118, (C), Miwr
1) N\BE=-BEE PR -EVRELT
HUSE- e ELBLOBEN R i — sBX, 17
- 58, (1951 ), 25 8H, (C)

19 TIEES - RFEEA), BMEAZXT- SHEN
BXUh— s8I, KNHEFHRE32-6, (M
56 ), 12H,(C), £3, E30

16 HrhigE « HEE - GaE=GlE, Y=y
P VY VYBRUARY — EVOBMBEN 2 DIKEE
BT 2 Fat LN O KBS, BA
BMFEmxE, (26%, 1715), 10H, (D)

10 WS - BEE - GHER Yo bz
VIVBIUHRY —EOBBEHN 2 DIREER IT
o oAt EE HABMF SR e, ( 28%,
1865 ), 11H, (D)

18 Mg « AAEE - BEE Yoo bz
YIOVBXUOHRY —EVOBBEN 2 DIREER IT
g AEETEE HABBESRE, (3745,
304%5), 8H, (D)

19 Mhgk - GHEER - BEF, Yy bx
VIOVBIUHNRY —EVDOBREEN 2 DIREER IT
X9 BHETEE, BAEESRUE, (3745,
3045), 8H, (D)

Q0 HohEgs - ARER - HEB, Yov b T
VIVBIXUHRY —E Y DBREEN ZDIREER T
X9 FEtEE, BABEYEAHXE, (384,
307%), 5B, (D)

Q) HHERB, BEBIPvM 3 /ickEHR
RATE, PMRKEES, ( 18%, 2198), 1979-
1, 10, (D)

Q) HUEE, BMEEH X DR, BEBRK
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HARTIoF#EHR, N8,
(D), BRETL

735 v b EIT DN,
(m39), 312, 16H,

3.2 BRIEF (1]

(1) Foseph Hilsenrath, Harold J. Hoge,
Charles W. Beckett, Joseph F. Masi,
William S. Benedict, Ralph L. Nuttall,
Lilla Fano and Yeram S . Touloukian :
TABLES OF THERMODYNAMIC AND
TRANSPORT PROPERTIES of Air, Argon,
Carbon Dioxide, Carbon Monoxide, Hydrogen,
Nitrogen, Oxygen and Steam. PERGAMON
PRESS, 1960. 487H, (—i#&). HI HRHF
File S, TNITY, REBAR, —BRILRE,
KFE, BHR, BE, RIDBIERUEEYEE
2FRRLTH B, ,

(2) Joseph H. Keenan and Joseph Kaye :
GAS TABLES THERMODYNAMIC
"PROPERTIES OF AIR PRODUCTS OF
COMBUSTION AND COMPONENT GASES
COMPRESSIBLE FLOW FUNCTIONS.
JOHN WILEY & SONS, INC. 238H,
(=) o ZEIMRUIBRBES R DETTHHINE %%
ETERLTH %,

(3 Kuzman Raznjevic : HANDBOOK OF
THERMODYNAMIC TABLES AND CHARTS
McGRAW—HILL BOOK COMPANY . Hi#
WEFFEA. WK, &K, RS, T ROETFERM
BOT7F—49FREF v—b, (H2BFEDAD E—
50 )

(4) L . Richard Turner and Albert M.
Lord : THERMODYNAMIC CHARTS FOR
THE COMPUTATION OF COMBUSTION
AND MIXTURE TEMPERATURES AT
CONSTANT PRESSURE. NACA TN
1086, June 1946. 35H, (C), %2,
X7, (GTR—79 ), WM . EEDObL&
BV TRIKEBRE O MBEL IR, HRES
JE L OBV ESICHR[UICERERBATET 74
—=N—=VJIBFERLTH 3,

