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ANATYTICAL STUDY OF LOSSES AT OFF-DESIGN CONDITIONS FOR
A FIXED-GEOMETRY TURBINE

By Warner L. Stewart and David G. Evans

SUMMARY

An analytical investigation was made to determine the off-design
loss characteristics of a fixed-geometry turbine of which the experimen-
tal performance was known. The method used in the analysis was based
on a method presented in a previous report which assumed (a) a blade
effective loss parameter and (b) that the velocity normal to the rotor
blade entrance angle was lost as a total-pressure loss. The method
used differed from that presented in the reference report in that
(a) it utilized continuity at the blade throat, a station Jjust upstream
of the trailing edge, and a station just downstream of the trailing edge
to obtain the flow conditions, and (b) a constant tangential component
of velocity was assumed between the stations Jjust upstream and just
downstream of the trailing edge.

Good correlation between the analytically and experimentally ob-
tained performance was found over the entire map until limiting loading
was approached. The discrepancy near limiting loading resulted from
the fact that the blade effective throat areas were not equal to the
measured throat areas. The large decrease in efficiency at low-speed
high pressure ratios and at high-speed low pressure ratios was found
in the analysis to be almost entirely due to the rotor incidence and
turbine exit whirl losses. The rotor exit shock losses were found to
have only a small effect on the turbine efficiency. Wide ranges of
rotor mean incidence angle and relative critical velocity ratio were
obtained over the range of performance and greatly affected the inci-
dence loss. From the results of the investigation, it was concluded
that for turbines designed to operate efficiently at more than one
point, the design must compromise rotor incidence angle and exit whirl

losses.

INTRODUCTION

In certain turbine applications, it is necessary to design the
turbine to operate at more than one condition. For example, the
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conditions imposed on a turbine at take-off may be considerably different
from those imposed at flight conditions, and the turbine should be de-
signed to operate efficiently at these two points. It is of interest,
therefore, to know how the turbine losses may vary oOver the range of
desired operation in order to compromise the design such that an optimum
turbine for a specific application can be obtained.

An analytical investigation was conducted at the NACA Lewis labora-
tory to determine the loss characteristics of a fixed-geometry turbine
whose performance was known. A comparison between the analytically and
experimentally obtained performance over a wide range of operating con-
ditions could be made to evaluate the analytical results. The experi-
mental performance of the turbine chosen is presented in reference 1.

The method of analysis used was similar to that presented in ref-
erence 2 in that the same criteria of effective viscous loss and rotor
incidence loss were used. The method presented herein differs from that
of reference 2 in that it does not assume that the flow follows the blade
exit angle at subcritical pressure ratios nor does it assume Prandtl-
Meyer deflection at supercritical pressure ratios. The method utilizes
a flow chart and uses continuity at the blade throat, a station just up-
stream from the trailing edge, and a station downstream of the trailing
edge as a basis. The method assumes no change in tangential component
of velocity from just upstream of the trailing edge to just downstream
of the trailing edge. The turbine to be analyzed was a mixed-flow tur-
bine in that the mean radius decreased from the rotor inlet to the rotor
outlet, and this was also considered. Four types of losses were assumed
in the analysis: (1) The sum of the nozzle and rotor effective viscous
losses, which include the blading viscous losses, boundary-layer sec-
ondary flow losses, and tip clearance losses, (2) rotor incidence losses,
(3) rotor exit shock losses (obtained only at conditions above the rotor
choking point), and (4) exit whirl loss.

The purpose of this report is to present the results of the ana-
lytical investigation of the turbine of reference 1 to indicate the
extent to which the various turbine losses affect the turbine efficiency
over the range of performance. The variation in rotor mean relative
critical velocity ratio and incidence angle over the range of performance
analyzed will also be presented to indicate the range of these variables
encountered. The investigation was conducted over a speed range from 40
to 120 percent design speed and from a pressure ratio of 1.4 to that
corresponding to the turbine limiting work output point.

