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ABSTRACT

The calculation model per:orms a rapid preliminary pitchline
optimization of axial gas turbine annular flowpath geometry, as well as
;n initial estimate of blade profile shapes, given only a minimum of
thermodynamic cycle requirements. No geometric parameters need be
specified. The following preliminary design data are deterr:ned:

(1) the optimum flowpath geometry, within mechanical stress Timits;

(2) initial estimates of cascade blade shapes;

(3) predictions of expected turbine performance.
The model uses an inverse calculation technique whereby blade profiles
are generated by designing channels to yield a specified velocity distribu-
tion on the two walls. Velocity distributions are then used to calculate
the cascade lcss parameters. Calculated blade shapes are used primarily
to determine whether the assumed velocity loadings are physically
realistic. Model verification is accomplished by comparison of predicted
turbine geometry aﬁd performance with an array of seven NASA single-stage
axial gas turbine configuratioas, ranging in size from 0.6 kg/s to
63.8 kg/s mass flow and in specific work output from 153 J/g to 558 J/g
at design (hot) conditions; stage loading factor ranges from 1.15 to

4.66.
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NOMENCLATURE

critical sound speed, m/s

lift coefficient

diffusion coefficient

gravity constant, m/s2

channel or blade height, m

rotor tip clearance gap. m

velocity loading parameter defined by Eq. (23)

distance along axial direction, m

mean chord length in axial direction, m

static pressure, 'n/m2

difference between blade pressure-surface static pressure and
suction-surface static pressure, n/m2

total or stagnation pressure, n/m2

radius coordinate, measured from turbine axis of rotation, m
acceleration parameter, defined by Eq. (21)

blade pitch or spacing, m

blade thickness, m

rotor speed, m/s

velocity measured relative to non-rotating reference frame, m/s
blade loaiing velocity defined by Eqs. (24a-b)

velocity measured relative to rotating reference frame, m/s
mass flow rat., kg/s

total or stagnation temperature, °K

loss coefficient (pressure)

number of blades

vii



< 3

flow angle measured with respect to absolute (non-rotating)
velocities

flow angle measured with respect to relative (rotating) velocities
ratio of gas specific heats

pressure ratio referenced to standard conditions

channel thickness parameter, defined by Eq. (18)

adiabatic efficiency

angular coordinate

density, kg/m>

distance along axial direction normalized by chord length M
temperature ratio referenced to standard cunditions

cascade solidity

Subscripts

c

g

P4

sf
std
tot

centerline
clearance gap
cascade exit'
cascade inlet
maximum

arbitrary location along axial direction
pressure surface
profile loss
suction surfacg
secondary flow loss
standard conditions
total

viii



) u = tangential
X = axial
Superscripts

’ ' = absolute total or stagnation condition
" = relative total or stagnation condition
* = parameter normalized with respect to conditions at cascade inlet

)

)

)

)
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INTRODUCTION

Axial gas turbine design can be described as a search for an
optimum set of geometric parametsis to satisfy certain general specifica-
tions such as work output and mass throughflow. Traditionally, the
search procedure begins with computations which provide a quick estimate
of optimum overall configuration for a given cycle data point. Such
computations usually rely upon loss currelations that mainly depend on
cascade inlet and exit conditions, without regard to specific cascade
geometry. ise of such correlation taodels implicitly assumes that
detailed blade geometry does not significantly intluence flow losses,
an assumption which is open to question,

The relationships between biade shape, loading, and flow losses
are established in more'detaiT later in the design procedure, a process
which requires detailed knowledge of individual blade shapes. Since the
overall design procedure is an iteration loop involving geometry and
aerodynamic losses, however, these relationships should be established
as early in the preliminary design procedure as possible. This should
result in a more realistic final design in less overall time.

The present optimization technique seeks to provide an initial
axial turbine stage design procedure which directly 1inks overall stage
performance and flowpath geometry with internally generated cascade
loadings and blade shapes. Having such detailed geometry generated

internally has a threefold advantage:



(1) excessive data preparation times are eliminated;

(ii) the loss model is provided flexibility in determining blade
shapes (loadings} which optimize boundary layer (Reynclds
number) effects;

(iii) relations between such factors as blade chord, blade camber-
line, blade stagger, etc., and the specified velocity
triangles are automatically accounted for without additional
correlations.

The present design procedure is "preliminary” in that calculations
are performed only for an average streamsheet surface (pitchline) location
within the turbine stage. Pitchline radius may vary (linearly) within a
blade row; however, radial velocity components are neglected and such
variation should be smail. The most basic assumption of the analysis is
that velocity loadings on the blading are known. These loadings are used
to calculate blade profile shapes and profile (friction) lcsses. The
blade shapes are, in turn, examined to determine whether the assumed

loading is physically realistic,
CALCULATION OF CHANNEL (BLADE) SHAPES

Cascade channel shapes (blade profiles) are generated using a
simplified technique to provide solutiois to the so-called indirect

problem: that of the design of a channel to yield a specified velocity

distribution on the two walls. Adjacent walls then become the suction

and pressure surfaces, respectively, of the'individual blades. The

technique is similar to that utilized by J. D. Stanitz].
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For given thermodynamic.cycle requirements, wheel speed, and
adiabatic efficiency, stage velocity triangles can e¢usily be obtzined
along some representative pitch-line radius. If the channel velocity
distribution is also known, the channel (blade) shape is generated as
follows:
Continuity
(2vRih:) b (p'ar )
- v cos o, (27R.h,) — (p‘a!’ (1)
Nf LgeQ;J i i /5; cristd
i
Moment of Momentum
b d (RV )dm = (&p)hRdm (2)
gz dm u P

Integration of Eq. {2) along the entire axial chord length of the blade
results in the overall change in tangential (swirl) velocity across the

cascade:

(RV,) - (RV)), = ﬁi hiR:M.P 4 J here Sk d gy (3)
0
Note that "axial" chord is actually the vector sum of axial and radial
displacements through the cascade, since the pitch-line radius may vary.
Making use of the continuity equation (1), and the cascade solidity, o,
defined as the ratio of axial chord to blade spacing, Eq. (3) can be

rearranged as
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g = 1 (4)

If the integration of Eq. (2) is carried out only to some

arbitrary point / within the blade row, the result is

v V I_i_ljc M
} M u [ 2Y A
R[] J=7 - —r-'] = . I her* S8 d /1 (5)
m[acr]m Ti {acr i [EF%%;j Cos oy Pi
1

from which the local absolute tangential velocity at that point, .
(Vu/aér)m can be obtained. A more useful relation is the tangential
.velocity distribution relative to a blade row moving at some wheel speed

(U/aér)M’ defined by

W v ] 1
7] u U
e ; - =i 6
{acrlm [achm (acrjm (®)
where
T
U U i
- = T R% FT (7)
[acr]m [acrli M //Tm

The term aér is the local critical velocity defined with respect to
absoTute total temperature. Now, since critical velocity can also be
defined with respect to relative total temperature, Eq. {6) can be

rewritten as
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cr m Cr‘m !7)
or upon combining Eqs. (5), (6), (7), and (8),
[biu - L-,/?- 1 \tu]
acr m Tm ‘ Tm acrji
Rﬁ TT
y + 1 A =
+ (v ZYJU [ hore A2 an - [aL] R% /;l (9)
[54%:;).cos P i er) M J
1

Eq. (9) specifies the relative tangential velocity component at any

location M within the cascads.
GENERATION OF BLADE CAMBERLINE DISTRIBUTION

At this point in the computation it is possible to analytically
define a mean camberline distribution for the cascade. Let N/agr 0 and

W/a" represent the relative critical velocity ratios along the

cr,s
pressure and suétion surfaces of the blade, respectively; note that both
gquantities are known since the velocity loading is presumed to be known.
It is desired to calculate the average flow direction, By for any

location # within the blade passage. In order to do this, an additional

assumption is required. It might be assumed that the channel mean

velocity is the arithmetic mean of the suction surface and the pressure '

surface velocities,
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H = ] "
(Wag,)y = V/2L(Wag,) ) + (Way ) 1, (10)
in which case
- w /all
Bﬂ? = sin 1 Wgﬁ (1)
croin
On the other hand, one might assume, say, a linear variation of axial
critical velocity ratio, Hx/agr’ through the blade passage, in which
case
w /al!
-1} v “cr
gy = tan ¥ ST (12)
l wx/acr
and (W/agr)m is approximated by
W /au
" - ] x er
(Waldp = {05 @ (13)

M

Even more flexibility can be provided by modifying the linear variation
by a variable increment; the increment is zero at the cascade inlet and
exit, and some specified maximum value at a given location within the
cascade. The increment must then satisfy four boundaﬁy conditions and
is defined by a third order polynomial. Experience has shown that either
the linear or modified Tinear axial velocity distributions provide the
most realistic blade shapes.

If the mean camberline is described by the cylindrical coordinates

R, m, and ¢, then the camberline is generated by the expression



L) =rBs o Reorangso B (14)

Equation (14) must be integrated point-by-point through the cascace.
GENERATION OF LOCAL BLADE THICKNESS

For any location / along the cascade passage the continuity

equatioq can be written as

W
'EF = {pW cos B)(h x channel width) (15)

Define a "channel width parameter," €, by

. channel width _ channel width (16)
blade pitch 2mR
2

Equatior (15) then becomes

We = (oW cos B){2nehR) . (17)

for a given position /1. Combination of Eqs. (1) and {17) yields, after

rearrangement,

. Tl.l Pi.l TII
I a.(ﬁ.f] 1| )
(p acr]i itP i T'I Pm T,|

- tﬂﬁﬁri.(h*ﬁ* cos B) ,

.{p-a
Crm

(18)

Now local blade thickness, tM’ is the dffference between local blade

pitch and local channel width, so that Eq. (16) can be written as
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R
ty=—2 (0 - =ry (12 ¢y (19)

Local blade thickness is then distributed equally about the camberline
distribution defined by Eq. (14). Specification of the blade profile
is thus complete. A representative blade section generated by this

procedure is shown in Figure 1.

' blade _
thickness

channel
width

A %— pitch

Figure 1: Representative Blade Section Generated by Inverse Method
CALCULATION OF BLADE LOADINGS

0f fundamental importance to the present optimization procedure
is the selection of proper cascade blade loadings. These loadings are
used to 1) calculate channel shapes (blade profiles), 2) meet required
cascade solidity specifications, and 3) calculate profile (friction)
losses. The loading model shouid be simple, yet flexible enough to
accommodate a wide range of channel centerline accelerations, blade
surface diffusion rates, and cascade loading requirements.

The loading model proceeds from the definition of a centeriine

velocity distribution, lé, as
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L= Rigin -y -1 (20)

The parameters Vc and Ve represent (dimensionless) critical velocity
i ratios measured relative to the blade row, with l@ measured at the exit

of the row. The parameter R is indicative of the channel centerline

flow acceleration and is defined as
Vi
'; . R=1-V;- (21)
where Vi is the critical velocity ratio relative to the blade row,
- measured at the inlet to the row. It should be noted that Vc is a

[ fictitious parameter used only in the definition of blade loading and

is not necessarily related to channel mean velocity, Eq. (13).

Suction Surface Velocity

E It is assumed that the behavior of the velocity distribution on
the blade suction surface is of primary importance to the overall
optimization process. Although velocity diffusion occurs on both blade
surfaces, the adverse effects of pressure-surface diffusion are to some
degrea obviated by the subsequent downstream re-acceleration of the flow
along that surface; such re-acceleration does not usually occur on the
suction side of the profile.

A fundamental characteristic of the suction-surface)velocity
distribution is deceleration of the boundary layer flow near the trailing
edge of the blade row. Of interest is both the amount of such decelera-

tion and the location along the suction surface at which such deceleration
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begins. If velocity "spike" effects near the leading edge of the blade
are ignored, velocity diffusion on the suction surface becomes a simple
question of where maximum velocity occurs and what its value is.

Following standard practice, a "diffusion coefficient" for the

suction surface velocity is defined as
Vé

D.=1- (22)
Vn

where Vm represents the maximum velocity occurring anywhere on the suction
surface. Figure 2 illustrates each of the pertinent velocities employed
in the model. As in Reference 2, the suction surface velocity is
described by a simple piecewise parabolic éufve fit; zm, the point of
maximum velocity, is also the point where the two curve portions are
matched. It has been suggested2 that the location of Em is dependent on

the value of the channel centerline flow acceleration R as

2, = 0.5 +0.3[1 - (1 -2 (23)

Velocity Loading
(Dimensionless )

ﬂ (Dimensionless)

Figure 2: Blade Velocity Loading Model
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Barring user input to the contrary, % is calculated from Eq. (23).

m
Should the user so desire, however, any value for 2m can be specified.
The suction surface velocity distribution is defined by the

following relations:

mes:V = V)ﬂz 200 -V )M sy (24a)

m s i m iy - i m L i a
V-V

mo> g Vo= =SB [0 2 0 (M- 1) <11+ 1, (24p)

m S ('Q'm'])

It should be noted that it is, at least mathematically, possible to
have negative values for the diffusion coefffcient; in this case,

Vh < Ve and there is no real "maximum" velocity (other than Vé). For
this situation, the piecewise curve fit degenerates to a single

second-order curve of the form

- I/m_-l/e _Ve‘yﬂﬁ,z
s e (2 -1) sz

g+ 1) Vo -V
+Eve-vi)("‘ - 7 _e”}mwi (25)

I 2Ry

Pressure Surface Velocity

The pressure surface velocity distribution is obtained by assuming
that the entire blade loading is distributed equally about the centerline

velocity distribution l/.. The pressure surface distribution is then

c
given by
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V =2y -V . (26)

where Lg is given by either Eq. (24) or Eq. (25). Though there is no
mathematical constraint, negative (reverse direction) velocities are

not desirable, and are not allowed by the model.
OPTIMIZATION OF THE DIFFUSION COEFFICIENT

The blade loading diagram, suction surface diffusion coefficient,
and cascade soiidity can be tied together through the Zweife13 Toading
coefficient. The Zweifel coefficient relates cascade solidity to flow
angles at the cascade inlet and outlet, and, according to reference 3,
tends to assume a certain narrow range of values for optimum cascade
performance. Normal design practice utilizes Zweifel coefficients in
the range of, say, 0.7 to 1.0. Thus, for specified flow angles and a
given Zweifel coefficient within the "optimum" range, an optimum cascade
solidity can be calculated. Now, solidity is related to the individual
blade velocity loading through Eq. (4). Furthermore, for known cascade
inlet and outlet conditions, the assumed velocity loading model possesses
only one independent variable: the suction surface diffusion coefficient.
Thus,

(1) specified thermodynamic cycle reguirements establish cascade

inlet and outiet conditions;

(2) these conditions, together with an input Zweifel coefficient

will determine an optimum solidity;
- {3) the present model then adjusts the suction surface diffusion

coefficient so that the velocity loading, when integrated



in Eq. (4), yields a calculated solidity equal to the
optimum solidity.
The final velocity loading is then used to calculate both blade shapes

) and blade profile losses.
CALCULATION OF CASCADE PERFORMANCE LOSS

Three aerothermodynamic loss mechanisms are accounted for in the
present analysis: profile loss, secondary flow loss, and rotor tip
clearance loss.

! Profile loss is defined here as a combination of frictional
effects resulting from the flow of a viscous fluid over a solid surface
and the subsequent downstream mixing of the suction surface and the
pressure surface boundary layers. Both losses are accounted for through
use of the Stewart mixing loss theory4, which defines them in terms of
overall displacement and momentum thicknesses. Secondary flow losses
are due to the annulus wall boundary layers and their interaction with
blade rows. Dunham's review paper'5 presénts an excellent analysis of
the phenomenon. Dunham states that two separate effects must be
accounted for if losses are to be properly estimated:

(1) a vortex core loss, arising from fluid, originally in the
upstream wall boundary layer, being subsequently shed from
the trailing edge of the cascade;

(2) a downstream wall boundary layer loss, wherein fluid origi-
nally in the mainstream is entrapped in a boundary layer

oy
developing on the annulus walls within the cascade.

)
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Rotor clearance, or tip leakage, losses effect turbine performance
in two ways: |
(1) leskage diminishes overall work extraction from the flowing
gas, since some fluid at the tip is not turned, and
(2) leakage produces an underturning of the flow felt in regions
other than the tip region, which further diminishes work

extraction.

Profile Loss

When calculating profile boundary 1ayér losses it is possible
to utilize models of almost any complexity imaginable. Of primary
importance, and of least certainty, is the location along a given blade
surface of the point of transition of the boundary layeﬁ from laminar to
turbulent flow, as well as the point of separation of the boundary layer
from the wall. Since the present analysis is of a preliminary design
(pitch-1ine) nature, exceedingly complex loss models are not appropriate.

In its simplest sense, the location of the boundary layer transi-
tion point is a cascade Reynolds number effect. As Reynolds number
(based on cascade exit velocity anﬁ blade mean camberline length) is
increased, the transition point tends to ﬁove upstream towards the leading
edge of the blading. For the laminar portion of the boundary layer, the
present analysis calculates loss parameters using the Truckenbrodt
approximation for boundary layer growth on a wall with pressure gradient,'
as described, for instance, in Reference 6. For the turbulent portion,
loss parameters are calculated using a simple formulation described in

Reference 7. A rough estimate of transition is made using a “critical
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Reynolds number" parameter, based on boundary layer displacement thickness,
again described in Reference 6. Even though this procedure might be
considered "too simple," it provides a way to account for Reynolds
number effects on overall cascade loss, and is consistent with the
fact that velocity loadings are already assumed to be known. As with
any set of assumptions, the final justification lies with how well the
model predicts reaiity. Pertinent relationships are described in

Appendix 8.

Secondary Flow Loss

The correlation for secondary flow loss as suggested in the

5 requires a knowledge of the boundary layer

conclusion of Dunham's paper
displacement thickness on the endwalls upstream of the cascade, a parameter
which is not readily available, at least with any degree of confidence
(especially for the rotor). Actually, the upstream boundary layer, or
vortex core, loss adds to a second loss component, called the downstream
loss. The present analysis assumes that the sum of thesehtwo loss

components can be represented as a constant value. The specific

expression used for secondary flow loss then becomes

2 2
coS o C cos
Yy _=0.0138 8 e [—'—} e

h cos o s/M (27)

sf
cos Gy

where st is a pressure loss coefficient, CL is a cascade 1ift coefficient
(defined only in terms of inlet and outlet re1atiye flow angles}, and

the value 0.0138 represents the sum of the two loss components discussed
above {see Figure 9 of Reference 5). The remaining parameters are

described in the Nomenclature.
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Tip Leakage Loss

Though recent work such as that of Lakshminarayana8

provides
insight into the physics of the tip leakage loss mechanism, quantitative
predictions of performance 1oss still require some correlation with
experimental data. In this regard, the correlation reported in Reference
7, taken from data originally reported in Reference 9, shows promise.
This correlation indicates that, for given blade reaction, the tip-
clearance loss varies {approximately) linearly with clearance gap:
furthermore, the loss increases for increasing blade reaction. The
latter is intuitively correct, since high reactions (large pressure
differences) cause more high-kinetic-eqergy flow to leak through the
¢learance gap.

The various curves given in Reference 7 can all be approximated

by the single expression

n
<9 -1 (2.755 2% + 0.108 7 + 1.72) 4B (28)
where "cg = efficiency with ¢learance
n = efficiency without clearance
h = blade height
Ah = clearance gap

and R is blade reaction at the tip, defined by

W - e
we - N,i + V,i -

where W, V represent relative and absolute velocities, respectively.
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AERODYNAMIC CPTIMIZATION OF BLADE CHORD

Both blade profile (friction) losses and cascade secondary flow
losses are dependent on blade chord. Normally, blade chord is determined
from manufacturing trade-offs or prior design experience. For instance,
chords below a certain minimum length cannot be made economically;
chords which are too large increase overall engine length (weight),
etc. While chord lengths can be input to the present model, a
theoretically optimum chord can be calculated simply from a considera-
tion of the profile and secondary flow loss mechanisms.