(5) W. E. Mceckel and Kenneth C.
COMPOSITION AND THER-
IN

Weston
MODYNAMIC PROPERTIES OF AIR
CHEMICAL EQUILIBRIUM. NACA TN

4265 April 1958. 398, (C), M4,
Wi HEH10°~ 10" SFE, BE 15000
K DFEPH IC B0 5 B OB, FHEEIC
DNWTIHRNTH 5,

(6) Roger A. Svebla and Richard S.
Brokaw : TERMODYNAMIC AND
TRANSPORT PROPERTIES FOR THE
N2 Og4 = 2NO2 = 2NO+ Q2 SYSTEM. NASA
TN D-—3327, March. 1966. 58H, (C ),
#z4, WARIMZE, EidoWHICox, BE 300
~1,280°K, E/70.01~100 KEDEFHTESIF
IR, fhitE, BREBEEDT -4 %KY,

(7 David J. Poferl, Roger A. Svehla,
and Kenneth Lewandowski THERMO-
DYNAMIC AND TRANSPORT PROPERTIES
OF AIR AND THE COMBUSTION
PRODUCTS OF NATURAL GAS AND OF

ASTM—A—1 FUEL WITH AIR. NASA
TN D—5452, October 1969. 49H, (C),
% 7 ] 27) ﬁﬁlﬂﬁ%o X% 7.31 ) ASTM_

A— 1K 2R DBBEN 2 B L OEZD H#,
B, oFE, BMEE, IV VHEERE
300~2500° KK/ 3~10 [IEDEHFHTHRT,

(8) Jeery S. Lee and Percy ]J. ’
Bobbitt : TRANSPORT PROPERTIES AT
HIGH TEMPERATURES OF CO,—N,— O,—
Ar GAS MIXTURES FOR PLANETARY
ENTRY APPLICATIONS. NASA TN D-
5476, November 1969. 1148, (C), #*
3, K49, HATMZE, KA X, %K, TN
VIR A R DEER AR £ R 1 X 10° ~8x 10°
°K, E/70.001 ~10 KUEDHPHIC DWW TEHE,
KL Thbo

(9) David J. Poferl and Roger A. Svehla :
THERMODYNAMIC AND TRANSPORT
PROPERTIES OF AIR AND ITS
PRODUCTS OF COMBUSTION WITH
ASTM—-A—1 FUEL AND NATURAL GAS
AT 20, 30, AND 40 ATMOSPHERES.
NASA TN D-7488 December 1973. 54H,
(C)H, &9, M. RKEH X, ASTM-A—1
R DIRBEH 2 I L PZETUT D X BT &
R A IR REF 300 ~ 2,800 °K, /720, 30, 40
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S[EICD EFHE, RRLTH b,

0 George F. klich : THERMODYNAMIC,
AND FLOW PROPERTIES OF GASEOUS
PRODUCTS RESULTING FROM COMBUS—
TION OF METHANE—-AIR OXYGEN

MIXTURES . NASA TN D—8153 June 1976.

1006, (C), %2, K8, fifktf, x4 v—%
[—BROMBELERYICD X, BTTFEH, &
ERHE A RE 200~ 300°K, A£770.0001 ~ 1,000
SHEDEFH TR L TH %,

(1) Groom and Leyhe | THERMODYNAMIC,
TRANSPORT, AND FLOW PROPERTIES
FOR THE PRODUCTS OF METHANE
BURNED IN OXIGEN-ENRICHED AIR.
NASA SP-3035 89H., (C), #3, K16,
HATIMZE, * 4 Y ABRFBRESHTRES &
fo & gAY fE & B FE N EAE /T 0.0001~
1,000 atm, /SEE#EIPH 56 °K~ 3, 300 °K TEH&EL,
KRLTH %,

12 C. Frederik Hansen : APPROXI—
MATIONS FOR THE THERMODYNAMIC
AND TRANSPORT PROPERTIES OF HIGH—
TEMPERATURE AIR. NASA TR R—50, 1959.
35H, (C), £8, M11, b, SEZEDE
TR St E O i U % IR B 500 ~
15,000°K, HE/7%EH 0.0001 ~ 100 atm iZxL
THERER, = vsre, v/ hob, ELLs#,
Tal, R, B8R, 77V b ABERL

THh b,
13 Roger A. Svehla : ESTIMATED

VISCOSITIES AND THERMAL
CONDUCTIVITIES OF GASES AT HIGH

TEMPERATURES. NASA TR R—132, 1962 .