METHOD OF ANALYSIS

Assumptions. - The analysis conducted in this report made the two
basic assumptions used in reference 2. These assumptions are:

Y
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(1) The sum of the blade loss due to friction, secondary flow, and
tip clearance can be combined into an effective viscous loss dependent
on a blade loss parameter K. (All symbols are defined in appendix A.)

A value of K is used in the analysis such that at design speed and
design specific work output the analytically obtained efficiency equaled
the experimentally obtained efficiency.

(2) The component of velocity normal to the blade inlet angle is
lost as a total-pressure loss. As indicated by references 2 and 3
fairly reliable off-design performance has been obtained analytically
when these two assumptions are used.

The following assumptions that differ from those in reference 2 are
made:

(1) Additional stations are used in the analysis. Figure 1 pre-
sents the velocity diagrams and station designations used in the analy-
sis. These additional stations are station 2 in the nozzle and station
5 in the rotor. It is assumed that there is no change in tangential
component of velocity from station 2 to station 3 in the nozzle and from
station 5 to station 6 in the rotor.

(2) At supercritical pressure ratios across a blade row, continuity
is used between stations 1 and 2 in the nozzle and stations 4 and 5" in
the rotor to obtain the supersonic expansion. These first two assump-
tions have been used in the design of several turbines and the satis-
factory performance obtained has indicated that the assumptions are

valid.

(3) A shock loss corresponding to the supersonic velocity at stations
2 and 5 is assumed to occur. This is probably higher than that expected
experimentally. However, the high loss was assumed to determine whether
shock losses have an appreciable effect on the turbine efficiency.

Charts, graphs, and tables used in calculations. - A series of
charts, graphs, and tables was used to facilitate the calculations of
the turbine performance. The equations used to obtain these charts,
graphs, and tables are presented in appendix B.

Turbine characteristics. - The following physical characteristics
of the turbine and operating conditions must be known or assumed before
the analysis is started. The conditions used in the analysis of the

subject turbine are given as an example:

(1) Turbine inlet total conditions

= O
Tb =1518.4 =R
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Py = 2116 1bfeq £t
(2) Turbine annulus area at stations O, 3, and 6

Aann,O
Aann,S =H05575 589 £t

0.545 sq ft

Il

A

ann,6 = 0-671 sq Tt

(3) Flow area in plane perpendicular to axis of rotation at stations
2 and 5

A2

As = 0.635 sq ft

0:549 sq £t

(4) Throat area at stations 1 and 4

Ay = 0.317 8q £t

A4 = 0.459 sq ft
(5) Mean radius ratio at station O
Tm/rt = 0.850 -
stations 1, 2, and 3
r,/ry = 0.840
stations 4, 5, and 6
rm/rt =50.805
(6) Rotor mean inlet blade angle (see fig. 1)

6

— O
r,i = 15.4

(7) Design mean wheel speed, specific work output, and rating
efficiency (efficiency based on axial component of total-pressure
ratio)

(/a2 =3@620
(Ma'/6cr) = 20.2 Btu/lb

nx =RQ 38 -
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Performance analysis procedure. - The procedure used in the per-
formance calculations can be summarized as follows: A value of K must
first be obtained such that at design speed and specific work output the
calculated rating efficiency agrees with the experimentally obtained
efficiency. This was done by assuming a series of K values, calculat-
ing the specific work output and rating efficiency over a range of points
that span design specific work output, and then cross-plotting to obtain
the value of K that would yield design efficiency at design specific
work output. For this analysis it was found that K = 0.400 gave the
correct rating efficiency. Once K 1is known, a series of working
curves is constructed to facilitate the calculations. Derivation and
description of these curves are presented in appendix C. The calcula-
tion of the performance map can then proceed. The subject turbine was
investigated at 40, 60, 80, 100, and 120 percent design speed and pres-
sure ratios from 1.4 up to that corresponding to the turbine limiting
loading point. A sample calculation is shown in appendix D to illus-
trate clearly the procedure used in calculating each point from a low
pressure ratio up to limiting loading for a given speed. The point
selected for the sample calculation is that at which the rotor choked at
100 percent design speed. The procedure for calculating the performance
parameters to construct the performance maps is also illustrated in
appendix D.