From the Stewert analysis4

a cascade absolute total pressure
loss Pé/P; cay be determined. A "profile loss coefficient," ng, can

be defined as

1 - Pé/P% (30)
Y = ' 1 |) 30
where Pe is the -tatic pressure at the cascade exit. A "total Toss
coefficient” Ytot can be formed by
Y =Y +Y (31)

where st is defined by Eq. (27). Normally, profile losses are reported
as a function of cascade Reynolds number, defined on the basis ¢f cascade
exit velocity and blade chord length. In the present model, cascade
Reynolds number is varied systematically by varying blade chord while/
holding all other parameters constant. This is possible since the

velocity loading is defined with respect to a dimensionless length
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parameter (/). Figure 3 illustrates how the different loss coefficients
vary with changing rotor chord (mean camberline length). MNote that,
generally speaking, ng decreases with increasing chord while st
increases {blade height is held constant during the procedure).
According to this simplified model there is an optimum Reynolds number,
or optimum chord, which minimizes total aerodynamic loss (excluding tip
leakage). The optimum value will, of course, change as cascade inlet

and outlet conditions change.

| (Dimensiontess )

1 2 3 4
Reynolds No. ( x 105)

Pressure Loss Coefficient’

Figure 3: Typical Variation of Cascade Loss Coefficients with Reynolds
Number

OPTIMIZATION OF ANNULAR FLOWPATH GEOMETRY

The model considers a range of annular (hub/tip) flowpath
geometries, based on calculated mean flow properties along a pitchline
radius. The minimum value for pitchline radius is defined by the condi-

tion of zero accaleration. of the channel centerline velocity in the rotor.



Py e

o ahit

1
i

KIS S

it e o, ] s

T i st i Sl S

o s N ML IR ot S R T YT o E e Y e S X £ ST R R AT R . R

19
The maximum value for pitchline radius may be set by limitations on
blade tip speed or by aerodynamic considerations such as rotor limit
loading. In any event, the loss model described previously is
applied to a range of configurations within these limits in order to
determine the one configuration having optimum aerodynamic performance,
as characterized by adiabatiz total-total or total-static efficiency.
Hub and tip radii at the rotor exit section are obtained from user-
specified axial Mach number and swirl conditions. A schematic flowchart

of the entire calculation procedure is shown as Figure 4.
ESTIMATION OF MECHANICAL STRESS

Since the present analysis considers such a wide range of possible
designs for a single set of cycle constraints, it is desirable to calcu-
late preliminary estimates of mechanical stress conditions for each
design. Rough estimates of both average tangential disk stress and
blade root stress are made utilizing expressions found in textbooks
on turbomachinery design (such as References 10 and 11). Blade root
stresses are calculated using a taper correction factor of 2/3, which
corresponds to a linearly tapered blade with a ratio of blade tip area
to hlade hub area uof about 0.35. The disk half-area is considered to be

a trapezoidal section; the disk rim load is considered to be the sum of

1) the load due to the blades themselves, and 2) the load due to a blade

attachment region, also taken to be a trapezoid. It should be noted that
these stresses are directly dependent on both blade chord and blade
solidity, both of which are optimized in the present analysis. It is

impossible, therefore, to completely separate considerations of
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aerothermodynamic optimization from considerations of mechanical
integrity. It should also be noted that, while mechanical stress is
calculated by the molel, no design decisions are made on the basis of

such calculations.
VERIFICATION OF THE PERFORMANCE LOSS MODEL

Verification of the performance loss model is accomplished by a
process wherein test data, including test rig geometries normally calcu-
lated internally, are input to determine whether actual measured test-rig
performance can be predicted. Thermodynamic cycle requirements input
represent air-equivalent (cold) conditions rather than design (hot)
conditions. Quantities such as measured mass flow, rotor torque
(specific work), and rotor exit swirl angle are utilized.

Seven (7) NASA turbines have been selected to provide a means of
comparison between aerodynamic performance (adiabatic efficiency) as
predicted by the model and aerodynamic performance as measued during cold-
air testing. These turbines are designated as

' Case 1: Low-cost civilian turbojet engine (Reference 12)
Case 2: Research turbine for high temperature core engine
application (Reference 13)
Case 3: 12.766 centimeter tip diameter (solid blade configuration)
turbine (Reference 14)
Case 4: First stage of a 4% stage fan-drive turbine (Refere;ce 15)
Case 5: Compressor drive turbine for a 75 KW automotive engine

(Reférence 16)




22
Case 6: Uncooled core turbine with high work output (Reference
17)
Case 7: Low-cost turbofan engine (first stage of a two-stage
turbine) (Reference 18)
These turbines range in size from 0.6 to 63.8 kg/s (1.3 to 140 1b/s) mass
flow and in specific work output from 153 to 558 J/g (65 to 240 Btu/1b),
all at design (hot) conditions; stage loading factor ranges from 1.15
to 4.66. For comparison, relevant design parameters for each turbine

configuration are given in Table 1.

TaBLE 1: CompARISON OF RELEVANT TURBINE PARAMETERS
(Des1eN ConpITIoNs) For NASA Test CAses

INLET  INLET  Mass FLow SpeciFic Work

Case TEMP  PRESSURE RATE OuTpuT WoRrk
oK N/eM2  ke/s J/G FAcTor
1 1089 26.3 3.28 -159,3 1,15
2 2200 386,1 63.82 287.3 1.70
3 1478 91,2 0.95 307.3 1.67
4 378 24,3 5.84 25.7 4,66
5 1325 39.8 0.60 198,1 2,10
6 2200 386,1 49,41 557.7 1.94

7

978 28,5 2,99 152.8 1.72

AEQUIVALENT DESIGN REQUIREMENTS--ACTUAL CONDITIONS NOT
GIVEN.

For each case, the following calculations are made:
(1) With no geometry input, determine the optimum rotor exit

mean radius by maximizing the turbine adiabatic total-total
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Case 1
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efficiency. This calculation is performed with design (hot)
conditions of thermodynamic parameters of flow, work, etc.,
as well as geometric design values such as rotor tip clearance,
and is done merely to demonstrate the flexibility of the model.
Thus, total-total efficiency as predicted by, say, Figure 5,
need not compare on a one-to-one basis with that of Figures
8 and 9. Further, n values shown in the geometric optimization
portion of the present work differ slightly from those values
given in Reference 19 due primarily to changes in the blade
loading portion of the model.

(2) With detailed test-rig geometry and flow conditions input,
determine the predicted total-total efficiency as a function
of

(i) rotor solidity, 9p

(i1} rotor exit swirl angle
In addition, for Case 1 only, a survey of optimum predicted flowpath
geometry is made as a function of rotor Zweifel loading coefficient, :,

and rotor exit swirl angle.

12

Case 1 represents a turbine designed for a low-cost civilian
turbojet engine application. The turbine configuration is single-stags,
axial flow with a free-vortex whirl distribution. The aerodynamic design
is conservative (low work factor) with moderate gas temperatures. Table 2
presents the relevant design parameters and measures test-rig values

input to the performance model.




TaBLE 2: Case 1 PerrorMANCE MoDEL InPut

Desicn
PARAMETER EquivaLent  EST-RIe
CONDITION CoNDITION
RoTaTive Speep, RPM 18075 1007 oF DESIGN
INLET TEMPERATURE, 9K 288.2 310
INLET PRESSURE, N/cmé 10.14 10.8
SpecIFIc Work, J/6 43,23 1.7% More
Mass FLow, kG/s 2.51 9,52 LESS
RoTor ExiT Mean
RaD1us, cM 10.06 SAME
RoTor ExIT _ANNuLUS
AREA, CM 269.6 SAME
RoTtor CLEARANCE, CM 0.028 SAME
STATOR SoLIDITY 1.038 SAME
RoTorR SoLIDITY 1.640 SAME
STATOR AXIAL CHORD, cM 1.90 SAME
RoTor AxIAL CHORD, cM 1,76 SAME
STATOR TE THICKNESS, CM 0.101 SAME
Rotor TE THICKNESS, CM 0.101 SAME

RoToR ExIT SWIRL, DEG -3.8 +14.0

Figure 5 represents a preliminary optimization of annular flow-
path geometry, wherein no geometrical constraints are input to the model.
An optimum size for the turbine is chosen based on maximum total-
total efficiency. The predicted size (rotor exit mean radius)} compares

well with the actual (design) size for the Case 1 configuration.
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Figure 5: Case 1 Preliminary Geometry Optimization Study

Figures 6 and 7 demonstrate the predicted variation of optimum
turbine size with rotor Zweifel coefficient (Figure 6) and rotor exit
swirl (Figure 7), all other factofs being constant. Figures 8 and 9
are calculations wherein geometry is input to the model. Figure 8 is
a parametric study of stage efficiency vs. rotor solidity (blade number);
note that exit swirl is constrained to +14°, as opposed to the design
value of -3.8°. At the design solidity, the model predicts an efficiency
of 91.4, which compares well with the rig measured valuye of 91.0.
Original design (target) efficiency was 88.0. Figure 9 represents a
parametric study of predicted efficiency vs. rotor exit swirl, all other

factors being éonstant.

Rl e 0 L
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: Case 213
!

Case 2 is a half-scale model of a 50.8 cm (20 inch} turbine

% characterized by low aspéct ratio, thick trailing edges, low solidity,
; and relatively large rotor tip clearance. Originally, the rotor

blades had a constant section profile from hub to tip with no twist,
| resulting in relative ease of manufacture but a possible performance
. penalty. Subsequently, a free-vortex twist rotor was fabricated and
tested. Due to the pitchline nature of the model used in the present
code, these two conditions cannot be differentiated. Though the measurad
performance of both designs is reported (see Figures 11 and 12), only

the untwisted rotor test-rig conditions are shown in Table 3.
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TABLE 3: Case 2 PerrForRMANCE MoDer INPUT

Des1icN
PARAMETER EauivaLent  TEST-Rie
ConpiTION  CONDITION
Rotative Speer, RPM 12398 100% oF DESIGN
INLET TEMPERATURE, 05 288.2 306
INLET PRessure, N/cm 10.14 17.24
SpeciFic Work, J/6 39,57 0.5% LEss
Mass FLow, ke/s 1,207 1.5% LEss
RoTor EXIT Mean SAME
Rapius, cM 11,75 SAME
RoTor Ex1T_ANNULUS SAME
AREA, cm2 140.6 SAME
RoTorR CLEARANCE, CM 0,043 SAME
StaTorR SoLIDITY - 0,929 SAME
RoTor SoLIDITY 1,487 SAME
StaTorR AxIAL CHORD, CM 1.905 SAME
RoTor AxiaL CHORD, cM 1,715 SAME
StaTor TE THICKNESS, CM 0,089 SAME
Rotor TE THICKNESS, cM 0,089 SAME
Rotor ExiT SWIRL, DEG -17.8 -11,5

Figure 10 represents the preliminary optimization of annular

flowpath geometry. As before, the predicted turbine size compares well

with the actual size.

Figure 11 is & fixed geometry parametric study of efficiency vs.

rotor solidity, with all other factors held constant. Rotor exit swirl

js fixed at the test-rig measured value of -11.5°. The measured
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| efficiency is shown as a band between 87.0 (untwisted rotor configuration)

and 88.0 (twisted rotor configuration). Predicted performance is 86.6,

compared to an original design value of 87.0., Recall that the present

b el S

5 model cannot differentiate between the two rotor configurations. Figure
f 12 presents a parametric study of efficiency vs. rotor exit swirl angle,

with all other factors held constant.

WW‘TFW@

Case 3]4

Case 3 represents an uncooled solid-blade version of a cooled

turbine design in the 1 kg per second, 225-375 KW size class. Work factor

S v

and solidity are considered to be near optimum by conventional design

i ik

standards. Both the stator and the rotor blading are untwisted and

A
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untapered. Typical of such small turbines, this design suffers from
relatively large rotor tip clearance and secondary flow josses. Relevant
test-rig conditions are given in Table 4.

Figure 13 demonstrates that the predicted annular flowpath
geometry agrees well with the actual geometry. Figure 14 represents
a fixed geometry parametric study of efficiency vs. rotor solidity and
indicates that the rotor solidity is indeed near optimum for the thermo-
dynamic cycle requirements of case 3. The model predicts an efficiency
of 84.1 for the design solidity compared to a measured efficiency of
83.2. The original design efficiency was 85.0. Figure 15 presents a

study of predicted efficiency vs. roter exit swirl distribution. In the
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TABLE 4: CASE 3 PerFORMANCE MopeEL INPUT

Desien
PARAMETER Eauivaent  TEST-RiG

Conprrron ~ CONDITION
RotaTtive Seeep, RPM 31460 1007 ofF pEsIGN
INLET TEMPERATURE, 05 288.2 300
INLET PRESSURE, N/cM4 10.13 §.27
SPeciFic Work, J/e - 62,1 1.47 Less
Mass FLow, ke/s : 0.246 6.17 LEss
RoTor Ex1T MEAN

Rapius, cm 5.86 SAME
RoTorR EXIT_ANNULUS _

AREA, oM 38.72 SAME
RoTorR CLEARANCE, CM 0.025 SAME
STATOR SOLIDITY . 1.098 SAME
RoTor SOLIDITY 1.551 SAME
STATOR AxiAL CHORD, cM 0,721 SAME
Rotor AxiAL CHORD, cM 0.968 SAME
StaTtorR TE THICKNESS, CM 0.038 SAME
Rotor TE THICKNESS, cM 0.050 SAME

RoTor EXIT SWIRL, DEG -17.5 -11.0

range of swirl angles shown the total-total efficiency appears to be |
almost independent of swirl. The region denoted "model limit" represents

choked flow conditions at the stator exit.
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Case 4]5

Case 4 represents the first stage of a 4% stage turbine designed
for high stage work factor. This turbine is characterized by shrouded
rotors, high turning in both stator and rotor blade rows, and nearly
symmetrical mean-radius velocity diagrams. As part of a development
program, the first stage alone was fabricated and its performance deter-
mined in cold éir. Pertinent parameters are given in Table 5.

Figure 16 presents the geometry optimization portion of the
parametric study for Case 4. In this instance the predicted and actual

sizes are not in good agreement; it should be noted, however, that this
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TaBLe 5: CAse 4 PerrorMANCE MoDEL INPUT

DesiceN
PARAMETER EouivaLent  1EST-RIG
CONDITION  CONDITION
RoTaTive SPeep, RPM 3098.7 100%Z oF DESIGN
INLET TEMPERATURE, 05 288.2 378
INLET PRESSURE, N/CM 10,13 24,3
SpeciFic Work, J/6 25.65 100% oF DESIGN
Mass FLow, Ke/s 5.84 2. 4% MORE
RoTor ExiT Me-N
RaDIus, cM 22 .86 SAME
RoToR EXIT_ANNULUS
AREA, CM . 656.7 SAME
RoToR CLEARANCE, CM 0.0 SAME
STATOR SoLIDITY 0.955 SAME
RoTorR SoLIDITY 1.517 SAME
STATOR AXIAL CHORD, CM 2.29 SAME
RoTor AxiAL CHORD, CM 2.79 SAME
StaTorR TE THICKNESS, CM 0,050 SAME
Rotor TE THICKNESS, CM 0.060 SAME

RoTor ExIT SWIRL, DEG -52 SAME

case represents only the first stage of a multi-stage turbine, so that
this result need not be surprising.

Figures 17 and 18 portray the fixed geometry parametric study
for rotor solidity and exit swirl, respectively. Unlike the previous
case, predicted efficiency is strongly dependent on these parameters.
In this instance, the original design efficiency and the measured test-rig

efficiency were identical (86.0) as compared to 85.0 for the model prediction.
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Case 516

Case 5 represents a compressor drive turbine originally intended
for use in a compact automobile. The design is characterized by a large
(49°) stator inlet flow angle, required to match the swirl distribution
in the tangential entry inlet manifold. Pertinent model input parameters
are given in Table 6. It should be noted that the model input corre-
sponds to the so-called "smoothed and thinned profile" test (i.e.,

smoothed and thinned blades) of Reference 16.
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- TABLE b6: CASE 5 PerrormANCE MopeL INPUT

DEsIGN
PARAMETER Equivaent  1EsT-RIG
CoNpITION ~ CONDITION
RotaTive Speep, RPM 27673 100% of DESIGN
INLET TEMPERATURE, 9K 288.2 320
INLET PRESSURE, N/ e 10.13 8.0
SPeCIFIC Work, J/6 uy .4 ~b% LESS
Mass FLow, Kke/s 0,325 5% LESS
RoTor Ex1T MEAN
RaDIUS, CM 5.00 SAME
RoTor Ex1T AnnuLUS
AREA, oM 36.47 SAME
RoTor CLEARANCE, CM : 0.025 SAME
STATOR SOLIDITY @,557 SAME
RoTor SoLipITY 1.803 SAME
StaTOorR AxiAL CHORD, CM 1.17 SAME
Rotor AxIAL CHORD, CM 0.91 SAME
Stator TE THICKNESS, CM 0,038 SAME
RoTorR TE THICKNESS, CM 0.038 SAME
SAME

RoTorR EXIT SWIRL, DEG -21.1

Figure 19 shows the geometry optimization portion of the para-

metric study for Case 5. Predicted and actual turbine size are in good,

but not excellent agreement. Figures 20 and 21 present the remainder of

the parametric study. As with the previous case, efficiency appears to

be sensitive to rotor exit swirl. Predicted efficiency at the test-rig

conditions 1583.5, which compares to a measured value of 82.5 and a

design value of 85.0.
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Case 6 represents a single-stage “core” turbine for a turbofan
engine and is characterized by relatively high hub-to-tip radius ratio
and Tow aspect ratio. Due to relatively high requirements for work extrac-
tion, Mach number leveis are also high. The vane exit flow angle is flat,
about 73° from axial; the vanes are untwisted and have a constant section
profile. Pertinent model input parameters are given in Table 7.

Figure 22 illustrates the geometry optimization calculation for
Case 6. Predicted and actual turbine size are in excellent agreement.

Figure 23 presents the rotor exit swirl parametric study for this case.
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TasLE 7: Case 6 PErRFORMANCE MoDeEL INPUT

DESIGN
PARAMETER EquivaLent  TEST-RIG
ConprTion  CONDITION

RotaTive Speep, RPM 8081 100% of DesIGN
INLET TEMPERATURE, 05 288.2 378
INLET PrResSURE, N/cm 10,13 24,13
SpeciFic Work, J/6 76,84 0.5 LESs
Mass FLow, Ke/s 3.708 47 MORE
Rotor Exit MeaN

RADIUS, CM 23.5 SAME
Rotor Ex1T _ANnULUS

AREA, CM 562.5 SAME
RoTor CLEARANCE, CM 0,030 SAME
STATOR SOLIDITY 0,929 SAME
RoTor SoLIDITY 1.487 SAME
STATOR AXIAL CHORD, CM 3.81 SAME
Rotor AxiaL CHORD, cM 3.43 SAME
Stator TE THICKNESS, Ci. 0.127 SAME
RoTtorR TE THICKNESS, CM 0.127 SAME
RoTtor Ex1v SWIRL, DEG -23.7 -22.6

Note that for the test-rig geometry the calculation model reaches the
stator choke condition at a rotur exit swirl of approximately -27°.

The measured swirl, on the other hand, is -22.6°, indicating that the
flow is supersonic at the stator exit, a condition confirmed by the
original design velocity diagrams. Strictly speaking, the model cannot
be applied to this situation since it is constrained to stator exit Mach

numbers less than unity. If one extrapolates the code prediction curve,
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Figure 22: Case & Preliminary Geometry Optimization Study

however, the model predicts an efficiency level very near the 88.6

value actually measured. No solidity study was run for this case.