1208, %4, K4, ERIHMZ. SRICBT S
#9200 BEH D A7 2 DRGHELREL, BB R A REH
BH 100 ~5,000° K TR L Th %,

(4 PROPERTIES OF COMBUSTION
GASES/SYSTEM : CnH,n—AIR  VOLUME
I THERMODYNAMIC PROPERTIES. Air—
craft Gas Turbine Development GENERAL
ELEGTRIC COMPANY, 377H, (C), Bt
¥ 31f. BBEAN R ( CnHon — 2251 ) DETIFEH
HE(zvsrE, zv/bot, 278 BE,
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g #

ok, EEHE) 2B 2,500°R ~5,000°R,
FF#70.01 ~ 30.0 atm, #875}t 0.256 ~4.0DEFRT
FRLTH 5B,

(15 PROPERTIES OF COMBUSTION

GASES/SYSTEM : CnHz;n—AIR VOLUME
II CHEMICAL COMPOSITION OF
EQUILIBRIUM MIXTURES. Aircraft
Gas Turbine Development Department
GENERAL ELECTRIC COMPANY. 340H,
(C), BFT 30f, BEA R (CnHen—ZER ) D
L&y OB ¥REE % EEFEP 2,500 °R~
5,000°R, F/7#ip 0.01 ~30.0atm, ¥z H.0.25
~40TERLTH %,
ELECTRIC COMPANY. 340H, (C), Bj
&Y 38, BMHEA X ( CnHzn — 2R ) DILAY
D #GF M % iR BEEEPH 2,500 °R~ 5,000 °R,
/&P 0.01 ~30.0 atm, MZEH 0.25~40 T
ZRLTH 5,

(66 J. D. Pearson and R. C. Fellinger :
THERMODYNAMIC PROPERTIES OF
COMBUSTION PRODUCTS Equilibrium
Products of (CHz ) k With Oxygen
Enriched Air. Transactions of the
ASME, October 1966. 118, (C), #4,
B4, (CHz )k — ZEKDMBELERR DS
HE A RE R 2,700 ~ 6,120 °R, F/#iFH0.01
~25atmTE LD ThH 5,

(1M H. Reichert : ENTHALPY CHARTS :
FOR DISSOCIATING GAS MIXTURES
IN THE TEMPERATURE RANGE 600 deg
TO 4,000 deg K. A. R. C. Reports
Memoranda No. 3015, August 1950. 24 H,
(C), ¥4, M4, (GTR- 645 ), MAIHH.
IBEEIFH 600 ~ 4,000 °K TOfiBEHN A DT v %
WEEIRT,

(1§ Vearl N. Huff and Clyde S. Calvert :
CHARTS FOR THE COMPUTATION OF
EQUILIBRIUM COMPOSITION OF
CHEMICAL REACTIONS IN THE CARBON-—-
HYDROGEN—OXYGEN—NITROGEN SYSTEM
AT TEMPERATURES FROM 2,000° TO
5000°K . NACA TN 1653, July 1948. 43
B, (D), #2, M4, (GTR-97), I

and
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o R%E, KR, BR EROBRAEKDBREEAK
YDA L& BRI OV TRNTH 5,

19 Sanford Gordon, Frank J. Zeleznik,
and Vearl N. Huff : A GENERAL METHOD
FOR AUTOMATIC COMPUTATION OF
EQUILIBRIUM COMPOSITIONS AND
THEORETICAL. ROCKET PERFORMANCE
OF PROPELLANTS. NASA TN D—132,
October 1959. 161 H, (D), #ifkHf,

oy MEREOEEA RS ( N, OH, H2O,
NO%E) DAL dy EHEMEMRES T BME#IC
XOHETET 055 LB TH B,

@0 Frank J. Zeleznik and Sanford
Gordon : AN ANALYTICAL INVESTI-
GATION OF THREE GENERAL METHODS
OF CALCULATING CHEMICAL-EQUILIBRIUM
COMPOSITIONS. NASA TN D- 473
September 1960. 35H, (D), M2, ®EX
T#i% Brinkley, Huff X UWhite DT 71z
LFE it RE L EREENITZ 5 & 5 WEILE
LTdhbB, :

@) Frank J. Zeleznik and Sanford
Grodon : SIMULTANEOUS LEAST-
SQUARES APPROXIMATION OF A FUNC—
TION AND ITS FIRST INTEGRALS WITH

APPLICATION TO THERMODYNAMIC DATA.