Case 7]8

Case 7 represents the first stage of a two-stage turbine designed
to drive the compressor and fan of a low-cost turbofan engine suitable
for light aircraft application. The aerodynamic design is rather
conservative, with Tow Mach number levels and Tow stator turning, The
turbine was tested as both a two-stage and a single-stage unit. Data

for the singie-stage test are given in Table 8.
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Figuive 23: Case 6 Efficiency vs. Rotor Exit Swirl for Fixed Stator and
Rotor Solidities (Fixed Geometry)

Figure 24 indicates excellent agreement between predicted and
actual turbine size, even though Case 7 is, like Case 4, the first
stage of a multi-stage turbine. For fixed geometry input, Figure 25
indicates a predicted efficiency of 91.1, compared to a test efficiensy
of 93.0. The original design value for this turbine was 87.0. Figure 26
indicates that, within the exit swirl range studied, the predicted

efficiency curve is virtually flat.
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TABLE 8: CAsSe 7 PERFORMANCE MopeL InepuT

DesiaN
PARAMETER FauivaLent  JEST-RIG
ConpITION  CONDITION

RaTATIVE SPEep, RPM 15336 100% oF DESIGN
INLET TEMPERATURE, °§ 288.2 300
INLET PResSSURE, W/cM 10,13 13,79
SpeciFic Work, J/6 45,83 6.5% MORE
Mass FLow, xa/s 1.989 0.3% MORE
Rotor ExIT MEAN

Rapius, cm 10.16 SAME
Rotor ExIT_ANNuLUS

AREA, CMZ 233.,5 SAME
RoTor CLEARANCE, CM G.030 SAME
StaTor SoLIDITY 1.049 SAME
RoTor SoLIDITY 1.469 SAME
StaTorR Ax1AL CHORD, CM 1,91 SAME
Rotor AxIAL CHORD, cM 2,23 SAME
Stator TE THICKNESS. CM 0.050 SAME
Rotor TE THICKNESS, CM 0.050 SAME

-26,1 -26.5

RoTorR EXIT SWIRL, DEG
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Figure 24: Case 7 Preliminary Geometry Optimization Study

PREDICTED
jopﬂmm SIZE

. TOTAL -
TOTAL EFFICIENCY

Z-) 94r g2 TEST Rie

Z g9 I ASTREMENT

L ] i _

' O o0}k // | zco?
L aa ; PREDICTION
Adm | +2_

L
6 86 | ORIGINAL

-] |  DESIGN VALVE
"f_(_ 84l =

O anl

82 |
= |
3 1‘ 1 1 [ | N |

10 12 14 16 18 20 22 2.4
ROTOR SOLIDITY, O

Figure 25: Case 7 Efficiency vs. Rotor Sohdn:y, Comparison of Code Pre-
diction, Original Design Value, and Test-Rig Measur-ement
(Fixed Geometry)
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Summary of Results

Results for each of the seven cases ;onsidered in this study are
summarized in Figure 27 and Table 9. |

Despite obvious limitations of the model such as the pitchline
nature of the analysis, simplicity of the boundary layer assumptions,
etc., the results for the seven cases detailed above indicate that the
model is capable of providing preliminary aerodynamic performance data
with an acceptab]e degree of confidence. Experience with the model
has shown that it is important to set up the correct stator inlet flow
conditions (Mach number and pre-swirl) in order to achieve optimum

results.
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Figure 27: Predicted vs. Measured Efficiency; All Cases

Finally, a description of the model and code verification
results have been presented at the 18th and 19th AIAA/SAE/ASME Joint
Propulsion Conferences held in Cleveland, Ohio (1982) and Seatt]e,
Washington (1983), respective]ylg'zo.

Appendices A-E contain supporting equations and analyses for the
model. Appendix F describes the required model input; Appendix G con-

tains a sample output; and Appendix H is a listing of the FORTRAN

progranm.
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TABLE 9: SuUMMARY OF PReDICTED vs. MEaSURED ToTAL-
TotaL EFFiciency; ALl Test CASES

PREDICTEDA MEASURED
- Case EFFICIENCY EFFICIENCY
1 91.4 91.0
2 86.6 37-888
3 84,1 83.2
4 85.0 86.0
5 83.5 ‘ . 82,5
b 39,3¢ | 88.6
. 7

91.2 93.0

AAT MEASURED ROTOR SOLIDITY AND EXIT SWIRL.

BDEPENDING ON TWISTED VS, UNTWISTED ROTOR
CONFIGURATION, |

CEXTRAPOLATED FROM FIGURE 23 DATA,
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AFPENDIX A
STANITZ METHOD SUPPORTING EQUATIONS

The Stanitz method explicitly requires the following thermo-

dynamic flow properties:

Tﬁ TQ T& P ﬁ
L A Ty I s X8 BN
Th Ti Ti Pi * Pi
Energy Equation:.
2 2

Moment of Momentum:

=1

Wshaft gJ [(Uvu)M - (Uvu)il

Upon substitution of Eq. {2) into Eq. (1), we have

(Uvu)j;-,(UVU)M
chpTi

T
—M-= 1 -

]
T

which can be written, after some manipulation, as

Eg.

T, ) v ST}

M_ fv-l]fU] [ u] [u} M
z=-=1=-2 ' ; = - R¥ i =T
Ti tY + l?cr j 3ep j M acr y Ti

(4) can be combined with Eq. (5) of the main text to yield
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(2)

(3)

.

4)
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%
| y - 1) (U
E T Y [T M
ANAEL AP
| Moo th*R*T,-.-dM (5)
] s COoS o, i
p'al., i 0
19

Egs. (1), (2), and the law of cosines relationship between absolute

velocity, V, and relative velocity, W, can be combined to yield

- 2 (T}
Sy Y=L rue o e
O, ”
i 5
1

From the definitions of absolute and relative total temperature we can

write
S f- o] >
T = T = g2 ] - 2{— (7
M M Zchp U M
with

["_u] /.T.&i
a' T
Vu ) cr y o1
T, - 71 (8)
M P Rz‘{
cr) s

Egs. (7) and (8) may be combined to give
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2[)&L I@
1 2 1 a' T.
1-=‘|..L]_.":|._ .T_'iR*Z u 1..'| (9)
Tr y+lia' Tt M U
M cr M ——! R%
i M
cry .
i
Now if no flow losses existed,
7T
i f_u] - |l (10)
? Pg!isen Tg
X
)" (1)
Pu = Pl.l = }]
Misen 1 Ti

Since blade losses do exist, the actual relative total pressure, Pﬁ .

will differ from Pﬁ

isen

act

for all values of M. It will be assumed that

the difference between isentropic and actual total pressure conditions

varies linearly with axial distance along the mean camberline. Thus

or

pn - p"
Mact Misen = M
Pa - Pa

act isen

Pll PII P||
T i
Pi Pi lPi
: act . Jisen

(12)

.Pll
act ! isen
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Substituting Eq. (10) into Eq. (13}, we have

X X
Pil Tll 'Y_'I Pll TII Y‘]
R T
B act . 1 act !

J

Equation {14) is usable in both rotating and non-rotating refarence
frames. For staters, Eq. {14) reduces to the familiar assumption of

linear total pressure loss, i.e.,
] Pl
Mo [ﬁi-l] M (15)

The quantity (Pg/PQ) is determined from the Stewart mixing hypothesis

{Appendix B).

act

Finally, since

u n
PP P B
i 1l []
P1 PM Pi P1
we have
Y
e T (16)
] [1]
where
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T 2
M y-1[ W
= ® ] - e
TM Y+l [acr] M

must be evaluated for both the suction surface and the pressure surface

of each blade.
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APPENDIX B
PROFILE LOSS

Profile loss is defined here as a combination of frictional
effects arising from the flow of a viscous fluid over a s01id surface
and the subsequent downstream mixing of the suction;surface and the
pressure-surface boundary layers. Pressure drag, which results from
the flow of fluid past a finite-thickness trailing edge, is implicitly

contained in the Stewart analyses (Appendix C).

Laminar Regime

Laminar boundary lcyer properties are calculated as fo]lows:6

1. The freestream velocity function V(x) and its de-~ivative dvV/dx are
known,
2. The momentum thickness, 6(x) is calculated by
- 1/2
-3 Xt/
8lx) . ¥ 7, |1, / lod(i) (1)
[} V2 2 °f ] L
£
0
where V, = free stream velocity at the cascade exit, i.e., at x = ¢
= -1/2, -
Cf 1.328 (Re£1 ; Re, = Reynolds No.
Xy = location where boundary layer transition occurs
3. The parameter Z, given by

2
= 8-
L= v

where v = dynamic viscosity, is defined.
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4. The parameter K, given by
dv
K=ZK (3)
is defined.
5. The shape factor A, given by
- (37 1 1,22
K=(3575-95 4 - go72 )" 2 (4)
is obtained by iteration.
6. The displacement thickness, §*, is then calculated from
3 1
&* _ 10 -~ 120 2 (5)
A I WY
15 945 9072
Transition

Reference 6 indicates that the point of instability for boundary

layers in a preésure gradient (that is, the point at which disturbances

begin to amplify) can be determined through consideration of a “critical®

Reynolds number, Recr’ based on boundary layer displacement thickness.

Further, this critical Reynolds number is a function of the shape factor

‘A-

For the present model, two assumptions are made:
(1) Re (7} is obtained from a curve fit of data given in [6].
(2) The point of instability is assumed to coincide with the

point of transition.
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Turbulent Regime

Boundary layer momentum thickness is computed from an equation

appearing in References (3) and (4):

a(x) =
( 1+HJ]1.268 0.268 10.7886
PRVATRA R AT (2)0- 467 4y
ol LR T pv
0.231 f - | }
o V() (+H) | 150-678(en*1)
o' a' ila’_|
cr/ \Ver L (6)
where 6 = boundary layer momentum thickness at the blade trailing edge
W = viscosity
n = exponent in the boundary layer power-laﬁ velocity profile,
taken as 1/7
X = distance along blade surface

The quantity "A" is definad as

A =Xzl .JL}Z (7)
T (3t

and "H" is the boundary layer form factor, defined as

§ 2m+1)A™

L {__)Zmﬂ n*l

s _— 8)
A™ (

mzo [(2m+))n+11[2(m+1)n+1]

H

from Reference (7). A1l other parameters used in Equation (6} are

defined elsewhere.
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Since the form factor is also defined as
= 8%

where §* is boundary layer displacement thickness, Equations (6), (7),
{8) and (9) adequately describe all the pertinent turbuient boundary
layer parameters required to calculate profile lossf Profile loss
itself is calculated from the Stewart Mixing Hypothesis of Reference

(4), which is detailed in Appendix C.
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APPENDIX C
STEWART MIXING HYPOTHESTS(%)

Following Stewart, we define stations at the cascade inlet,

" cascade exit, and (somewhere) downstream of the cascade exit, as shown

|

in Figure C-1.

| —0
EJ
¢
AN
A2
Ze
Figure ¢-1
Continuity:
1
cos o [(oV);d() = (1), cos o (M
0
Axial Momentum:
]
gPy + ce;2 a]J (pvz)]d(gd = gP2 + cos? az(pvz)2 ' (2)
0 o
Tangential Momentum:
oy
1
sin a; cos u]J (sz)id(gd = sin ay cos az(pvz)z : (3)

0

3



Define
1

1 -6%-§ = I [__E!__i d(¥)
1

te pfsvfs s
0
] . v )
) P u
oo B [ ],
v PV S
0 s}, fs fsJ]

where the subscript "fs" refers to freestream conditions (assumed

isentropic).

We shall define a set of reference (total) conditions at station 1

(1) and (4-a) can then be

and assume adiabatic flow throughout. Egs.

written as
{ pV ] pV } Pé
(1 - 6% - & ){ X = { . :
te’|p'a’ F) P
o Crst,l chZ fs,1

where the subscript "x" refers to the axial direction.

Eq. {4-b). can be combined with (4-a) to become

2
o[

v | P {p"i Y41 [Pz [Pé
[.ZT-]WH:— +“-6*-6te-9*)t‘ s12 -. Lgv]kﬁgjlﬁ}—i—
- TS,' ﬁlal =7 r ¥ '_S,
J cr fs,1
pVi Pé
+ _2 ‘étl
p.aér fs,1
P
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{(4-a)

(4-b)

(5)

(6)

(7)
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while Eq. (3) can be written as

v v ) ) P,
(1 - 6* - Gte = e*) "el- 'é'lx_ 'é'iu_' = "ET' a|x a|U] BTZ ] (8)
P fer fer)g cr chz fs,1)

where the subscript "u" refers to the tangential direction. We shall

define
2
_Y=1( v
Afs,1 Y+I[§';] ()
fs,l
and set
P o T
1 ..M ] _(9] (
RS- = | 1-Ag ) (10)
Prs,1 Pes,1 Tsl P Ugs,) fs.1
P2
Now solve Eq. (5) for T
fs,1
f \ 3
Dlx "
P, p'aér
? \ ‘fs,]
Fo— = (1-6% = 8 ) +—rT2 (1)
Pfs,1 te p‘.’x |
lai
? %er),

Substitute Eqs. (11) and (10) into Eq. (7) and solve for {‘rax}
cr
2

2 ‘ 2 2
v v ) - v '
cr)y cry cr), crj,
where




2
v
+] . X
(= A 0) (B + 0 - 6% - 5 - o) {E;]
; fs,1
C= y
X
(1 - 6* - Gte)[gg;“
/fs,]
. Vu
Substitute Eq. (11) into Eq. (8) and solve for U
crfy
vu
y (1 - 6% - 84 - 6%) T
ul| . _ fs,1 - p
1 ‘ - x o
ach2 L 8 Gté)

Eq. (12) can then be written as

Wl oL _// ) 4 L2
a’.1 y+1 v+ Y+
crfy
Then
1
2 =T
fgi 1 - ¥=1 j&i + 02 v
2 Y+ der 9
and
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(13)

(14)

(15)

(16)

(17)

(18)
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For stators, P%s’] = Pb so that
4
p. pacy
2 fs,]
sS= (1 -6%-6.) e (19)
P0 te pVx
) plal
cri,

For rotors, we will assume no radius change between the cascade exit
(station 1) and the mixed plane (station 2}; there may, however, be a
change in radius between the cascade inlet (station 0) and the cascade

exit. We have

P
i = (1 -6 -4 ) :
P, 1 t PWy
crl,
Now
[ 1] i 1l
B S
Pes,1 P Prs
_Pll
where f;rll— is an isentropic change given by
fs,1
. Y
1 3] Y=1
ﬁ [T ¥-T
] i 1]
Pes,1 |TFs,

Thus, we have
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Y oM, |
frae by | e { pan
AR P er),
. = - * . L.
7 |7 (1 - 6% - 68.,) o (20)
—taf
P aCl"

‘mix

where the subscript "mix" refers to station 2 conditions. Note that
the LHS of Eq. (20) appears in the efficiency equation, Eq. (11) of
Appendix E. Pressure loss terms are thus functions of &*, and 8*; no

isentropic terms appear.
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APPENDIX D
BLOCKAGE CALCULATIONS

The effect of leading edge and trailing edge biockage is deter-
mined from the contirnuity equation and the assumption that moving from
blocked to unblocked flow (and vice versa) leaves the tangential momentum

(velocity) unchanged. Thus, one can easily show that, for the trailing

edge,
e
= ' ] ) :
cOs BTE = — ) 2 _lT (])
=i v]° |7
- tan Bre
_ = MIX
1-— 1
v\ o sin g MIX
_ : MIX TE
and for the leading edge
fe
cos B = ——— S _ (2)

1
2 ——
el Y v-1 4
] (T'”] (aér] tan B
: MIX

. — —
2 sin” B8 ——
y=1}1 V¥ "MIX|y-T1 .
1- ( M } tan Byry

[

y+1j1al . 2
cr MIX 5in BLE

where BTE’ BLE’ Burx = trai]ing.edge blade angle, leading edge blade

P VAN SOy e Y o

te downstream and upstreain

.
..

anglie, and appropii

flow angles, respectively
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tTE' tLE = trailing edge and leading edge blade thickness,
respectively
s = blade spacing
The critical velocity ratio, z— , is always defined relative to the
cr

blade, whether for stators or for rotors.
It should be noted that the present model uses Equations (1)
and (2) to modify (assumed) blade Toadings to account for finite leading

and trailing edge blade thickness.
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APPENDIX E
STAGE EFFICIENCY

CONS7 AN T

5‘
]
s
| Figure E-1
I
| | .
E By definition, the adiabatic efficiency of the turbine (stage)
expansion process shown schematically in Figure E-1 is
q
R B ' | (1)
j‘ which can be written as
E:
1 Ne_t = T ] (2)
; Bt TS P
T3 - T3 T3n
Denoting entropy changes by As, we have
Je‘stotaﬂ - Asstator * 8Spotor - (3)



where
T
T P Tl
= - . X
AS = cpil.n :rf R &n Px Cpﬂ,rl —’:-1-,—1':_
;_,): Y
X
Now
T3a
4as = ASq = ¢ AN =
total 1 +3i+3;‘ p T3I
Ral
Pé Y
Sstator = 4510a20 = SpAnlpr
X
[}]
Asr‘otor = ASZ"+3"+-3" = cpin :_':?& !
™A P {f31l
From Eq. (7) we can write
Pll Pll pll PII " Y—IT
T | B "R
ar P2 P3f, P2 T3
so that
. ha -I:_l. .
Paalimsl ¥ Y
ASrotor cpzn ‘f;g— T'zar Cpﬁn

Thus, combining Eqs. (3), (5}, (6), and (9) we have
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(4)

(5)

(6)

(8)
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or

Y-1
[] 1 "’ Y Bl
1?-3— . [P—z] [E%A-] [T—z] (10)
T3a P1) Py T3

Substituting Eq. (10} into Eq. (2) yields the stage efficiency:

LS % i ' Y-1 ()



72

APPENDIX F
MODEL INPUT

The calculation model is set up to use the English system of

units (ft, sec, lbm). Required program input is as follows:

1.

(o] ~¢ (23] v -] w ™~
- - - - - 3 -

10.
11,
12.
13.

14.
15.

GAMMA ;

RGAS :
SPEED:
o1p:
T1P:
RWORK ;
WFLOW:

ratio of gas specific heats, assumed constant throughout
the calculation

gas constant, ft-lbs/]bm/°R

rotor rotational speed, RPM

turbine inlet total pressure, psia

turbine inlet total temperature, °R

turbine work output required, BTU/lbm

mass flow rate, 1bm/sec

RM1, RM2, RM3: pitch Tine radius at stator inlet, rotor inlet,

and rotor exit, respectively (inches). If DSTRES = 0,

input RM as zero aiso.

AREA1, AREA2, AREA3: annular flowpath area at stator inlet, rotor

CLEAR:
TETS:
TETR:
ALPZ:

ZWFS:
ZWFR:

inlet, and rotor exit, respectively (sq. inches). If
DSTRES = 0, input AREA as zero also.

rotor tip clearance, inches

stator trailing edge thickness, inches

rotor trailing edge thickness, inches

stator exit flow angle, degrees. IF ALPZ = 0, angle will
be calculated assuming zero rotor exit swirl. See note on
ALP3.

stator Zweifel coefficient. Assumed 0.8 if none is input.

rotor Zweifel coefficient. Assumed 0.8 if none is input.



16.
17.

18.

19.

20.
21.

22.

23.
24,
25.

ALP1:

S T R R T T e T e T = A PR
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stator inlet flow angle, degrees

CHORDS, CHORDR: stator and rotor axial chord, resractively (inches).

If input as zero, chords will be calculated by aerodynamic

optimization.

TELS, TELR: stator and rotor leading edge thickness, respectively

(inches)

DSTRES: maximum allowable disk stfess, psi. If DSTRES # 0, program

VEXIT:

ALP3:

IPLOT:

RHODI :
RHOBL :
RHOAT :

will calculate a range of possible turbine sizes and
performances. If DSTRES = 0, program will perform an
aerodynamic optimization for a single case only; RM and

AREA must be input in this case.

rotor exit axial critical velocity ratio, Vx/aér

rotor exit swirl angle, degrees. ALP3 and ALP2 Fannot

both be input; if both are, only ALP3 is used. If neither
ALP3 or ALP2Z is input, program will calculate ALP2 assuming
ALP3 = 0.

key for blade plot generation. Set IPLOT = 0 for no plot.
Note: wuser will have to tailor program for local plot
subroutines.

disk material density, 1b /ft>

blade material density, Tbm/ft3

blade-disk attachment region material density, 1bm/ft3
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TURBIN.FOR APPENDIX H

PROGRAM TO COMPUTE ADIABATIC EFFICIENCY FGR
SINGLE STAGE AXIAL GAS TURBINES

WORK PERFORMED UNDER MNASA GRANT NO. NSG E297
NASA LEWIS RESEARCH CENTER
CLEVELAND., GHIO

DIMENSION VRELS(T1),.URELP(S1),AM(S1) ,RMETR(T1) ANSTR(S1),TMTIP(E

DIMENSION PMPIP(Z1).GRAN(S1).S1G(2),CORD(2) »TMT2(51) ,VLUCRM(S1)

85

DIMENSION WUCRM(S1),WCRM(S1)BETAM(31) , EPSM(TL),TPTPM(EL),THIK(E1)

DIMENSION THIKR(31),THIKL(S1)THETA(S1)  RTHET(Z1) ,R(T1),DIFFLI(Z)
DIMENSION HMS(51) HMP(81),WS(51) WP (S1),DTE(2),PLOSS(2).DIFF2(2)}
DIMENSION YPRG(2).YSF(2),¥YTOT(2),CHRD(200),YTOTL(200} ,REYND(200)
DIMENSION FSL(S1),.FPL(Z1),BNUS(51),.BNUP(S1) ,.DUDXS(S1},DUDXP(31)
DIMENSION FS(31),FP(51),G8(81):GP(T1),SEFFY(11),ROS(J1),ROP(Z1)
DIMENSION CXLEN(Z1) ,RADEX(Z21),EADIAB(21),FADIAB(200),DPSI(21)
DIMENSION RADEXX(21),TITLE(20),VDP(200)

READ (45, %, END=999)GAMMA RGAS , SPEED /PLP, T1P , VWCRK » WFLOW
READ(43,#)RM1.RM2,RM3,AREAL , ARERZ yAREAS » CLEAR
READ(45,#)TETS»TETRALP2, ZWFS, ZWFRALPL , CHORDS
READ(45,#)CHORDR, TELS TELR,DSTRES VEXIT ,ALP3,IPLUT
READ(45,#)RHODI ,RHOBL » RHOAT

WRITE(6:2101)

WRITE(6,2102)

WRITE(6,2103)GAMMA »RGAS s SPEED s WFLOW/P1P,T1LP -RWORK

WRITE{6,2104)
WRITE(6,2105)RM1,.RM2,RM3,AREAL fAREAZ rAREAZ , TETS ,TETRCLEAR
WRITE(6,2201)

WRITE(6:2202) ALP1,ALPZ,ZIWFS,ZWFR,CHORDS ,CHORDR

WRITE(6,2204) TELS,TELR,DSTRES,VEKXKIT,IPLOT,ALPSE
WRITE(L,2245)YRHODI » RHGBL » RHOAT

WRITE(&,2203)

IF{(DSTRES.EQ.V.0) WRITE(4,2242)

IF(DSTRES.EG.0.0) WRITE(&6,2243)

GAMML = (GAMMA=1.)/ (GAMMA+1 .}

GAMMZ = (GAMMA=-1 . ) /GAMMA

GAMM3=1./ (GAMMA-1.)

SETALI=ALP3#Z.14159/180.

IF(DSTRES.NE.0.9) RM1=0.0

IF(DSTRES.NE.0.0) RM2=0.0

IF(DSTRES.ME.0,0) RM3=0.,0

IF(DSTRES.NE.0.0) AREA1=0.0

IF(DSTRES.NE.O0.0Q) AREAZ=0.0

IF{DSTRES.NE.0.0) AREAJI=0.0

IF(DSTRES.NE.O.0) ALP1=ALP1%#3.14159/180.

ALP3=ALPZ#3.14139/130.

KPASSaQ

RBEST=20.0

DO 19 1=1,200

CHRD(I)=20Q.

YTOTL(I)=0.

REYNO(I)=0.

CONTINJE

IPRINT =0

NPASE=1

IF(DSTRES.EG.0.0) GO TG 173

CALL FDISK(GAMMA,VEXIT.GAMMI1 , GAMMZ , GAMM3 ; NPASS ,KPASS s RGAS » SPEED »
1P1P,T1P,RWORK r WFLOWsALP1 RM1,RM2,RM3,H1 yHZ /HE,T2P,U2,UACR2,U3,
201,VU1,ETA,P2P,TEP,PIP, PRTURB-ALP2,VZ, VU2, VWRK2 » VWRKS , UACR3 , VU3I,
3TPTP2,7TZPP,PDPP2,TI2PP: TEPP, WU2,WUPPZ,BETAZrWPPZ,WU3WUPP3, V3,

4ALP3 X3 WXPPG, WPPE,BETAS, P32PP,PLGS1, PLESZ,RHERTE/RTSACR1 +ADPS,

SEH1A,H2A+»H3A » UXZ, WFACTM, WFACTH, UT3,STGACC ,RBEST , TEPPH» ACRS)
-G8 TO 11
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BLR23ALPZ
RMi=RM1/12.
RM2=RMZ2/12. 8¢
RM3=RM3/12.

H1=(AREA1/144,)/(2.#3.14139%RM1)
HZ2=(AREA2/144.)/(2.%5.14139%RM2)
HI=(AREASZ/144.)/(2.#3.14189%RMG)

Hl1A=H1

HZA®H2

H2A2H3

TZP=T1P

TSTDa518.7 /

ASTD=ACRIT(GAMMA,RGAS,TSTD)

RHETD#2116.22/(RGAS#TETD)

CP=(1./GARMM2)#RGAS/778.26

UZ2=23.14189%SPEED#RM2/30.

ACR1=ACRIT(GAMMA.RGAS,T1P)

UACRZ2=U2/ACR1

U3=U2*RMI/RM2

UT3=U3# (RM3+H3/2.) /RMG

ALP1a2ALP1%3,.14159/180.

BLP1=ABS(ALPL)

UIsYELIT(WFLOW TIP,GAMML , GAMMIBLP1,AREAL rPI1PRHSTD,ASTD)
JULI=YLI*SINC(ALPL)

SWPM2{UZ#%2) / (285034. 42 +RWORK)

WORKC=1./SwPM

ETA=(0.922SNPM) /{C 0.0227)

PZP=0.93%P1LP

T3PaT1P-RWORK/CP
PIPuPIP®((1.=(1.,~TIP/TIP)/ETA)#%(1,/GAMM2))
PRTURB=PIP/P3P

KALP=O

IF(BLP2.EG.O0.0) GO TQ 210

ALP2aBLP2

ENGCHK 2WFLOW#SAGRT(TIP/TSTD)/( ((1.~GAMM1 )} %¥#GAMMI) *AREARZ/ 144 . #P2P/
114,4696%RHSTD*ASTD)

ANGCHK=ACOS (BNGEHK )

ANGCHK =ANGCHK#180./3.14189

IF(IPRINT.EG.1) WRITE(6,2210) ANGCHK
IF(ALPZ.GT .ANGCHK ,AND . IPRINT.EG.1) WRITE(&6,.2200) ANGCHK
ALPZ=ALP2#3.14159/180.

ANGCHK =ANGCHK#5.1415%9/.180.

IF(ALP2.GT .ANGCHK} ALPZ2=ANGCHK

V2=VEL IT(WFLOW,T1P, GAMM] »GAMMI 1 ALPZ - AREAZ , P2P,RHSTD ASTD)
U2=Y2XSIN(ALPZ)

VWRK2=VUZ*ACR1

UWRK3aRMZ /RM3I*VURKZ2=52.174#778. 26 #CP*T1P/LIZH (1, ~T3P/T1P)
IF(VWRKS.NE.0.0) KALF=1

GO TO 220 _

IF(SETALGS.EG.0.0) GO TO Z11

ALZ=ABS (SETALS)

YSaVEL IT(WFLOW, T3P, GAMM1 ,GAMM3 , ALI - AREAZ, P3P, RHSTD ASTD)
VUSaYSHSIN(SETALI)

UX3=YI#COS(SETALZ)

ALP3sSETALI

ACR3=ACRIT(GAMMA, RGAS,T3P)

UWRK3=VUSH+ACRE
VWRKZ2=32.174%778.26#CP#T1P/UZ# (1. -T3P/T1P)+RMI/RM2ZXVWRKS
YUZ=UWRKZ2/ACR1

IF(VU2.6GT.1.0) GO 7O 212

ALP2=ANGIT(WFLOW:T1P,GAMM1 ,GAMM3 , VU2, AREAZ, P2P,RHSTDASTD,0)
CHEK=UU2/SIN(ALPZ)

IF(CHEK.LT.1.0) GO TO 212

WRITE(H,2239)

Ga TO 4000

U2 zCHWEK



UNZ2sU2%COS(ALP2)
UACR3=UZ/ACRS
GO TO 214 87
211 YiWRK3=0.0
13 UWRKZ232, 1744778, 26%CP*T1P/UZH (1. =T3P/ TLP) +RME/RMZAYWRK 3
YU2aVUWRK2/ACR1
IF(YUZ.GE.1.0) GO TGO 15
ALPZ*ANGIT(MFLOW, T1P,GAMMY » GAMIA3, VU2, AREAZ  »PZP,RHSTDASTD,0)
CHEK sVUZ/SINCALP2)
IF(CHEK.LT.1.0) GO TO 12
15 UWRK 3aUWRK3=10.
KA P=]
GO TO 13
12 VZ=CHEK
220 ACR3=ACRIT(GAMMAA,RGAS:T5P)
UX2=U2%C0S (ALP2)
UACRG=U3/ACR3
VUISVLRK3/ACRS
214  TPTPZ=1.-GAMMI#(UACRZ2%#2.)#(2 . %VLi2/UACRZ~1.)
T2PP=TPTPZ4T2P
PDPP2aTPTP24%(1./GAMM2)
T32ZPPal.—-GAMM1# (UACR2%%2 . )% (1. /TPTP2)#(i.—( (RMZ/RM2)2%2.))
T3PPaTIZPP#T2PP
ADPZ=ACRIT{GAMMA,RGAS » TZPP)
ADP3sADP24SGRT ( T32PP)
WUZ TUWRK 2-4i2
WUPPZ=WUZ/ADP2
BETAZ=ASIN( (VUZ-UACRZ) / (SGRT (U2#%2+LACRZ##2~2 , #YLUZ#URCR2)))
WPP23WUPP2/SIN(BETAZ)
WUS SUWRK 3—113
WUPP3=WUZ/ADP3
IF(SETALZ.NE.O.0) GO TO 216
IF(XALP.EG.1) GO TO 14 o
U3=VELIT(WFLGW» T3P, GAMML , GAMM3, 0.0, ARERS ,PER,RHSTDASTD)
ALP3=0.0
GO TO 17
14 YUM=UUS3
YUM=ABS (VUM)
ALPIIANGIT(WFLOW, T3P, GAMMI » GAMMS » VUM, AREAS  +PIP,RHS M :-ASTD,1)
IF(VU3.LT.0.0) ALP3=-ALP3
U33YU3/SINCALPS)
17 UX32U3#COS (ALP3)
216  WXPPI=UX3#ACRZ/ADPS
WPPI=SGRT (WXPPI##2+WUPP3E#%2)
WFACTM=25036 . 62%RWORK / (US#%2)
WFACTH=WFACTME ( (RM3/ (RM3=HG/2.) ) #%2)
BETAZ=ASIN (WUPP3/WPP3)
IF(NPASS.NE.1) GO TO 11
P32PPaT32PPx%(1, /GAMMZ)
PLOS1=0.98
PLOS2=P32ZPP
11 CONT INUE
IF(IPRINT.EG.1) WRITE(6,2100}
IF(RBEST.GT.0.0.AND. IPRINT.E@.1) WRITE(6,2233)
IF(iPRINT.EG.1) WRITE(&,2106)
IFCIPRINT.EG.1)WRITE(6,2107)V1,UX3,VU1,VU5,VZ, U3, VX2, «PP2
IF (IPRINT.EG.1)WRITE(6,2108)UUZ,WPP3, PZP,UACRZ, PLOS1 ,UACR3, PLOS2,
1P3P-T3P,UTS
IF (DSTRES.EG.0.0.AND.IPRINT.EG.1)WRITE(4,2097)
IF(DSTRES.EQ.C,0.AND. IPRINT.EG.1)WRITE(6,2240) WFACTM, WFACTH, PRTURB
IF(DSTRES.EG.0.0) GO TO 215
iIF (RBEST.E@.0.0)RADEX (KPASS+1) =RM3
RH3I=RHI#12.
RH2=RH3
RH1=RHE
. RT3=RT3I*12. . . .

B3
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ANGZ2=BETASI

- ANGGAM=ABS (BETAZ+BETAG) /4.

40

251
252

250

€00
119

117

L 1e

ZWEIFL=0.30
IF(ZWFR.NE.O.0) ZNEIFL=ZWFR
HEIGHT = (H2A+H3A) #6.
CHORDB=CHORDR
RISTR=RMZ/RM2
H3STRaH3/H2
YUCRI =VU2
VUCRG=VU3
AIN=ALPZ
VCRI=U2
RIN=RMZ2%12.
TIPDP=1./TPTP2
POPI=PLOS2
TOTIA=T3P/TIP
TOTIR=T32PP
PIFDP=1./PDPF2
TPTPM(1)=TPTP2
WCRM(1) =PP2
TIVISaT2PP
RHO2=144 . %PDPP24PLOS1#P1P/ (RGAS*T2PP)

CALL VISCO(T3IPP,VISRE)

RHORP=RHOZ*P32PP

RHORE =RHGY (GAMMA , WPP3} /WFP3#RHORP

YELRE=WPP3#ADPI

VELBL=WPP3

UELBL=WUPP3

TLESTELR

YELBLO=WPP2Z

BETALE=BETAZ

TTE=TETR

BETATE=BETAS

CONTINUE

IF(DSTRES.E@.0.0)GG TO 251

IF (CHORDB.E@.0.0.AND.RBEST.GT.0.0) GG TG 250
IF{CHORDB.NE,0.0.AND.RBEST.GT.0.0) GO TO 252
SOLEST=2,#C0OS(ANGZ2) #SIN(ABS (ANGZ1-ANGZ2) ) / ( ZWEIFL#COS (ANGZ1))
CHORD=0. 2650 7#HEIGHT#SCLEST/COS ( ANGGAM)

ITRIGa1

ICHORD=1

GO TG S00

IF (CHORDB.EG.0.0) GO TG Z50

CHORD=CHORDB

ITRIG=1

ICHGRD=1

GO TO 500

ICHORD=1

ITRIG=0

CHORD=HEIGHT/4.

CHMAX=HEIGHT#3.0

KZWFL 30

SOLID=2 . %COS (ANGZ2) #SIN(ABS (ANGZ1-ANGZ2) ) / ( ZWE IFL#COS (ANGZ1) )
SPAC=CHORD/SOLID

CALL BLOCK (GAMMA,TTE ,SPAC,BETATE »UELBL ,BETTE /VTE)
BETLE=BETALE

YLE=YELBLO

EXTRM=0.3

CALL DRANGE (GAMMA,VULE,YTE, EXTRM,DSTART , DEHNGE )
DPBLD=DSTART
ABLD=DCHNGE
DELBD=DCHNGE
K=1

KK=0

CONTINUE
IF(IBLD.EG.2) G@ TG 21%
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Q0o

RT2=RTS*12.

RT1=RT2

AREARYZ, 141594 (RTINR2-RHIANXZ) a8
AREASa3.141SP#(RT24#Z~-RHZ2##2)
IF(IPRINT.EG.})WMRITE(6,2109)RHSRTZRH2/RT2,RHY»RT1,AREAR s AREAS,
1ETGACC

IF(IPRINT.EG.1)WRITE(6,2146)WFACTM, WFACTH PRTURE
ALPIsALP1#1820./3.14159

ALP2=ALP2#130./2.1415%

BETAZ=BETAZ#1B0./3.14189

BETA3=BETAI#180./3.14158%

ALP3=ALPE*#180./3.113159

IF(IPRINT.EG.1} WRITE(&,2098)

IF(IPRINT.EG.1) WRITE(6,2141) APl ALP2.BETAZ2/BETAZALPS
ALP1=ALP1%3.14159/180.

ALPZ2=ALP2#3.14139/180.

BETAZ=BETAZ2%3.14139/180,

BETA3=BETAG#3.14159/180.

ALP3sALP3#3.14159/180.

IF(IPRINT.EG.)) WRITE(&,2100])

COMPUTATION CGF TRIAL WELOCITY DIAGRAMS IS COMPLETE

IBLD=2

IF(IBLD.EG.2) GO TO 50
IFCIPRINT.EG.1) WRITE(6,2110)
RPM=0Q.0

ANGZ1=ALP1

ANGZZ=AiP2

ANGGAM=ABS (ALP1+ALP2) /2,
ZWEIFL=0.8

IF(ZWFS.NE.O.0Q) ZWEIFL=ZWFS
HEIGHT=(H1A+HZA) *6&.
CHORDB=CHORDS

RISTR=RM2/RM1

H3STR=H2/H1

VUCRI =1

YUCROaVU2

AIN=ALPI

YCRI=V1

RIN=RMI®12.