NASA TN D-767, May 1961. 17H, (D),
&3, WifkHf. 72 DEIIZAEY O Eic &/
TREABERALTH b ,

@) E. W. Leyhe and R. R. Howell :
CALCULATION PROCEDURE FOR
THERMODYNAMIC, TRASPORT, AND
FLOW PROPERTIES OF THE COMBUS-—
TION PRODUCTS OF A HYDROCARBON
FUEL MIXTURE BURNED IN AIR WITH
RESULTS FOR ETHYLENE-AIR AND
METHANE—AIR MIXTURES. NASA TN D-
914, January 1962. 103 H, (D), %5,
X128, HAIMZE, # 4 ¥, =FL v, R{LKE
AR OBE T 2 Ic D%, MEHN1.0~07, FH
10 ' ~8 x 10° KFF, #EF 200~3,000°K o
PRICOXETE L, #RERT,

@) Frank J. Zeleznik and Sanford

g #

Gordon : A GENERAL IBM 704 OR 7090
COMPUTER PROGRAM FOR COMPUTATION
OF CHEMICAL EQUILIBRIUM COMPOSI —
TIONS, ROCKET PERFORMANCE, AND
CHAPMAN-]JOUGUET DETONATIONS. NASA
TN D-— 1454, October 1962. 149EF, (D),
#1656, X9, wirkhf. MEELEBEMDOLETElEZ
DtDEFE A IBM 704 Xid, 70903 BT HEIT
TE57 077 LICDOXFHILL TH b,

@4 Sanford Gordon and Frank J.
Zeleznik © A GENERAL IBM 704 OR
7090 COMPUTER PROGRAM FOR COMPU—
TATION OF CHEMICAL EQUILIBRIUM
COMPOSITIONS, ROCKET PERFORMANCE,
AND CHAPMAN-JOUGUET DETONATIONS,
SUPPLEMENT I—-ASSIGNED AREA—RATIO

PERFORMANCE . NASA TN D- 1737,
October 1963. 78 B, (D), ¥6, @
KIMZE, NASA TND-— 1454 ickkx, MREes

A DR EA IBMT704 33, 7090 CEITH
57077 L5BXTH5,

25) Wayne D. Erikson, Jane T. Kemper,
and Dennis O. Allison : A METHQOD
FOR COMPUTING CHEMICAL— EQUILIB—
RIUM COMPOSITIONS OF REACTING—GAS
MIXTURES BY REDUCTION TO A
SINGLE ITERATION EQUATION. NASATN
D— 3488, August 1966. 24 EH, (D), K
1, RRTHIZE, H#RO{FEEHHE T 075 4
ICDEBNTH 5,

60 Bonnie J. McBride and Sanford
Gordon : FORTRAN IV PROGRAM FOR

CALUCULATION OF THERMODYNAMIC
DATA. NASA TN D-—4097, August
1967. 129H, (D), &8, X1, HATHZ,
2 DBIFHRIFEDOHE 7 0 75 LicD i~
THbo

@) Vincent R. Mascitti : A SIMPLI-
FIED EQUILIBRIUM HYDROCARBON—AIR
COMBUSTION GAS MODEL FOR USE IN
AIR-BRETHING ENGINE CYCLE COMPU-—
TER PROGRAMS. NASA TN D—4747,

September 1968. 46H, (D), X 11, &X
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T, TV J YOS 17 VGEEITH 120,
RILK BB OIS 2 £ F A BB L7 o