TIPDP=1.G

POPI=PLOS:

TOTIiAs1.O

TOGTIR=1.0

PIPDP21.0

TPTPM(11)=1.0

WCRM(1}=U1

TIVIS=TIP
RHOZ2=144 . #PLP/(RGASH#T1{)
CALL VISCO(TIP,VISRE)
RHORP=RHOZ2#PZ2P/PLP
RHORE=sRHOV (GAMMA ,V2) /U2 XRHORP
VELRE=VZ*ACR1

VELBL=UZ

UELBL=VUCRG

TLE=TELS

VELBLO=V1

BETALE=ALP1

IF(ALPI.ER.0.0) BETALE=0,00001
TTE=TETS

BETATE=ALP2

GO TO &0

RPM=UALRZ

IF(IPRINT.EG.1) WRITE(&,.2111)
ANGZ1=BETAZ _ .
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CALL YNEG(VLE,VTE,EXTRM,DPBLD,VRATIO)
DO 21 I=1,5!
AI={I-1)/50. 90
21 CALL DIST(WLE,VTE,DPBLD,AI,VRELS(I),URELP (I} ,DUDXS(I}DUDXP(I),
1EXTRM, URATIO)
GO TO 116
115 CALL WNEG(VLE,VTE,EXTRM,DPBLD,VURATIO)
DO 22 J=1,51
AJs(J=1}/30.
CALL DIST(VLE,VUTE,DPBLD,AJ YRELS(J) VRELP(J) +DUDXS (), DUDXP(J)+
1EXTRM,VRATIG)
22 CONTINUE
116 DO 30 J=1,51
Adsj-1
AM(J)sAJ/S0.
AMSTR(J)={R3STR-1.0)*AM(J)+1.0
HMSTR(J)® (H3STR~1.0)#AM(J)+1.0
TMT2P(J)31.0~GAMM1*# (RPM##2) #TIPDP% (1.~ (RMSTR(Jj)#%2))
PMPIP(J)=TMT2P () #%(1./GAMM2) +(PGPI~TOTIR#*(1,/GAMMZ) ) #AmM(J)
PMP28  =PMPIP(J)#((1./TIPDP#{1,0-GAMMI* (VRELS(J)##2)))
14% (1., /GAMM2) )
PMP2P  =PMPIP(J)#((1,/TIPDP#(1,0~GAMMI*(VRELP(j)#%2)))
19%(1./GAMM2))
IF(IBLD.EG.2) GO TO 31
DELP=PMP2P-PMP25
GO TO =2
31 DELP=PMP2S~PMP2P
32 GRAN{J) 3HMSTR (J) #RMSTR (J ) #DELP
30 ISONT INUE
SUM=SIMP2{GRAN,0.0,0,02,50)
SIGM =(2.*GAMMA/ (GAMMA+1.0) ) *RHGY (GAMMA , VCR 1) #20S (AIN) # (RISTR#
1VUCRO#SGRT(TOTIA) ~VUCRI) /SUM
SIG(K)=SIGH
160 DPBLD=DPBLD+DELBD
KsK+1
IF(K.EQ.2) GO TO 117
DPBLD=DPBLD~2.#DELBD
K=1
KK=KK+1
IF(KK.GT.20) GO TO 125
DIFF1(1)=ABS(SOLID-SIG(1))
DIFF1(2)=ABS(SOLID-SIG(2))
DIFF2(1)=S0LID~-5IG¢1)
DIFF2(2)=5S0LID-SIG(2)
IF{DIFF1(1).LE.0.01) GO TO 120
IF(DIFF1(2).LE.0.01) GO TO 121
GBLD=DIFF2(1)*DIFF2(2)
IF(@BLD.LT.0.0) GO TO 122 |
IF(DIFF1(2).GT.DIFF1(1)) GO TO 123
DPELD=DPBLD+ABL.D#*1.0
GO TO 117
122  DELBD=DELBD/2Z.
ABLD=ABLD/2.
GO TO 117
122  DELBD=-DELBD
ABLD=-ABLD
GO TO 117
120 SIGMA=SIG(1)
IF(IBLD.EG.2) GO TO 126
CALL UNEG(ULE,VTE,EXTRM,DPBLD,VRATI®)
DO 127 I=1,51
AI=(1=-1)/50. |
127  CALL DIST(VLE,VTE.DPBLD,AI,VRELS(I),VRELP(I),DUDXS(I),DUDXP(I),
) 1EXTRM,URATIO)
i GO TG Z0%
126 _CALL UNEG(ULE,UTE,EXTRM»DPBLD -VRATIO) . . o o e




DO 128 I=1,51
AI=(I=1)/%0,

- 128 CALL DIST(ULE VTE,DPBLD,»AI  VRELS{I) VRELP(I) DUDXS(I) ,DUDXP(I),

1EXTRM. VRATIO)
3085 o0 S06 I=1.51
PMP2S =PMPIP(I)®((Y . /TIPDP#(1.0-GAMMLI#(YRELS(I)##2)))
1#%#(1./GAMM2))
PMPZP =PMPIP(IN#H((L./TIPDPA(1.0-GAMML*(YRELP(I)%#2)))
1##(l./GAMM2))
IF(IBLD.EG.2) GO TO =10
DELP=PMPZP-PMP2S
GO TGO 329
=10 DELP=PMP2S~-PMPZP
320 GRAN(I ) =MHMSTR(I)#RMSTR(I ) #DELP
306 CONT INUE
GO TO 1390
121 SIGMA=8SIG(2)
DPBLD=DPBLD+DELBD
GO 7O 130
128 EIGMA=SIG(2)
WRITE(&,2129)
130 CONTINUE
IF(DSTRES.NE.0.Q.AND.IBLD.EG.2)CALL ESDISK{(RHZ /RT3, CHORD,RHGDI,
1RHGOBL  RHGAT » SPEED ,SIGMA» AREAR , STRESD , STRESBE)

c ASSUME THE ROTOR SEES THE ROTOR INLET RELATIVE TOTAL TEMPERATURE
IF(DSTRES.NE.O.0.AND.IBLD.EG.2) CALL ALIFE(STRESB,T2PPH,BLIFE)
IFCIPRINT.EG. ) WRITE(A,2112)

IF(IPRINT.EG.1 } WRITE(&,2113)

IF{(IPRINT.EG@.Q)GO 70 S02
DO 2000 u=1.51,5
WRITE(&,2114) AM(J) YRELS(J) ;VRELP(J)
2000 CONTINGUE

S02 REDIS=1.—-(URELS(1)/VRELS(S1))#42
DSDIS=DPBLD ’
DO 131 I=1,51

131 UDP(I)=VURELP(I)
CALL SMALST(UVDP,S1.,MDP}
DPDIS=1.~-VDP(MDP)/UDP(1)
IF(IPRINT.E.1 ) WRITE(6:214Q) REDIS,DPDIS,NSDIS
IF(DSTRES.NE.0.O.AND.RBEST.EG.0.0) G0 TO S01
IF(ITRIG.EQ.OQ) GO TO <01
IF(KZWFL.EG.1.AND. IPRINT.EQG.1) WRITE(6,214Z)XNEIFL

S01 TMT2(1)=1.0

VUCRM{1l}=VUCRI
WUCRM(1 )= (VUCRI~-RPMI4SERT(TIPDP)
BETAM(1)=BETLE
EPSM(1)=1.0-TLE/(SPAC#C0S(BETLE))
THIK(1)=RMSTR(1)%(1.0-EPSM(1)}/SIGMA
ANGCK=TAN{(BETTE)
BNGCK=TAN(BETLE}
WXCRI=VURELS (1 )#C0OS(ANGZ1)
WHCRO=VURELLS(T1)#COS(ANGZ2)
DO 40 K=2,T1
KNT=K-~1
AKNT=(NT
IF{KNT.NE.1)G0 TO 43
SUMM=0 ., S#(GRAN(1)+GRAN(2) ) #0.02

GO TO 41
43 SUMM=SIMPZ(GRAN,0.0,0.02,KNT)
41 IF(IBLD.EQ.2) GO TO 44
TMT2(K)=1.0
GO TO 42

44 TMTZ(K)=1.0+GAMMZ4RPMASIGMAXSLMM/ (RHOV(GAMMA, VCRIY#EGS(AIN)D)
42 UUCRM(K)=(VUCRI+{GAMMA+1.0) #SIGMA#SUMM/ (2 . #GAMMA#RHOV (GAMMA VECRI)
1#COS(AIN) ) ) /{RMSESTR(K)#SEBRT{TMT2(K)))
IF(IBLD.EG.2; GO TO 45



45

46

40

52

S3
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TPTPM(K)=1.0

GO TO 46 ) 92

TPTPM(K)=1.0-GAMM1 % {RPM=#2) /TMTZ(K)I# (RMESTR(K ) ##2) 2 (2. #FUCRM{K) 4
1SGRT(TMTZ2(K) ) /(RPM#RMSTR(K))~=1,0}

WUCRM(K ) = (VUCRM(K ) ~RPM#RMSTR(K ) #SGRT(L./TMT2(K} ) }/BEGRT(TPTPM(K))

WXCRM=WXCRI+ (WXCRO~WXCRI ) #AKNT/50.

ARGCK 2 WUJCRM (K ) /WX CRM

IF(IBLD.EG.2) GO TC 91

IF(ARGCK .LE.ANGCK) GO 70 52

BETAM(K)=BETTE

KWERM(K ) =lUCRM(K )} /SIN(BETTE?

GO 7O 23

IF(WUCRM{(K) .L.T.0.0) GO TG S4

IF{ARGCK .LE.BNGCK) GU TO =2

BETAM(K)=BETLE

WCRM(K ) =WUCRM(K) /SIN(BETLE)

GO0 10 5= :

IF(ABS(ARGCK) .LT.ABS(ANGLK)) 30 TO &2

BETAM(K })=BETTE

WCRM(K) =mwUJCRM(K) /SIN(BETTE)

GO TC 53

BETAM{K)=ATAN(ARGCK)

WCRM(K ) 2SGRT {WACRM#H#Z +Wwlil Y ENZ)

EPSM{K)=RHGY (GAMMA,VCRTI ) #COS(AIN)#PIPDP#SERT(1./TIPDPY%(1./
IPMPIP(K) ) *SGRT(TMTZP(K) }/ (RHROV(GAMMA  MCRM(K ) ) #HMSTR(K ) #RMSTR(K) %
2COS(BETAM(K)Y))

THIK(K=RMSTR(K)*(1.0~-EPSM(K)}/SIGMA

CONTINUE

Sum=a.,

CXLEN(1)=1.E=~10

DO G% I=Z.51

BETAV=(BETAM(I)+8ETAM(I~-1))/2.

SUM=9UM+ARS(0.0Z2/COS(BETAV))

CXLENCI)=5UM

CONTINUE

THIKR(1}=THIK(1}/2.

THIKL(1)=—THIK(1)/2.

THETA{(1})=0,0

RTHET(1)=0.0

R(1)=RIN

AMAVE=GAMML# (VELBL¥#2)

CALL HM(AMAVE , HFAVE)

ANGMN=ATAN((TAN(ANGZ1)+TAN{ANGZZ) ) /2.)

CLSC=2 . #({TAN(ANGZ1)-TAN{ANGZ2Z) ) #COS (ANGMN)

SECO=0.013¢2

YSEC={COS(ANGZ2)/COS(ANGZ1) ) #(C. 0075+ (CLEC*#2 ) # (COGS(ANGZ2 ) ##2}/
1(COS{ANGMN) ##3)+0.03%)

PSPTTE=(1.-AMAVE ) #%{1./GAMM2)

DG 90 I=1,51

AKS=(1.-GAMMI#(VRELS(I)##2) ) 4%#0.467

AKP=(1,-GAMMIH%(YRELP(I)#%2))##0Q.467
AMS=GAMM1 4 (URELS(1)#%2)

AMPsGAMMI# (URELP(I)%#2)

CALL HM{AMS . HMS(1))

CALL HM(AMP  HMP(T1))

TUIS=TMTZ2B(I)#TIVIS

CALL VISCO(TVIS,VIS)

ASON=ACRIT{GAMMA,RGAS,TVIS)

WS(I)=URELS(I)®*ASON

WP(I)=URELP(I)+ASON

Z5=WS(I)

ZP=WP (1)

RHOS=RHOV(GAMMA,URELS(I} ) /YRELS(I)#PMPIP(I)}/TMTZP(I)#RHD

RHOP=RHOU (GAMMA  VRELP(I) }/URELP(I Y #PMPIP(I)/TMTZP( I ) #RHEZ

ROS(I)=RHGS
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CXACT=CHORD#CXLEN(I)

REQSsRHOS#ZS#CXACT/VIS/ 12,

REQPsRHGP#ZP#CXACT/VIS/12. 93

EXPOS=1./(2.64(REOSH#2(1./14.)))

EXPOP=1./(2.6%(REOPH*#(1./14.)))

IF(REOS.LT.4E00,1EXPGE=0,212

IF(REOP.LT .4300,)EXPCGP=0.,212

VEXUS=1./EXPOS

YEXOP=1./EXPQP

FE(D)a( ({{RHOV(GAMMA ,URELE(I) )4 (URELS{I)## (1. +HMS(I)) ) ) #%1,268)
1#((VIS/ (RHOS*ZS) ) ##0,.26B)#AKS) /7 (10.#4(0.,678% (2. #2XPOS+2.) 1))
Z/COS(BETAM(I))

FROI)=( ( ( {RHOV(GAMMA ,VRELP(I)I#(VRELP(I ¥ (1, +HMP(I)}))##1,268)
1#((UIS/(RHOPAZP) ) 240, 2681 4AKPI /{10, #2 (0, HT7EX (2, A#EXPOP+1.7)))
2/COS(BETAM(I))

FSL{I)=({YRELS(I)/VELBLY#»T)/COS(EBETAM(I})

FPL(I)Ys((WRELP(I)/VELBL)##3)/COS(BETAM(I))

BNUS(1)}=V15/RHOS

BNUP(I)=YIS/RHOP

DUDXS(I)=12.#DUDXS{I)#+ASON®COS(BETAM(I

DUDXP(I)=12.#DUDXP(I)#*ASON*COS(BETAM(]

CONT INUE

CHRD(ICHORD ) =CHORD

REYN=RHORE4#VELRE#SUM#CHORD/{ 12 . #JIERE)

RNOSE=TLE/24.

REZNQ=WS (1) #RNOSE/BNUS(1)

IF(RNOSE.NE.Q.Q) THESO=0.21#RNISE*12./SGRT(REZINQO)

IF{RNOSE.EG.0.0) THEE0=0.0

THEPO=THESO
CAMLT=CHORD#SLM
XLEN=0.02
CFiAM=1.Z28/SGRT(REYN)

INGS=1

INGP=1

IFLAGS=9

IFLAGP=0
DO 95 I=Z,81
J=I-1

IF{IFLAGS.EG.1) GO TO 96

INGE=INGE+1
THESJ=((VELBL/VURELS(I))##3)%0 . S*CFLAM*SGRT(SIMPZ{FSL 0.0, XLEN,J) %
1CAMLT+THESO
ZTRUKS=((THESJ/12.}##2) /BNUS(T)

FTRUKS=ZTRUKS*DUDXS (I} /CHORD
FLAMS=FIT(FTRUKS)

HLAMS=(0.3=1./120.#FLAMS) /(37./215.,-1./P45 . #FLAMS-1./9072. %
1{FLAMS#%#2))

DELSJ=HLAMS#THESJ
BLREYS=wS(I)#DELSJ/12./BNUS(I)

RECRTS=RECRIT(FLAMS)

IF{BLREYS.GE.RECRTS) IFLAGS=]

IF{IFLAGP.EG@.1) GO TO ©%

INGP=INGP+1
THEPJ= ((VELBL/VRELP(I) }#43)#0 . FaCFLAM*SGRT(SIMPZ(FPL, 0.0/ XLEN,J) ) #

)
1)

ICAMLT+THEPRPO

ZTRUKP=((THEPJ/12. ) #%2) /BNUP (I}
FTRUKP=ZTRUKP#DUDXP(I) /CHORD

FLAMP=FIT(FTRUKP?}
HLAMP=(0.3-1./120.*FLAMP)/(27./3158.-1./945.*FLAMP~1./9072. %

1(FLAMP#%2)}

DELPJ=HLAFRP#THEPJ
BLREYP=WF(I)#DELPJ/12./BNUP(I)
RECRTP=RECRIT (FLANP)
IF(BLREYP.GE.RECRTP}IFLAGP=1
CONTINUE
_YLEN=CHORD/600.
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..D0 70 mN=2,81 .

SPACE=CHORD/SIGMARCOS{EBETAMI{T1))

NSzZZ2-INGS

NP=S2-INGR 94

I8=NG~-1

IP=iNP-1

DO 97 I=1:,n8

JEINGS+I-1

GS(I¥=FS(J)

CONTINUE

DO € I=1,NP

JeITNGP+I~-1

GP{I})=FP{J)

CONT INUE

THEEZ2=({0.186/( (RHOV{GAMMA  VRELS(T1 ) I # (URELS(I1)## (1. +HMG(51)}))
1%%) , 268)#SIMP2(GS,0.0,YLEN,IS)+(ROS{INGS) (WS (INGS ) #4 (2, +HMS{ INGE)
2V)/(ROS(S1)I#(WS(S1)2%(2, +HMS(S1) 1) I (THESJ/12.) ) #%1.24E)#40,73864)
12,

THEPE={((0.15&/ ((RHOV(GAMMA VRELP(S1 )} )4 {(URELP(Z1}#% (1. +HMP(Z1})) )}
14%1 ,26B)#SIMP2(GP 0.0 YLEN,IP)+(ROP(INGP)#{ WP (INGP)## (2. +rMP ( INGP)
2))/(ROP(SL1 I (WP(S1 )4 (2. +HMP(S1)) ) IR (THERJ/L12. ) Y ##: . 268) 440, 7EE64)
3*12.

TSTAR=(THES3+THEP2) /SPACE

DELSE~HFAVE*THESD

IF(IFLAGS.EQ.Q)DELSE=DELSJ

DELPI=HFAVE®THERS

IF(IFLAGP.EQ.0)DELP2E=DELPJ

DSTAR= (DELSZ+DELPZ) /SPACE

DTE(1)=TETS/SPACE

DTE(2)=TETR/SPACE

AFSI=GAMML# (WCRM(S1 ) #u2)

BLOK1=1.-DESTAR-DTE(IBLD)-TSTAR

BLOK2=1.-DSTAR-DTECIBLD?

CETW=((1.-AFS1)#( (GAMMA+1. ) /(2. 4GAMMA) Y +RLEKI#( (WCRM(S1 )%
1COS(RETAM(Z1 ) ) ) #4#2) ) /{BLOKZ2*WCRM(S 1) #COS(BETAM(SL)))

DSTW=BLOK1#WCRM{(S1)4#SIN(BETAM(I1 ) /BLOKZ

WXMIM=0AMMAXCSTHN/ (GAMMA+1 . )~SGRT( { (GAMMA#CSTIW/ (GAMMA+1 . ) ) #%2}-1.0+
IGAMMI4#(DSTWH%#2))

REMIX= (1, —GAMMI# (WXMI X% 42+DSTN%42 ) } #%GAMMS

PLOSS{IBLD)=BLOKZ*RHGY (GAMMA ,mCRM(S1 ) )#COS(BETAM(T1}) )/ (RHMIX*
1WXMIN)

SPLOSS=PLOQSS (IBLD)

YPRO(CIBLD)=(1.~PLOSS(IBLD)}/(PLOSS(IBLDY®(1.-PSPTTE))

YSF(IBLD)=YSEC*#CHORD/HMEIGHT

YTOT(IBLD)=sYPRO(IBLD)+YSF(IBLD)

PLOSS(IBLD)=1./(1.+YTOT(IBLD)#(1.-PSPTTE))

IF{ITRIG.ER.1)GO YD 94

YTOTL(ICHORD)=YTGT(IBLD)

IF(ICHORD.LE.Z2) GO TO 400

IF(YTOTL(ICHORD).GT.YTGTL{ICHORD~1).AND.YTOTL (ICHORD-1).GT
1YTATL(ICHAORD-2)) GO TO <91

ICHGRD=ICHORD+1

CHORD=CHORD+0,.02

IF(CHORD.GT.CHMAX) 80 70D 91

IF(TTE.EG.0.0) GG TO 92

GO TO 500

MINMUM=ICHORD-2

CHORD=CHRD (MINMUM)

ITRIG=1

KNZh=1
IF{TTE.EG.0.0Q0) GO TO <2

GO TO So¢

CONTINUE ‘

TRANSSCXLEN(INGS ) #CHORD/CAMLT#100.

TRANP=CXLEN( INGP)*CHGRD/CAMLT#100,

ALPHA=RIN# (R3STR-1.)/CHORD
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Ki=0
NN=ZN-1
TO=THETA(NN? 95
RIN)sRINERMSTR(N)
BE=BETAM(NN)
IF(BE.EG.0.0) BE=0,000001
76 RHS1=R{NN) #THETA(NN) + (TAN(BE) +TO#ALPHA ) #0 ., 02#CHORD
7 TOO=RHE1I/R(N)
RHSZ2=R(NN)}2THETA(NN)+(TAN(BE)+TOO#ALPHA} #0 ., 02#CHORD
IF(ARS({ (RHS2-RHS1}/RHS1)-.00002) 71,711,772
72 KN=KN+1
IF(KN=10Q) 73:73:74
72 RHS1=RHE2

GO 70 75
74 IF(IPRINT.EG.1) WRITE(6,2118)
71 THETA(N) 3RHSZ/R(N)

RTHET(N)aR(N)#THETA(N) /CHORD
THIKR(N)=RTHET(N)+THIK{(N)/2.
THIKL(N)=RTHET(N)=-THIK(N)/2.
70 CONT INUE
PITCH=1./SIGMA
DISTAN=ABS(RTHET(Z1))
STAGR=ATAN(DISTAN)
STAGR=STAGR#180./3.1415°
CAMLTHaCHORD2SUM
INUM=2 . 22,14139+RIN#SIGMA/CHORD
NUMBER=INUM
IF(IPRINT.EG.1) WRITE(&,2115)
IF(IPRINT.EG.1) WRITE(6,2116)
TCAL=THIK(S1)%#COS(BETAMIS 1) )#*CHORD
ANACT=BETTE#1890,/2.,14159
101 TIIT=TMT2(S1)#T1pP
ANIT=BETAM(E1)#180./3,.1413%
IFIIBLD.EG.2! GO Td 102
IF(IPRINT.EG.1) WRITE(L,2117)VEIT»TIiP»VUCRM(E1 )} VUCRG,ANIT »ANACT »
1SiGMA,SOLID,.TCAL,TETS
GO TO 102
102 IF(IPRINT.EG.1) WRITE(&:2117)T2IT,TEP,VUCRM(Z1} ,VUCRG-ANIT ANACT »
18IGMA,S0LID.TCAL,-TETR )
103 CONTINUE
IF(IPRINT.EG.1) WRITE(&,2100)
IF(iIBLLD.EG.2) GO TO EO
IF(IPRINT.EG.1) WRITE(SH,2119)

GO 70 &1
80 IF{IPRINT.EG.1) WRITE(&,2120)
31 IF(IPRINT.EG.1) WRITE(6,2121)

DO 82 I=1,81,%
IF(IPRINT.EG.1WRITEC(6,2122YAMCI) »R(I},RTHET(I} » THIKR(I) » THIKL(I)
82 CONTINUE :
IFCIPRINT.EG.1) WRITE(&4,21283)
IF(IPRINT.EG.1) IKRITE(&,2124)CHORD,SIGMA,CAMLTH, STAGR » NUMBER
IF(IBLD.EQR.2)Y GO TO 110 '
IF{IPRINT.EG.1) WRITE(&,2125)
' GO TO 1112
110 IF(IPRINT.EG.1) WRIT:(&6,2126)
111 IF(IPRINT.EG.1) WRITE(6,2127)
UMIX=SERT (WXMIX##Z2+DEThi%*#2)
DSTW=ABS(DSTW) _
IF(IPRINT.EG.1) WRITE(6,2120)TSTARDSTAR ,VUMIX,SPLOSS
IF(IPRINT.EG.1} WRITE(6,2144)YPRO(IBLD) ,YSF{IBLD},YTAGT(IBLD) ,REYN
IF{IPRINT.EG.1} WRITE(6,2221) TRANS . TRANP
- IF(IPRINT.EQ.1) WRITE(&,2100)
IBLD=IBLD+1
IF{IBLD.LT.3) GO TO 20
ETATT=1./(1.0+(T3P/(T1P-TEP)#(1.0-((PLOSS(1)#PLOSS(2) )#*GAMMZ)} )}
IFCIPRINTLEBL1) WRITE(O,209%) o i e e e

L] O O L e T S D e 2 R T



600

141
142

BLIFE .