77 5%RL, H&E 1.0 OB kH>XHEH%
Ao

@ Vincent R. Mascitti ©: A PROCE-—
DURE FOR RAPID COMPUTATION OF
EQUILIBRIUM CHEMICAL COMPOSITION
AND THERMODYNAMIC PROPERTIES OF
THE GENERALIZED ARGON-— NITROGEN-
OXYGEN-HYDROGEN GAS SYSTEM. NASA
TN D—5416, September 1969. 30H, (D),
%3, MW, O, N, Ar, H, Oz, N2 Hy,
ON, OH, H,O DESGHRICOE(LF Tt #
TPERIR DR Hk % BN, TREE 1,111 ~ 5,556
°K, H/10.001~100 5O & © 7 — 4 R
LThb,

@9 Roger A. Svehla and Bonnie J.
McBride ! FORTRAN IV COMPUTER
PROGRAM FOR CALCULATION OF
THERMODYNAMIC AND TRANSPORT
PROPERTIES OF COMPLEX CHEMICAL
SYSTEMS. NASA TN D-7056, January
1973. 1748, (D), %9, K7, fiHHF. NASA SP
— 273 LBAE L TRBEA R D 20T )2 B HEE,
WEMHEDHE 0 77 L 2R R LTH b,

@30 Sanford Gordon and Bonnie J.
McBride : COMPUTER PROGRAM FOR
CALCULATION OF COMPLEX CHEMICAL
EQUILIBRIUM COMPOSITIONS, ROCKET
PERFORMANCE, INCIDENT AND REFLECT-
ED SHOCKS, AND CHAPMAN-JOUGUET
DETONATIONS. NASA SP-—273, 1971. 245
H, (D), %12, [5, Wb, HMx v+~
IMEIC X BALE LB D EREHE T 0 /5 0%
NN I

8) Steven A. Hippensteele and
Raymond S. Colladay : COMPUTER
PROGRAM FOR OBTAINING THERMODYNA-
MIC AND TRANSPORT PROPERTIES OF
AIR AND PRODUCTS OF COMBUSTION
OF ASTM—A-1 FUEL AND AIR. NASA

Technical Paper 1160, March 1978. 52H,

(D)v %E].) EZ'Z, ﬂﬁ:&mo ASTM'—'A_].

R DIRBE /T 2 & 25D BT FE I PIEE K Ok
MU E2ET A7 0/ 7 A TRE#M250 ~
~2,800°K, MEJ7#iPA1~40 atmic> &5,

3 G. Angelino and E. Macchi :
COMPUTATION OF THERMODYNAMIC
PROPERTIES OF CARBON DIOXIDE IN
THE RANGE 0 — 150 deg C. ASME 69—-GT-
118, 1969. 8H, (D), %9, K14, A
Hibff, B0~ 150 CicBF 5 CO2 DETIHEH
WEOHERE L BEFE LR L TdH b,

3 G. Angelino and E. Macchi :
COMPUTATION OF THERMODYNAMIC
PROPERTIES OF CARBON DIOXIDE IN
THE RANGE 0—750 deg C. ASME 70—
GT—5, 1970. 8E, £9, K10, Hftkf, /&
B 150— 750 C, FE77400~600 5iHics) 5CO2
DESEHWE (T v boE, Tvyre) D
Hiko

8 M. S. Chappell and E. P.Cockshutt :
GAS TURBINE CYCLE CALCULATIONS :
GENERATION OF THERMODYNAMIC
DATA FOR DRY AIR AND COMBUSTION
PRODUCTS. National Research
Laboratories LR— 381, June 1963. 29 H,
(D), %10, M3, B#ET 3. FrF/—-EY
+4 2 WEHERZERE X ORBEAT R DEIFER T
— s DEIFREUE, D F — 5 & OFEE LD
b, FHEFo S5 LE58T,

@ J. Kestin and A. K. Oppenheim :
THE CALCULATION OF COMPRESSIBLE
FLUID FLOW BY THE USE OF A
GENERALIZED ENTROPY CHART.