IF(IPRINT.EG@.1) WRITE(6,2132)

IF{IPRINT.EG.1) WRITE{6,2133) ETATT

UXSCaUXBHACRS 96
UXZ2CaV2#ACRI#COS (ALP2)

YUMIC=VRK3 '

UMZC=UZE

YUM2C=VRK?2

tM2C=02

R3C=]1 . +H3/(2.#RM3)

R2Ca1.+H2/ (2. #RM2)

R3CI=1./RZC

RZ2CI=1./R2C

REACTCs (VUXIC##2+ (RICI#VUMBC-RICHUMEC ) #42-UXZCa42=-(RZCI#VUM2C-RZC
1HUMZC)I 52 ) 7 (UXICH 42+ (RECTAVUMSC-RICHUMIC) ##2+2 , #UMZCHVUMZC-(R2C
ZHUMZC ) #%2)

HROTOR= (HZ+H2 ) %4,

ETATTM= ETATT#(1,-CLEAR/HROTOR#(2.755#(REACTC##2 4+, 1084REACTC+
11.72}))

DELETA=ETATTM-ETATT

IF(IPRINT.EG.1) WRITE(&,2145)YDELETA.ETATTHM
PTTEX=PIP#((1.~(1.-TEP/TIP}Y/ETATT)#2(1./GAMMZ2})
PSTEX=PTTEX#( (1 . ~GAMMLI# (V3#%2) ) ## (1., /GANM2Z))
PXTEMSPSTEX/((1.~GAMMIA (UNI%%2) )%%(1./GAMMZ )}

ETATX= (ETA#{1 . ~{PTTEX/P1P}I##GAMMZ) /(1 .~ (PXTEX/PL1P)##GAMM2 ) )+DELETA
ETATST=(ETA#(1.~(PTTEX/P1P} ##GAMM2}/ (1. =(PSTEX/PL1P)#%#GAMM2) )+
1DELETA

IF(IPRINT.EG.1} WRITE(6,2220) ETAVET(ETATX

IFIDSTRES.NE.Q.0) GO TO &00

HUBRs (RM2-HE/2.}#12.

TIPR=(RM3+HZ/2.)#12.

REARA=3.14139#(TIPR##Z2—HUBR»*%2}

CALL SDISK(HUBR,TIPR,CHORD RHODI ,RHOBL  RHOAT,SPEED SIGMAREARA,
1STRESD,STRESB)

IF(IPRINT.EQ.)) WRITE(&,2241) STREED.STRESE

CEFFY(NPASS)=ETATST

PCHEK =ABS(ETATT-ETA)
IF{PCHEK.LE.O0,.,002.AND.DSTRES.EG,Q.0) IP
IF(PCHEK .LE.V,002.AND.RBEST.GT.0.0) IPR
IFINPASS.EG.1) GO TO 1590
DETA=ABS(SEFFY(NPASS)-SEFFY (NPASS-1))
IF(DETA.LE.0.002) GO TO 142
IFINPASS.GT.6) GOTO 141

NPASS=NPASS+1

ETA=ETATT

PZP=PLOSS(1)#P1P

PLOS1=PLOSS(1)
PLOSZ=PLOSS(2)#(T22PP#%(1./GAMMZ} )}
PI2PP=pPLEOS2

IF(DSTRES.NE.O.Q) GO TO 180

GO TQ 10

WRITE(4,2134)

CONTINUE
IF(RBEST.GT.0.0)WRITE(&,2234 DSTRES ,STRESD STRESE
IF{IPRINT.EG.1)WRITE(&,2142) NPASS

IF(DSTRES.EQA.0.9) GO TO 4000

IF(RBEST.GT.0.0) G0 TO 4000

KPASS=KPASS+1

EADIAB(KPASS)=1.~ETATTM

DPSI(KPASS)=STRESD

UHUBLC=UTI*RH2/RT3

IF(KPASS.EQ. 1 )WRITE(&6,2100)

IF(KPASS.EG, 1 )WRITE(&6,2230)

IF{KPASS.EG.1)WRITE(6:2244)

IF(KPASS.ER.1YWRITE(6,2231)
WRITE(&,2222)KPASSETATTM,ETATST ,UHUBL ; UT3,RH3/RT2,STRESB »STRESD,
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2106
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IFINZ.GE.1.QO}WRITE(6,2287) KPASS

IF(WPPI.GE.2.O)WRITELH,Z2CC) ¥PASS

IF(KPASS.LE.29)G0 7O 199 97

K=

DG 480 I=1.21

IF(DPSI(I).GT.DSTRES) GO TL 450

K=K+l

FADIAB(K }=EADIAB(I)

RADEXX (K )=RADEX(I)

CONTINUE

IF(K.€G.0) GG TQ 460

WRITE(H,2336) K

IF{K.EB.1) MINETA=K

IF(K.GT.1CALL SMALST(FADIAB K+ MINETA}

RBEST=RADEXX(MINETA)

KPASS=1)

GO TO 199

WRITE(&6,2238)

GO TO 4009

FORMAT(7F10.3)

FORMAT(6F10.3,11)

FORMAT(3F10.3)

FORMAT(///)

FORMATI(///S6X,»11HFLOW ANGLES/S6X/,1lH====——w==—== )

FORMAT///77/7717)

FORMAT (1 M41)

FORMAT (SO0X,Z24HPROGRAM INPUT PARAMETERS/SOX,Z8M=——m—mec—rmreea—n—a——
lwem==//7)

FORMAT(EX,SHGAMMA: 6X, 4HRGAS,6X 1 1MROTOR SPEED,0X,14KHMASS FLOW RATE
1,6X,1CHTURBINE INLET,6X,1ZHTURBINE INLET:6X,1ZHWCORK REGUIRED/3ZX:
ZSHIRPM) r 12X,EH(LB-SEC) , X, 14HPRESEURE (PRSI} ,TX,14HTEMPERATURE,
SeNsaH{BTU/LRY

FORMATI7X F&.3+8XsF7.3+7X 774201 1XsF2 Cr 10X F7.3,12X,F7.1 012X, F7.3
1)

FORMATC(//// /772X, 12HSTATCR INLET 2X,11HROTOR INLET,ZX,10HROTOR EXI
1T+2X,12ZHSTATGR INLET,»2Xr11HROTOR INLET,2X,10HROTOR SEXIT,ZX,11HSTAT
20R T.E.,2X,10HROTOR T.2..2X,1SHROTGR CLEARAMCE/ZX, l1mMEAN RADIUS,
33X, 11MMEAN RADIUS,ZX,11HMEAN RADIUS,SK,4HAREA, 10X, 4HAREAR,8X,4HAREA
4,6XPHTHICKNESS » 3K, PHTHICKNEES ,SX EH(INCHES ) 74X, GH{INCHES Y » 6X,EBH({ 1
SNCHES) r4X,EH{(INCHES) 33X, 11M(S5& INCHES) ,ZX,11H(SG INCHES) ,2X,11H(SH
6 INCHES),GX,GH(INCHES),4X,3H(INCHES) /)

FORMAT{(EX F6.3:8X:Fb.5+6XrFb6.3r7KF7.3,8X,F7.3,6Xs
1F6.2/2X,F6.3)

FORMAT /// /40X, 46HCGMPUTED FLOW FARAMETERS AND WELGLITY DIAGRAMS/
140X, 46H= ===~ - -

FORMAT 22X, 6HSTATOR 160X »SHROTOR/ 22X s bH———==~ r &0, SH~———— £ 172%,
1Z30HSTATOR INLET CRITICAL VELOCITY RATIO, Y/VCR .seeeer#7,G/5Xy
220HROTOR EXIT AXIAL CRITICAL WELOCITY RATIG, VUX/VCR .,F7.3//2X,
2Z0HSTATOR INLET SWIRL WELOCITY RATIO, WU/VER e.vawew.rf7.3:8Xs
4TOHROTOR EXIT SWIRL VELOCITY RATIO: WU/UCR ..eveeeenarF7.3772X,
FSOHSTATOR EXIT CRITICAL WELOCITY RATIO, U/WCR (.eseearF7.3:5Xy
6TOHROTOR EXIT CRITICAL WELGCITY RATIOr W/YECR «iseeaaasF7.3/7/2X,
VSOHSTATOR EXIT AXIAL VELOCITY RATIO, WX/VWCR suseeaus e rF7.5,5Xy
8SOHROTOR INLET RELATIVE WELOCITY RATIO, W/WCR .evecaasF7.37)

FORMAT (2X,SOHSTATOR EXIT SWIRL WELGOCITY RATIG, WU/VCR cuvcienvnsr
1F7.3:5%,50HROTOR EXIT RELATIVE VELGCITY RATIO, W/WCR .reeerenrF7.0
2//2X49HSTATOR EXIT ABEOLUTE TOTAL PRESSURE cevviesncaeaae?FE.Zy
3EX,SO0HROTOR INLET BLADE EPELD RATIO, U/UCR .eevinuvnenserF7.3//72Xs
450HSTATOR ASSOLUTE TOTAL PRESSURE LOSS RATIO, eseveeserF7.3/3Xs
SSOHROTOR EXIT BLADE ESPEED RATIOr U/VUCR avscessveseanerF7.3/764X%,
6SOHROTOR RELATIVE TOTAL PRESSURE LOSSE RATIO cauwsswnsrF7.37//64X,
749HROTOR EXIT ABSOLUTE TOTAL PRESSURE svvsversrareserFR.E//764X,
842HROTOR EXIT ABSOLUTE TOTAL TEMPERATURE siuvuveveanrPEL1//764K,
Q49HRCTOR TIP SPEED (FT PER SEC) ssacenvsssescsnsnaannri8.1)

FORMAT(/ /59X, SHSTAGE/E9X s Sit———~—~ ///7Z7X45HROTOR EXIT HUB RADIUS (I

7.3'6:‘{!':6-3!‘3;{'

!

CANCHES) o esevananennnnsF7.8//27X, ATHRGTOR EXIT TIP RADIUS (INCHES)
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2123

2124
2128

2140

2141

ZetennneenneanetF7.5/737%,45HROTOR INLET HUB RADIUS (INCHES) +eevve
ZrenneessF7.3/737%,45HROTOR INLET TIP RADIUS (INCHES! sesevvesvanns

4,F7.3//737X,45HETATOR INLET HUB RADIUS (INCHES) ..uvveenraserF7.3//
27X, 45HSTATOR INLET TIP RADIUS (INCHES) .ueuvveanseerF7.3//37X,
645HROTOR EXIT ANNULUS AREA (86 INCHEES) ..eieseerrF7.3//37X,43HR0OTO
7R INLET ANNULUS AREA (S INCHES) ..rceeeetF7.3//27%, 43HSTAGE REACT
BION ssvesacesesnssscsasossanasnsnarfF7.Z/)

FORMAT(/// /36X, E2RCALCULATIONS FOR GENERATICON OF ETATOR EBLADE GEGH
1ETRY /36X, 3 2H e e e e e et e e e e e
FGRHAT(////36Y:5!HCHLCULAlIDNS FCR GENERATIGN OF ROTOR BLADE GEGME
1TRY/G6X 1 Sl o et e e c—— - ]
FORMAT (/ /44X ,3&H*%2 COMPUTED AEPGDYNﬂﬁIC LCADING ##u/)

FORMAT (30X, * PERCENT SUCTION SURFACE

1PRESSURE SURFACE'/29X.,’ MERIDIUNAL RELATIVE CRITICAL
2 RELATIVE CRITICAL’/30X,’ DISTANCE VELOCIT
3Y RATIO WELOCITY RATIC'/}

FORMAT(ILX  FS. 2, 21X FT.3+23X,FZ. 3}

FORMAT(/// /723X SCH4#4 (ITERATED) STANITZ METHGD BLADE ENIT PARAMET
1ERS #4#4/)

FORMATI{43X,14HITERATED VALLE  GX,12HACTUAL YALUE/?

FORMAT(11X,27HEXIT (ABEOLUTE) TEMPERATURE ®X:F9.4,12X,F9.4//3X,
13THEXIT (ABSOLUTE) TANGENTIAL VELGCITY 11XeF7.4:14X,F7.4//22X,
Z16HEXIT BLADE ANGLE, 10X rF8.4,13X,FE. 4/ /30X, 8HSOLIDITY » 11Xy
SF7.4,18X,F7.4//15X,2CHTRAILING EDGE THICKNESS,12X:F6.3:18XF3.3)

FORMAT{(/71H +###% RA*THETA ITERATION LOOP NOT SATISFIED COMPUTATIO
IN CONTINUES a#%%/)

FORMAT(////2EX 4Haa% 12X, 26HFINAL STATOR BLALE PROFILE,13X,3Ha#s/
133X, S8H¥ %+ COORDINATES NORMALIZED wiTH REEPECT 7O BLADE CHGRD ##a/
2)

FORMAT(//7/ /723X 4H##2 ,13X,2SHFINAL ROTOR BLADE PROFILE 13X, SiHt4%/
1Z3XS8H4#% CCGORDINATES NORMALIZED WITH RESPECT TG SLADE CHORD ###/
2} .

FORMAT (30X, 7HPERCENT » 10X, PHPITCHLINE » 10X, GHMEAN, LOX, SHBLADE » 10X,
1SHBLADE/29X, 10HMERIDIGNAL » PXr OHRADIUS » ¥Xr 10HCAMBERLINE s & X r 7HSURFAC
ZE,8X, 7THSURFACE/30X ,EHDISTANCE 25X 10HCOORDINATE » X, 1 OHCOORDINATE ,
E8X,12HCOORDINATEY)

FORMAT(31IX  FS. 31 12X sF6.3,10XKF7.4,8X,F7.4:,8X,F7.4)

FORMATC/ /21X, 11HBLADE CHORD,6X,14HBLADE EOLIDITY 6X:16nBLADE CAMBE
IRLINE,&X,1CHBLADE STAGGER:6X, 12HBLADE NUMBER/22X,ERH{(INCHES)  28X,1°5
HHLENGTH (INCHES),
211X SHANGLE/ )

FORMAT(Z2EN  F7.4v 11X, FB.4:1ZX,FB.4,13X:F6.2:14X,15)

FORMAT(///7 23X,*' CALCULATIONS FOR GENERATICON OF STATOR BLADE RCW
IAtRUDYNAHIC PERFDRMANC‘ LOSSES /23Xy ' =—-— -— ————————————————

rGRMAT(/// 23X,/ CALCULATIONS FOR GENERATION OF RGTUR BLADE ROl A

IERODYNAﬂIC PERFURMANCE LOSSES /22X, - - - - ————
2

2 — ey  —_—

FORMAT(// 43X, 38Hsna STEWART MIXING LOSS PARAMETERS sns/ )

FORMAT (22X, 4OHTOTAL MOMENTUM THICKNESS (DIMENSICNLESS),14X,Fb.4/
132X/ 44HTOTAL DISPLACEMENT THICKNESS (DIMENSIONLESS),10N,Fé.4/
232X, 41HCASCADE EXIT (MIXED) CRITICAL MACH NUMBER,13X,F6.4/
332X,26HPROFILE (FRICTION) TOTAL PRESSURE LOSS,16X,F6.4)

FORMAT(///7SH##s BLADE LOADING ITERATIGN LOGP NOT SATISFIED com
1PUTATION CONTINUES #%%///)

FORMAT (////44X,39HFINAL CALCULATIONS FOR STAGE EFFICIENCY/44X.
13PH——mmm e mmme e -

FORMAT{// /25X, 4BHETAGE ADIABATIC EFFICIENCY CALCULATED FROM BLADE/

135X, S2HBOUNDARY LAYER AND SECOMDARY FLOW LOSSES weveeess. +F6.4)

FORMAT(///22X»62H% %+ WARNING #%% STAGE EFFICIENCY ITERATION FAILE
1D TO CONVERGE)

FORMAT (/ /38X, 39HOVERALL. BLADE REACTION (R=1-VIN/YOUT} =,5X,F9.3/
128X, 44HPRESSURE SURFACE DIFFUSION (DP=1-UMIN/YIN) =,F9.3/736X,44HSY
2CTION SURFACE DIFFUSION (DS=1-UOUT/VMAX) =,F9.3/)

FORPMAT(/ /88X ,264STATOR INLET ANGLE +eeu.. +F9.3//44X,26HSTATOR EX

— -7

JITT O ANGILE oo e eal FOR/ /744X ZAFRNTIIR THILET. Anft F, .. . O AV

a8
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2142

2142

2144

2145

2146

2200

z201

2202
2203

22Z1

L223%

244Xr2=HRUTDR EXIT ANGLE cveevase PFR,I//784K,26HRGTOR EXIT SEWIRL AN

SGLE ..., F9.3}

FORMAT(//7/7/7/7//7/81X,37HEFFICIENCY ITERATION CONVERGED AFTER »12/
17H PASSES)

FORMATI /27X, 73HNOTE ... BASIC LOADING DISTRIBUTION CQULED nNOT SATI
1SFY E0LIDITY REGUIREMENT/27X,56nFOR GPTIMUM ZWEIFEL COEFFICIENT ..
2.. ZIWEIFEL CHAMGED TO.FS.2)

FORMAT( /46X, 33H»%» CASCADE LOSS COEFFICIENTS ###//40X,24HPROFILE L
1G58 COEFFICIENT,1SX,F6.4/40X,31HSECONDARY FLOW LOEE COEFFICIENT EX
2:F6.4/40X,30HTOTAL CASCADE LOSS CCErFICIENT :PX:F6.4///729X,S8BHNGTE
3..... LASCADE GEGMETRY CPTIMIZED AT REYNOLDS NUMBER =,£%.2)

FORMAT{//3SX . S2HSTAGE EFFICIENCY DECREMENT FOR ROTCOGR CLEARANCE ...
1 JF6.3//7/38X,S2HFINAL STAGE TOTAL-TOTAL EFFICIENCY svecsacesessnns
2. Fa,.4q)

FORMAT(37X, 4SHSTAGE WORK COEFFICIENT BASED GN MEAN RADIUS ,,F7.3//
1Z7X,4%HSTAGE WORK COEFFICIENT BASED ON HUB RADIUS ..:.F7.3//237X:
Z24SHTURBINE TOTAL-TOTAL PRESSURE RATIO .cveceveans 1 F7.272

FORMAT(/// /710X, 87H44% WARNING ##% INPUT SETATOR EXIT ANGLE 1S5 TGOO L
1ARGE TO SATISFY CONTINUITY REGUIREMENTS//26X:17HANGLE CHANGED TO .
2F&6,2:1X, 7HDEGREEE !

FORMAT(////7/77 9K, 12HSTATGR INLET6X,11HSTATAR EXIT,6Xr14HSTATOR
INEIFEL 66X, 1 3HRCTOR ZWEIFEL »6X» 12HSTATOR CHORD,&6X,11HROTOR CHORD/1Q
#X,

Z10HFLOW ANGLE 7%, 10HFLON ANGLE 83X 11HCOEFFICIENT ,OX,11HCOEFFICIENT
3 QX:GH(INCHES)r?X BH(INCHEE)} /)

FORMAT (12X 1 Fba2:1 12X+ F3e2,13X,FE.3718X,FS.3, 144, FS. 2,11 FS.3//)

FURMAT(/I/4SX:22HPROGRRN CEFAULT YALUES//Z1X:S4HETATOR EXIT FLOW A
INGLE <cvssseanss CALCULATED FROM WORK/G6EX,19HAND FLOW CONDITIONS/
231X ,37HSTATOR ZWEIFEL CGEFFICIENT ceuwes 2.8 /731X, 37HRUTOR ZWEIFE
oL COEFFICIENT sasevae Q.B//31X/SAHETATOR CHORD sovvanusosasannssoa
4. OFTIMIZED ON MINIMUM/6TK,Z24HCASCADE LOSS CCEFFICIENT//Z1X:S4HROT
SOR CHORD suveesvenvncnsensanss UPTIMIZED ON MINIMUM/&SN,24HCASCADE
& LOSS COEFFICIENT?

FORMAT(/////710X 1 1HETATOR L.E.,8X,10MROTOR L.E. ,BX,PHALLOWABLE , 5X,
110HROTOR EXIT.EX,17HBLADE PLOT OPTION,SN,10HROTOR EXIT/11X,9MTHICK
ZNESSrPX, PHTHICKNESS  EX,11HDISK SETRESS, 7%, 190MAXIAL MACH, 12X, 21HO =
ZNO PLOT,10X,11HSWIRL ANGLE/1Z2X,8H(INCHES) »10X,SH(INCHEE) 11X SH{PS
4T, 12X, 6HNUMBER 14X ,5H1 = PLOT//13X,FS.2,1CX:FE.3:12X,F7.0,11X,
SFS.3,19X,11,18X:F6.2/)

FORMAT(//22X,6FHNOTE .... MAXIMUM ALLOWABLE STATOR ANGLE FOR INPUT
1 CONDITIONS IS ,FS.2,83H DEGREES)

FORMAT(//3SX,S2HFINAL STAGE TOTAL-STATIC EFFICIENCY tvieecarnrenaa
1..:F6.84///3SXS2HFINAL STAGE RATING EFFICIENMCY .vicevevesacrsnannasns
SeeerFb.4)

FORMAT(//BX,’ NOTE ..... PREDICTEDR SUCTION EURFACE BOUNDARY LAYER
1 TRANSITION AT',FS.1.’ PERCENT OF CAMBER LENGTH'/19X,’ PRERICTED
2PRESSURE ESURFACE BOUNMDARY LAYER TRANSITION AT'.F4.1,’ BPERCENT 0OF
3CAMBER LENGTH')

FORMAT(//1SX,BSHTHE FOLLOWING IS A LIST GF POSSIBLE CONFIGURATIONS
1 FOR THE INPUT CONDITIGONS cPECIF:ED/I“*‘quEH - - -
2 - e e e et ey i o e e ey - - —-—fr
#)

FORMAT(Z2X 4HPASS , 33Xy 7THETA T=T,3X,7HETA T=S,3X . SHU HUB,ZX,SHU TIP,
1EX,10MROTOR EXIT,SX,10HROTOR EXIT,EX,12HEBLADE STRESSZX,11HDIEK ST
2RECSE 32X, 10HROTCR LIFE/ZFX,SH(FPE) ;X ,SH{FPE) ,EX,10HHUB RADIUS,CX,1
#OHTIP RADIUS,&X,

BSH(PSI) ;10X ,SHIPSI} 7Xy 7H{HOURSE ) 746X, SH{INCHES) SN, ERH(INCHESY/ /)

PURMA-— ':HI I274X’Fé-4’4x’F614'4X'FSCOVGX'FSIOFsxlrblul7x'réiuih‘{3
1F7.0, 7%, F7.0,SX,E10.4)

FORMAT(////8X,106HTHE FOLLOWING IS AN AERGODYNAMICALLY GPTIMIZED ST
1AGE CHOSEN FROM THE POSSIBLE FLOWPATH CONFIGURATIGONS ABGME//)

FORMAT{//33X,11HSTRESE DATA/SCX:;l1lH~=we—s———m= F7735X%, 45HALLGWABLE
1AVERAGE DIGSK STRESS (INPUT) .aeawserFB.0r4H PSI//3EX45HCOMPUTED A
2VERAGE DISK STRESS seuwacersasrsansarFE.0:,4H PSI//35X,45HCOMPUTED R
=0T BLADE ETRESS .eisesavvasonnasssrF8udrdd PSI/)

d

FORMAT (// /20X, BZHNARNING #% NO SOLUTION WHICH SATISFIES THE SPECIF.

99
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" 1IED DISK STRESS HAS 2EEN FOUND #%///)

FORMAT(// /1T, 3ZHNOTE ... COF 21 SOLUTIONS GBTARINED, IS SSH ARE ¢
1 WITHIN THE RANGE CF ThE ESPECIFIED DISK STRESS//)
FORMAT(Z20X,B1ANOQTE ..... PROGRAM PREDICTS ETATOR (mMEANLINE} CHOI
16 FOR THE CONDITIONS CF PASS ,:2/)

FORMAT(Z20X,31HNOTE ...... PRCGRAM PREDICTS RCGTOR (MEANLINE) CHOKIN
16 FOR ThE CONDITIONS OF PASE »1I2/)

FORMAT(/ /71X, " CONTINUITY CANNCT BE EATISFIED AT ThE STATOR EXIT
IFOR THE ROTOR EXIT SWIRL CONDITIONS SPECIFIED ... ZTOLUTION TERMINA
ZTEE’)

-
[0
P

-
-t

N

2240 FORMAT(S9X,SHSTAGE/SOX SHlm—w—- /7 /737K ,45HSTAGE WORK CCEFFICIENT BAS

2241

2242

2243

2244

224¢%

1ED UN MEAN RADIUS .,F7.3//C7X,4SHSTAGE WKORX COEFFICIENT BASED ON H
2UB RADIUS ..yF7.3//37X:4SHTURBINE TOTAL-TOTAL PRESEURE RATIO .....
3eeaearF7.37)

FORMAT(///7/73CX,11HSTRESS DATA/ESX,s1lH~=——m=ve=—- /773K, 4SHCOMPUTED
1 AVERAGE DISK STRESS ..eievessncsceeerr3.0,4H PEI//35X,45HCOMPUYTED
2 BLADE ROOT STRESS cevcsvescnscnresnarF3,0:4H1 PSI/}

FORMAT (/ /20X ,3CHNOTESE ON FLOK ANGLE INPUT .eveveae /728X, 79H(1) ET
1ATOR ENIT FLOW ANGLE AND ROTOR EXIT SWIRL CANNCT SE SIMULTANEOQUSLY
2 INPUT./29X,S3HIF BOTH ARE INPUT, ONLY THE ROTOR EXIT SWIRL IS LISE
3D.//728X.82H(2) 1F NEITHER ANGLE IS INPUT, STATCGR EXIT ANGLE IS CAL
4CULATED ASSUMING ZERQ ROTOR/Z9X,10MEXIT EWIRL//ZSX,E4H(3) IF STATO
SR EXIT ANGLE 1S5 INPUT, €ET ROTOR SWIRL = ZERC (SWIRL wIil B8E CALCU
SLATED /)

FORMAT(//20X,26HADDITIONAL NCGTE ..... IF FLOWPATH GECMETRY IS INPU
1T, ALLOWABLE DISK E€TREES MUST BE INPUT AS ZEROD/9SXr4Rk~===/)

FERMAT( 20X, 72HEACH CONFIGURATIGN IS CONSTRAINED BY THE FOLLOWIN
it (CONSTANT) PARAMETERE///ZEX,3HRPM/2SX,PHMASS FIUW/ZSX,44HTURBINE
2 INLET TOTAL TEMPERATURE AMD PRESSURE/JISK,16nwORK REGUIREMENT/ZSX,
31SHROTOGR CLEARANCE/3SX,25HROTOR EXIT AXIAL MACk NO./ZSX,16AROTOR E
4XIT SWIRL/Z2EX,37HSTATOR AND ROTOR ZWEIFEL COEFFICIENTS/////)}

FORMAT(/////326X,13HDISK MATERIAL,B8X,14HBLADE MATERIAL,SX,217HDISK R
1IM MATERIAL/ 34X, 17HDENSITY (LBS/FTZ2),S5X,17HDENSITY (LBS/FT3).,6X,
217HDENSITY {(LBS/FT3)//740X FS.1:16X,FS.1719X/FS.17)

999 STOP

20

EnD

SUBROUTINE RCHOKE(VUI UX3,G,R,T1,CON,UCROKE!
DIMENSION ALE(2),ARS(2),DIF1(2),DIF2(2)
ACR=ACRIT(G/R,T1)

A=100,

§=100.

DEL=100.

Ks0

ALS(1}=5

K=K+1

IF(K.GE.100) GO TO 1400

VU2=CON/S+VUE

T2PPaT1# (1. —~{0G=1.)/(G+1. )% ((S/ACR)##2)# (2, #(VUU2/ACR}/(S/ACR)~1,})
ACR3I=ALRIT(G,R TZPP)

ARE (1)=VUB+SERT (ACRI##2-UXZ#+2)

S55=9+DEL

ALS(Z2) =88

YUZ2=CON/SS+VYU3 _
TZPP=T1#(1.-(G-1,)/(G+1,}#((SS/ACR) ##2)# (2 , #(YU2/ACR) /{SS/ALR)~1.)
1)

ACRI=ACRITI(G R, TZPP) '

ARS (2} =sVUB+SART (ACRI##2-YUX3Z##2}

DIF1(1)=ABS(ALS(1)-ARS(1})

DIF1(2)=ABS(ALE(2)-ARS(2))

DIF2¢(1)=ALS(1)-ARS(1)

DIF2(2)=ALS(2)~-ARS(2)

IF(DIF1¢(1).LE.S.0) GO TO 1000

IF(DIF1(2).LE.C.0) 3O TO 1001

G=DIFZ(1)Y*DIF2{(2)

IF(R.L.T.0.0) GO TO 200
LIFC(RIFIC2Y.GT.DIF1C1)) GO . TO 100, . . L e e =

100

.......




200
100

1000
1001
1400
1100
1200

10

20

100

40

SsE+AN1 .0

GO TG 20
DEL=DEL/2.
A=A/2.

GG TO 20
DEL=-DEL

A==A

GO TC 29
UCHOKE=ALS(1)
GG TC 12900
UCHOKE=ALS(2)
GO TO 1200
UCHOKE=ALS (L)
WRITE(6:1100)

101

FORMAT(//72H##2 ROTOR CHOKE ITERATION LOOP NOT SATISFIED COMPUTA

1TION CONTINUES ###//)

CONTINUE

RETURN

END

SUBROUTINE DIST(VIN:YWCGUT.DS,X,USUC,UPRES . DUSUC . DUPRESEXTRIM,
1VRATIO)

REACT=1.~{WIN/VQUT)##2

REAC=1 .=-VIN/YOUT

G=X-0.5

ALMAX=0.S+EXTRM*REACT

YMAX=YDUT/(1.-DS)

IF(DE.LT.O.0) GO TO 100
UCLaUCUT#((REAC/Z2.)#{(SIN(Z.2141S943)~1,)+1.)

IFIN.GT.ALMAX)GO TO 10
PESUCS(VIN-UMAXI# ((X/ALMAX) 242 ) =2 . # (YIN=UMAX I # (X/ALMAX I +IIN
DUSUC=Z2.4#X/ (ALMAX##2) # (YIN-UMAX I =2. # (YIN~-UMAX } /ALMAK

GO TO 20
USUC=YQUT+(VOUT=UMAX) 7 { (ALMAXK~=1 . ) #42 ) # (X#22-2 . 2ALMAX¥ (X=1,)=1.)
DUSUC={VUOUT~UMAX) /{ (ALMAX -1, ) ##2)# (2. # X2, #ALMAX)
UPRES=VCL-URATIG#{YSUC-YCL )
DUPRES=3.14159#VOUTH{YRATIC+1.)/Z. #REAC*COS (2. 14139#R3)-URATIOH
1DUSUC

GO TO 40

WCL=(UOUT=-VIN)#X+VIN

Al = (UMAX-YOUT) /7 (ALMAXH (ALMAX~1 . ) ) = (MOUT-YIN} /ALMAX
AZ=(YOUT~-IN) 4 (ALMAX+1 . ) FALMAX=(UMAX-VOUT) / (ALMAX* (ALMAX—~1, ) )
JSUC=AL* X X+AZ2AX+YIN

DUSUC=2.#A1#X+A2

YPRES=Z.#+CL-YSUC

DUPRES=2.#(YaUT-VIN)-DUSULC

RETURN

eEnD

SUBROUTINE DRANGE(G, VIN,VOUT EXTRM,DSTART,DCHNGE)
REACT=1.,~{(VIN/VOUT) %42

XMAX=0.5+EXTRMHREACT

UMINS (VOUT-VIN) #XMAX+UINFOQ .02

UMAX=SERT((G+1.)/(G-1.))=-0.01

D1=1.-VOUT/UMAX

D2=1,=YOUT/UMIN

DEHNGE=ABS((D1-D2)/10.)

DSTART=(ABS(D1~D2))#0,.3+D2

RETURN

END

FUNCTION WELIT(W,T:681:G2:-ALP,AREA .P,RHO,ACR)

DIMENSION ALS(2),ARS(2)Y,DIF1{(2),DIFZ2(2}
CONST=W#SART(T/518.7)/(COS(ALP}Y*AREA/144.%(P/14.696)#RHO*ACR)
A=0.1
S§$=0.,%
DEL=9.1
K=
ALE(1)=5

g o S e e T N
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200

100

1000

1001

31400

1100

1200

200

100

KeKer
IF(K.GE.100) RO TOG 1490
ARE (1 )1=CONST/ (1. ~G1#(Sax2,) ) #4G2) 102
ALS(2)=5+DEL
ARS(2)=CONST/V(1.=Gl#{(S+DEL)a%2, ) ) #%#32}
DIF1(1)=ABS(ALS())~-ARS(]1))
DIF3{(2)=ABS(ALS(2)~ARS(2))
DIF2(1)=ALE(1)~-ARS(])
DIFZ2(2)=ALS(2)-ARS(2)
IF(DIFI(1).LE.Q.0Q01) G0 TO 1000
IF(DIF1(2).LE.0.001) GO TD 1001
GsDIF2(1)#DIF24.2)

IF{G.LT.0.0) GO TO 290
IFIDIFP1(2),6T.DIF1(1)) GO TO 100
Ss5+A#1,0

GO TO 20

DEL=DEL/2.

Az=A/2.

60 T0 20

DEL==DEL

Az—~4

Go T Zo

VELIT=ALS(1)

GO TG 1200

VELIT=ALS(2)

GO TO 129¢Q

VELIT=ALS(1)

WRITE(H:11200)

FORMAT(///E1H=5% BLADE EXIT VELOCITY ITERATION LGOP NOT EATIEFIED
1 COMPUTATION CONTINUES #%%///)
CONTINUE

RETURN

END

SUBROUTINE WNEG(WIN,VOUT  EXTRM,DS,RATIG)
DIMENSION ALS(2),ARS(2),DIF1(2).DIF2(2)
IFIDELT.0,0) 20 TO 1899
REACT=1,~(WIN/VOUT ) #u2

REAGC=1.~-UIN/VOUT

ALMAX=20 . S+EXTRMHREALCT

UMAKX=V0UT/(1.-DS)
CONST=2.141595 (ALMAXH 22 ) #UQUTHREAC/ (2. 2 (YVIN-UMAX))
A=0.1 .
£€50,001

DEL=0.1

K =0

ALS(1)=8§

K=K+1

IFIK.GE.100) GO TQ 1400

ARS (1) =CONSTHLOS(3.14159%#(5-0.5) )+ALMAK
ALS (2)=S+DEL
ARS(Z2)=CONST#COS(3.141324{S+DEL-0.T) ) +ALMANX
DIF1{1)=ABS{ALS(1)~-ARS{1})
DIF1(2)=ABS{ALE(Z2)-ARS5(2))
DIF2{1)=ALS(1)-ARS{1)
DIF2(2)=ALS(2)-ARS(2} :
IF(DIFI(1).LE.0,001) GO TO 1000
IF(DIF1(2).LE.D.001) 38 TO 1001
G=DIF2(1)#DIF2(2)

IF{G.LT.0.Q) GO TQ 200
IF(DIF1¢2).GT.DIF1¢1)) GO TO 100
S=5+A*1,0

GO 10 20

DEi.=DEL/2.

A=A/2.

GO TO 2o
PRI ==DFL . L L

TR Sepg = o
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A=-A
GO TG 20

1000 XMIN=ALS(1) 103

1001

GO TO 1299
XMIN=ALS(2)
GO TO 1200

1400 XMIN=ALS(1}

WRITE(6,2100Q)

1100 FORMAT(///91H=44 BLADE PRESSURE SURFACE LOADING ITERATION LOOP NOT

1 SATISFIED COMPUTATION CONTINUES =%2///)

1200 VCL=VOUT#((REAC/Z2,)#{SIN(3.14159%(XMIN=0.5))=1,)+1.)

VUSUC= (UIN=-UMAX) #{ (XMIN/ALMAX) #22) =2, 3 (VIN-UMAX) # (XMIN/ALMAX)}+VIN
UPRES=2Z . #YCL-YSUC

IF(VPRES.GT.0.0) GO TO 15900

RATIO=(VCL~0.01)/(VCL=-UPRES)

GO TO 1600

1500 RATIO=1.0
1600 RETURN

c

40

10

30
50

ooaonn

23
14

17
12
11
13
15

22
21

e L

END
SUBROUTINE ALIFE{(BS.TEM,TIME)

DIMENSION S£(13).X{13)

DATA IS5 FOR IN-100 MATERIAL

DATA S/1 0600.113=00.117000-r21700-r27000-132=00-rdEEOO-r4“000.-
151500, ,5E500.,466004.,74000.,84000./

DATA X/32.:,51.:50,+49.:48.:47.:46.:85.+44.,45.:42.,41.:40,/
IF(BS.LE.104600.} GO TO 10

IF(BS.GE.849000,) GE& To 20

K=1

KK=2

IF(BS.GE.S(K).AND,3S.LE.S(KK)) GG TO Z0

K=K+1

KK=KK+1

GO TO 40

PARAM=(52.~81.)/(10600.-13300.)%#{(BE-13500. }+E51.

GO 70O S0

PARAM={(40,-41,)/(B84000.-74000. )% (BE~74000,+4]1,

GO TGO S0

PARAM= {X(KK)=X(K))/(S(KK)-S(K)}#(BE-S(K))I+X(K)

G=10C0. #*PARAM/TENM

IF(G.6€,320.) TIME=10.£10

IF(G.LT.20,.,) TIME=10.%#(G-20.)

RETURN

END

FUNCTION SIMP2 (F,A,sDELXK W)

INTEGRATION OF TABULAR FUNCTION.F, 28Y SIMPSON’'S RULE, WHERE

u .