P. I. M. E. Vol. 159, 1948. 22H, (D),
#21, K28, HRALKH. = hoEFr— %
A A DTEEZ R T,

% M. S. Chappell and E. P. Cockshutt :
GAS TURBO CYCLE CALCULATIONS
THERMODYNAMIC DATA TABLES FOR
AIR AND COMBUSTION PRODUCTS FOR
THREE SYSTEMS OF UNITS. .NRC LR—579,
August 1974. 113H, (E), Bh#fT38#. °R,
°K&x HOWTHR Y — e v#y 1 7 VOGRS

NFERT -8 2RLTH B,
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@ M. S. Chappell and E. P.
Cockshutt : GAS TURBINE CYCLE
CALCULATIONS : THERMODYNAMIC DATA
TABLES FOR AIR AND COMBUSTION
PRODUCTS FOR THREE SYSTEMS OF
UNITS. NRC LR—579, August 1974. 173
H, (E), wv=—7 4 — €L, 3EEHDBAL
ROSIEL) KDV, HRF—EVDY A 7w
FATERESKRUCBRIBEA R DB SIEN T — 5 —, &
FE#IFH 200 ~2,200° K L AN K &R DR
LTHbB, HICEKG EBAHED D,

3 Arthur J. Glassman : COMPUTER

PROGRAM FOR THE RMODYNAMIC
ANAKYSIS OF OPEN—CYCLE
MULTISHAFT POWER SYSSTEM WITH
MULTIPLE REHEAT AND INTERCOOL .
NASA TN D-7589, March 1974. 65 H,
(E), %5, M6, HAKLMZE, S#HMBDOL+ -
PV IWHRY — €V DBFA I VFHET s 5
%R L, HICBREEICBAT 27 00 7 s 28T,
TIHAL I NWVHREY - Y OBRBEICEETE 70y
7 LG,
3 M. S. Chappell, E. P. Cockshutt,
and C. R. Sharp : GAS TURBINE
CYCLE CALCULATIONS : DESIGN —
POINT PERFORMANCE OF TURBOJET
AND TURBOFAN ENGINES.
Research Laboratories LR—407,
October 1964 . -135H, ( E ), BH#afF 30,
I=RVzy b, 9—KR7 72V D& EMEE
HEEETO ST LN R NCOEXRRTH b,

@) D. Fielding and J. E. C. Topps -

National

—7
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THERMODYNAMIC DATA FOR THE
CALUCULATION OF GAS TURBINE
PERFORMANS . ARC Reports and
Memoranda No. 3099, June 1954. 115H,
(E), X34, (GTR=-951), M. #
25 —EVHREDFTERESIET -5 EHEERT

@) T.A P.S. AppaRao and E. P.
Cockshutt : GAS TURBINE CYCLE
CALCULATIONS : THE EFFECTS OF
FUEL COMPOSITION AND HEAT OF
COMBUSTION . C. A. S. I. Transactions
Vol. 3 No2, September 1970. 8H, (E),
F4, M7, RaXERE, KE-RELBEZH
WhHRE - VDY A 7 VR Bt RIZTEE
IDOWTEKRLTV S,

4 R J.B.Way : METHODS FOR
DETERMINATION OF COMPOSITION AND
THERMODYNAMIC PROPERTIES OF
COMBUSTION PRODUCTS FOR INTERNAL
COMBUSTION ENGINE CALCULATIONS.
Instn Mech Engrs Vol. 190 60/76,
1977. 11H, (E), £3, M7, ALK
PEREERE O BRBE A Bk ) D BTG DO H B A
RLTH B,

@) J. M. Gilchrist : CHART FOR
THE INVESTIGATION OF THERMODYNAMIC
CYCLE IN INTERNAL COMBUSTION
ENGINES AND TUBINES. P.I.M.E. Vol. 159,
1948. 17H, (E), %10, K13, A THiH,
NBBEBAR U4 — v D94 2 WVEHERF +— b
ERAEET, HBREEEE/TENTSEL,
FRBEIIZER L TULEW, (kE<)
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