ASLOWER LIMIT., DELX=LENGTH OF SUBINTERWAL, N=NUMBER OF SUBINTERVAL
IF N 1S LESE THAN 2, SIMP2 IS S5ET TO O

M-MAY BE GDD OR EVEN

DIMENSION F(S1)

IF(N=-2) 14,17+,17

SIMP2=0.0

RETURN

IF({N/2)%2~N) 11:12:14

K=nN/2

ASEIGN 19 TQ M
GO 7O 13
K=(N-1)/2

ASSIGN 1E TO M
SUMA=0.0

DO 15 J=1.K
SUMA=SUMA+F (Zd)
SUMB=0.0

IF(K-1) 14,20,21
DO 14 J=2/K
_SUMB=SUMB+F (21
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20 SiMPZs(1, .3Z3C3E325UMA+, 66666667 #5UMB+.3335C3CSF (Z4R+21 )+, CC3353C3Er
1F(1) 1#DELX
GO TO M. (19,18) 104
18 CIMP2=SIMPZ+DELX#{ . 414666667 H#HF (ZHA+Z)+.66000606674F (ZHK+1)
1-, Q833333 4F (24K) )
19 RETURN
END
SUBRQUTINE VISCO(T.V)
Cls) . 244E~3
C2=0.60
TREF=492,
UeCla{{T/TREF)*4C2)
RETURN
END
SUBROUTINE HM(AJ,FGRM)
P=s1./7.
TAPSUM=0.90
BOTSUM=0.0 '
PO 10 J=1,10 )
G=J=1
TOPSUM=TOPSUM+(( (2. 4G+ . )2 (AJ4%G} ) /{({(2.2G+1 . )#P+1,))
BOTSUM=BO0TSUM+( (AJ#*E} /{{ (2. #0+1 , ) %5P+1 .35 (2,#(Q+1,)#P+1,.)))
10 CONTINUE
FORM=TOPSUM/BOTSUM
RETURN
END
SUBROUTINE SDISK(RHM,RT,CX,RMOD,RHOB,RHOA:S,S5CL,A,STRESD,STRESB)
RH=RH/12.
RT=RT/12.
CX=CX/12.
A=A/144.
STRESB=(2.51E-7) #RHOB#A# (S#42)
ETRESB=1.245TRESB
DELRA=O.5#CX
E0=0,759»CX
PHI=0.1745
RM= (RH+RT) /2.
Z=2.43.141594RM#50L/CX
RD=RH-DELRA
BI=80+2.#RD#TAN(PHI)
SIGl=(3.P42E-7)#RHOD#( (S#RD)##2)#(B1/B0+3.)/(BI/B0+1.)
TBAR=0.1#CX
ABLD=TBAR*CX
FB=STRESB/1.2#ABLD#144,
RCG=RD+DELRA#(BO+2.4CX)/ (2.#(BO+CX))
UA=3.14159#RCG* (CX+B0) #DELRA
FASRMOA/ (Z#32.174)#((2.#3.14159%#5/40. )#42) #YA*RCEH
FT=FA+FB
SIGZ2=Z2%4FT/{(3.141524#RD*BO#(BI/B0+1.))
EIG2=51G2/144.
STRESD=SIGi+5.G2
RHsRH*#12. '
RT=f"t=+, Z.
CX=CX#.z.
A=A#144,
RETURN
END
SUBROUTINE BLOCK(G»TZ2,BETAI VI, BETAOD,YO)
DIMENSION RDIF1(2),DIF2(2) ANGLE(Z2) VCR1{(2),588(2)
Gl=G-1.
GZ2=0G+1.
RAD=3.1415%9/180.
TARGT=RBETA1
A=RAD
S=BETAI-5.4#RAD
e DELERAD L e e e e e A e 4 e i e e e e e
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20

290

100

1000

1001

1800

1700
1600

K=

BO 1€ I=1,2

SS5(i)=E 105
VACRI=ABE(VI/SIN(S))

JCRY1(I)=sVACR:

AFS1=Q: /G2 (VACR1#42}

UXCRI=WVACRI#COS{E:

T =T/ (ZHEC0S5(8) )

Ca({(1.,=-AFS1 #(GZ2/(2.2G))+{1 ., =TET}# (UXCR14#2#2))/((1.~TETI#UXLR1)

D=yi

E=G#C/G2

UXCRZ=E-SART(E##2-1 . +Q1/G2*(D*12))

ANGLE(I)=ATAN(D/YUXCR2)

YCRZ=SERT{UXCRZ#42+D44#2)

IF(I.EQ.1) S=S+DEL

CONT INUE

K=iK+1

IFIK.GE.100) GOTA 15900

DIF1(1)=ABS(ANGLE(1)-TARGT)

DIF1(2)=ABS (ANGLE(2)-TARGT)

DIF2{1)=ANGLE(1}=-TARGT

DIFZ(2)=ANGLE(2)-TARGT

IF(DIF1{1}.LE.O.Q0001) Q0 TO 1090

IF(DIF1(2).LE.Q.00001) GO TO 1001

G=DIF2(1)=*DIF2(2)

IF(8.LT.0.0) GOTO 200

IF(DIF1(2).GT.DIF1(1)) GGTO 100

GO TO 20

€=E~DEL

DEL=DEL/Z.

GO0 7O 20

DEL=-DEL.

S=S+DEL

GO TO 20

BETAD=85(1}

Va=VCR1 (1)

GO TO 1600

BETAO=ES8(2)

VOsYCR1(2)

GOTO 1600

BETAQ=S85(1)

VO=VCR1(1)

WRITE(6,1700)

FORMAT(///710X . 47H=an BLOCKAGE CALCULATION FAILED TO CONVERGE #%4#)

RETURN

END

FUNCTION FIT{(ZK)

DIMENSION AK(34) ALANMN(Z4)

PATA ALAM/12.+11.210.99.18.77.8+7.6:7.4+7.2:7.052:7.:6.8:6.86:6.4,
16.2:6.15.+84.+50v20rlas0ur=1lus=20 =201 =84us=8.1=6.1=70r=B.1=F.r=10.,
Z2=11.,~12./

DATA AK/0.0948,0.0941,0.091%9,0,0882,0.0831,0,0E19,0.0807,0.0774,
10,0781,0.0770,0,078687,0,0752,0,0727:0.0721:0,0706,0.068%9,0,0599,
20.0497,0.0385,0.0264,0.0135,0.,~0.0140,=-0,0284,;-0,042%9,-0,0573,
3-9.9720,-0.0862,-0.,0999,-0.11230,-0.1254,-0.1369,-0,1474,-0.1867/
IFIZK.GE.0.0948) GO TO 10
IF(ZK.LE.~0.1567) GO TO 20
K=1
KK=2 :

IF(ZKL.LE.AK(K) .AND.ZK.GE.AK(KK)} GO TO Z¢
K=K+1
KK=KK+1
GO TD 40
FIT=12.
GO T =9
FiT=-12,
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30
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49

230

100

125
180

200
260
300

229

G0 TO SO

L RHOV= ({1, - ((G=10 7 (6+1 ) I HCUSH2) ) (1. /(G=1. ) ) )%V
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FITs(ALAMIKK ) ~ALAM(K) ) /(AKX (KR ) ~AK (K) ) # (TZR-AK (X)) +ALAM(K)
CONTINUE . 196
RETURN

END

FUNCTION RECRIT(ZL)

DIMENSION RE(8) . X(8)

DRTA X/8.+6.14.:2.,0.+=24r=84.+=&./

DATA RE/11500.,94600,,5600.,2000.,645.,250.,140.,100./
IF(ZL.GE.8.0) GO TO 0

IF(ZL.LE.=6.0) GO TG 20

K=l

KK=2

IF{ZL.LE.X(K) . AND.ZL.GE.X(KK)) GO TO Z0

K=K+1

KK=KK+1

GC TO 40

RECRIT=1150C.

GO TO SO

RECRIT=100./6.#ZL+200.

GO TO SO
RECRIT=(RE(KK)-RE(K) ) /{X{KK)=X(K))#(ZL-X(K})+RE(K)
CONTINUE

RETURN

END

SUBROUTINE AFLOW{W,T,P,VX,XHOSTD,»ACRSTD ,»YUH,GAMMA, RH+ WCAL +RT)
DIMENSION R(S1),FS(S1)

UMAX=SART (VX##2+UUH#*#*2)

AMAN =2 SERT(T/S18.7)/(P/14.698) /(RHOSTD#ACRETD) /RHCV (GAMMA » VMAX)
1#UMAX /UK :
RTMAX=SORT(AMAX/3.1415F+RH*%2)

DELR=(RTMAX~RH}/50.

KOUNT=1

RO=RH

Wo=0.9
CONGT=2.%#3.14139#UX#RHOSTDHACRSTD#(P/14,696)/5GRT(T/S1E8.7)
DO 100 I=1.,51

AI=I=-1

R(I)=RO+AI#*DELR

U=CSART (UX##2+ (VUH#RH/R(I) ) #%2) ~
FS(IY=<((1.~(GAMMA=1.)/(GAMMA+1 . ) (Unx2) )% (1 ./ (GAMMA=-1.)))*#R(]I)
CONTINUE

DO 200 u=1.,390

IF{J.GT.1) GO TO 12§%

WCAL2CONST# (FS(1)+FS{2) ) #DELR/2 . +W0

GG TO 159

WCAL=CONST#SIMP2(F5,0.0,DELR,J)+W0

IF(ABS (l~WCAL) .LT.0.001) GO TO 220

IF(WCAL.LT.Ww) GO TO 200

Jd=d=1

WOSCONST#SIMP2(FS,Q0.0,DELR,JJ)+WO

IF(JJ.EQ. 1)N0=CUNST*(FS(1)+FS(2))*DELR/Z +W0
DELR=(R(J+1)-R(J)})/E0.

RO=R(J)

KOUNT=KOUNT+1

IF(KODUNT.GE.Z) GB TG Z60

G0 To 230

CONTINUE

WRITE(&,300)WCAL » N

FORMAT(//5X,82H ##% WARNING *# MASS FLOW ITERATION LOOP 21D NOT
1 CONMVERGE ... CALCULATED FLOW =,F8.4,3X,13HACTUAL FLOW =,F8.4/)
RT=R{J+1)

RETURN

END

FUNETION RHOV(G.Y)

Ll ” A Ry




RETURN
) END
SUSROUTINE SMALSTIARRAY,LIMIT,MIN) 107
DIMENSION ARRAY{200)
SMALL=ARRAY (1)
MIN=1
DO 10 I=2,LINMIT
) IF(ARRAY(I).GT.SMALL)GO TO 10
SMALL=ARRAY(I)
MIN=]
10  CONTINUE
RETURN
END
) FUNCTION ANGIT(W,T+G1,G2,VU,AREA +P,RHO,ACR NBLD)
DIMENSION ALS(2),ARS(2),DIF1(2},DIF2(2)
CONST=W#SART(T/S18.7)/ (VU4AREA/ 144 . #(P/ 14,696 ) 4RMO*ACR)
A=0.0871853
§=0,7853976 .
ALPMIN=ASIN(YU)
, DEL=0.0871553
IF(NBLD.EG.1) DEL={S-ALPMIN)/10,
IF(NBLD.EG.1) A={S-ALPMIN)/10.
K=0
20  ALS(1)=COS(S)/SIN(S)
KsK+1
| IF{K.GE.100) GO TO 1400
) ARS (1)=CONST/((1.-G1%((VU/SIN(S) ) ##2))##G2)
ALS(2)=COS(S+DEL)/SIN(S+DEL)
ARS (2) =CONST/((1.-G1%( (WViJ/SIN(S+DEL) ) ##2) ) #2G2)
DIF1(1)=ABS(ALS(1)~ARS(1))
DIF1{2)=ABS(ALS(2)-ARS(2))
DIF2(1)=ALS(1)-ARS(1)
i DIF2(2)=ALS(2)-ARS(2)
IF(DIF{(1).LE.0.002) GO TO 1000
IF{DIF1{2).LE.0.002) GO TO 1901
@=DIF2(1)#DIF2(2)
IF{G.LT.0,0) GO TO 200
IF{DIF1{2).GT.DIF1(1)) GO TO 100
| S=5+A*1,0
GO TO 20
200  DEL=DEL/2.
A=A/2,
GO TO 20
100  DELs-DEL
3 As=AQ
GO TO 20
1000 @NGIT=ALS(1)
ANGIT=ATAN(1./BNGIT)
GO TG 1200
1001 BNGIT=ALS(2)
. ANGITSATAN(1,/BNGIT)
GO TG 1200
1400 BNGIT=ALS(1)
ANGIT=ATAN(1./BNGIT)
WRITE(6,1500)
1500 FORMAT(///15X,77H##% BLADE EXIT ANGLE ITERATION LOOP NOT SATISFIED
1  COMPUTATION CONTINUES ##%///)
1200 CONTINUE
RETURN
END
FUNCTION ACRIT(G:R,T)
ACRITSSQART(2,0#G/ (G+1,)#32.174%R*T)
RETURN
' END
SUBROUTINE FDISK(GAMMA,VEXIT,GAMM1 » GAMMZ , GAMM3 , NPASS , K PASS , RGAS »
_ 1SPEED,P1P;T1P, RWORK + WFLOW, ALP1 +RM1 + RMZ, RM3 /M1 W2, HE,T2P , U2, UACR2,
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100
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SUUZ, TPTP2, T2PR,PDPPZ, T32PP, T2PP,,mlJ2: WUPP2 ,BETAZ » P22 ,wmUS » WUPP3,VZ,
SALPZ,UXE , WXPOT, wPP3, BETAS, P32PP, PLOS1 ,PLOSZ, RH3,RTZ,RTS,ACR1 ,ADP2: 108
SH1A.H2ArH3A » UK2 , WFACTM, WFACTH . UTS, STGACC » RBEST » T2PPH, ACRZ )
PASS=KPAES
TZP=T1p
TSTD=818.7
ASTD=ACR 1T (GAMMA , RGAS , TSTD)
RHSTD=2116.22/ (RGAS#TSTD)
CP=(1./GAMM2 ) *RGAS/778 .26
ACR1=ACRIT{GAMMA,RGAS ,T1P)
T3P=T1P-RWORK/CP
ACR3=ACRIT (GAMMA , RGAS  TIP)
UMAX3ACRZ
UX3=VEXIT
CON=2S039 . 737#RWORK
UX3D=UX3+ACR3
U3=YX3/C0S (ALPS)
VUZsUX31TAN(ALPI) -
UWRK3=UUI*ACR3
IF{KPASS.GT.0) GO TO 10
IF(RBEST.E@.0.0) CALL RCHOKE{VWRKZ,YUX3D,GAMMARGAS,T1P »CON,UCHIKE)
IF (UCHOKE.LT.ACR3} UMAX=UCHOKE
IF(ALP1.LT.0.349) GO TO 100
IF(ALP1.EG.ALP3) GO TO 100
IF{ALP2.GT.0.0) GO TO 100
UFLAT=CON/ (UX3D# ( TAN(ALP1+0.140) =TAN(ALP3) )
IF{UFLAT.LT.UMAX) UMAX=UFLAT
IF(RBEST.EG.0.0)GG TO 20
RMZ=RBEST
U3=RM3#3.1415945PEED/30.
GO TO 15 .
MINS{ UNRKS+SART (UWRK 3##2+2 . #CON) ) /2. +10.
RMIN=UMIN/ (3.14159#SPEED/30. )
DEL={UMAX~UMIN)/20.
U3=UmIN
RMZ=RMIN
GO TO 15
U3=UMIN+PASS*DEL
RMZ=U3/(3.14159%SPEED/30. )
EWPM= (U3#42) /(25036 . 62#RWORK )
WEACTM=1./SWPM
IF(ALPZ.ER.0.0) STGACC=1.-WFACTM/Z.
IF (NPASS.EG.1)ETA=(0.924SkPM) / (SWPM+0.0227)
IF (NPASS.EG.1)P2P=0,984P1P
P3P=P1IP#((1.~(1.~T3P/TiP)/ETA) #%(1./GANNZ) )
PRTURS=P1P/P2P
UACR3=U3/ACRZ
AREA3=WFLOWHSGRT(TEP/TSTD} /( P3P/ 14.696) / (RHSTD#ASTD )/ { RHGY { GAMMA »
1V3) #COS (ALP3))
HESAREAZ/ (2.#3.14159%RM3)
H3A=H3
RH3=RM3-H3/2.
IF(RBEST.GT.0.0) GO TO 25
IF(KPASS.GT.0) GO TO 25
IF(RH3.GE.0.083) GG TO Z5
UMIN=UMIN+10.
GG TO 20
RT3SRHA+H3 | “
UWRKZ3239111 . 88#RWORK / { SPEED#RN3 ) +VIRK 3
UUZ=UWRKZ /ACR1
UX2D=VUX3D
UX2=UX2D/ACR1
VZ2=SORT (VUZ##Z2+UX2#2#2 )
ALPZ=ATAN (VUZ/UX2)
W2su3 |
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UACRZ2=42/ACR1

RM2=RMN3

RH2=RH3

WFACTH=WFACTMN#{ (RMI/RHI ) ##2)

UT3=US#RTI/RM3

UURZ2sRMZ2#UUZ2/RH2 .

CALL AFLOW(WFLOW, T2P»P2P 1 YHZ2 , ¥HSTD ASTD » VUMZ , GAMMA » RM2 r WwCAL ,RTZ)
HZA=RTZ2-RM2
H2oWFLOW#SGRT(TIR/TSTD) /{ (RHCUVI{GAMMA V2)#UX2/V2)#2 . 43, 1415F4R/M2%
1P2P/14,696%RHSTDXASTD)

RTS=2RT2

AREALI=3.14159# (RTZH*uZ2~-RH24¥#2) 4144,

BLPl1=ABS (ALP})
Vi1=UELIT(WFLOW, TIPGAMML »GAMM3,BLALAREAL »PLP,AHSTD,ASTD)
VULI=V1#BSIN(ALPL)

H1l1A=H2A

RM1=RM2
Hl=iWFLOW#SGRT(T1P/TSTD) /¢ (RHOV(GAMMA V1) 4COS{ALP 1) }#2,%3,1415%9»
IRMI#PIP/14,.6965RHSTD#*ASTD)
TPTP2=1.-GAMMI %2 {UACR2442)# (2. 4YU2/UACR2Z~1.)

TZ2PPaTPTP24T2P

UACRHZ=RH2 /RMZ2UACRZ
TPTPHZ2=1.-GAMM1#{UACRH2%#2 ) # (2. #UUNH2/UACRH2Z2~1, )
T2PPH=TPTPHZAT2P

PDPPZ=TPTPZ4%(1./GAMMZ)

T32PPs) ., =GAMMI%# (UACRZ442) % {1 . /TPTPZ)4(1 .~{ {RMI/RMZ) #52))
TSPP=TI2PP4TZPP

ADPZ=ACRIT{GAMMA:RGAS,TZPP)

ADPI=ADPZ2x2SABRTI(TIZER)

WUZ2=UWRK2-U2

WUPP2=WL2/ADP2

BETAZ2=ASIN{ (VUZ-UACRZ) / (SART{VZ2422+JACRZ# %22 ., #YWUZHUACRZ ) } )
WPPZ2=WUPPZ2/SIN(BETAZ)

WUZ=UNRK3-U3

WUPPI=WU3/ADP3

WXPPIsUXIHACRI/ADPE

WPRI=SART(WNPPI##2+WUPPI#®Z)

WIFPS=WPP3I*ANP3

WZFPS=WPP2%ADP2

Y2EPS=UZ2HACR])

U3FPS=U3*ACR3

IF(ALPI.NE.O.Q) STGACC= ({WEFPS*#2-W2FPS#%2) / (YZFPES#42-USFPS#4#2+
1NBFPS##2-W2FPS##2)

BETAG=ASIN(WUPPI/WPPZ)
IF{NPASS.EGQ. 1 )PE2PP=T32PP#% (1, /GAMMZ)
IF(NPASS.EG.1)PLDS1=0.98B

IF(NPASS .EG.1}PLOSZ2=P32PP

RETURN

END
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