Loss calculation. - In order to show the effect of the various
losses on the analytically obtained turbine rating efficiency, a break-
down of the losses in terms of efficiency was obtained. A sample cal-
culation is presented in appendix E to illustrate the procedure used in
making the calculations.

RESULTS OF ANALYSIS
Performance Map

As discussed previously, the performance of the subject turbine was
obtained analytically at 40, 60, 80, 100, and 120 percent design speeds,
and at pressure ratios from 1.4 to that corresponding to the limiting
loading point. Figure 2 presents the analytically obtained performance
map. The equivalent specific work output is shown as a function of the
weight-flow - speed parameter (product of equivalent weight flow and
equivalent rpm). Lines of constant rating total-pressure ratio (based
on axial component of turbine exit velocity), percent design speed, and
rating efficiency are shown as parameters. For comparative purposes,
the experimentally obtained performance of this turbine 1s shown in fig-
ure 3 (data from ref. 1). It can be seen that the two performance maps
are very similar even at speeds and pressure ratios far removed from the
design point. The specific work output at the turbine limiting loading
point is seen to be somewhat higher analytically than that obtained
experimentally. The significance of this will be discussed later.
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Included on the analytically obtained performance map (fig. 2) is
the rotor choking line. It can be seen that once the rotor choked, the
additional specific work output up to the limiting loading point was
quite limited. Thus, for standard rotors in which the flow passages
converge to the exit, if the turbine is designed for the rotor to choke,
it will, of necessity, be operating close to the limiting loading point
because of the high Mach number level at the rotor exit. Hence, the
design of a turbine of this type will be critical from a limiting load-
ing standpoint.

Variation of Losses Over Performance Range Investigated

The effect of the various turbine losses assumed in the turbine
analysis on the turbine efficiency was calculated for the subject turbine
over the performance range investigated. Before presenting these re-
sults, a comparison of the analytically and experimentally obtained
rating efficiency will be presented in order that a better evaluation of
the method of analysis can be made.

Comparison with experimental results. - In figure 4 is presented
the effect of the turbine losses on the calculated turbine efficiency
over the speed range investigated. Efficiency is shown as a function of
specific work output. The lowest curve on each part of this figure
represents the variation of calculated rating efficiency with specific
work output. Along with this curve are actual data points from the
experimental investigation of the turbine with design ratio of nozzle to
rotor throat area. Also included are data points from the same turbine
but with an area ratio 3 percent less than design. A comparison between
the analytically and experimentally obtained efficiency using design
area ratio indicates good agreement until limiting loading is approached.
The turbine with the reduced area ratio, however, is in better agreement
with the calculated efficiencies even up to the limiting loading point,
indicating that the effective area ratio was not equal to the measured
area ratio. This could be caused by a large boundary-layer buildup
within the rotor, tip clearance effect, or other reasons. These results
indicate that the method of analysis used herein was found to predict
accurately the over-all turbine performance over a wide range of speeds
and pressure ratios and failed only in the region of the turbine limiting
loading point. The good agreement further suggests that the analytical
breakdown of the turbine losses can be considered fairly representative
of the actual breakdown of losses.

Nozzle and rotor effective viscous losses. - The effect of the
nozzle and rotor effective viscous losses on the analytically obtained
turbine efficiency is shown in figure 4. These losses represent all
losses other than incidence losses, exit whirl losses, and shock losses.
They thus include secondary flow losses, tip clearance losses, and actual
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blade viscous losses. Although these losses probably vary over the map,
the close agreement of the analytical and experimental rating efficien-
cies indicates that assuming an effective viscous loss in accordance
with the assumptions used in the analysis yields reasonable results.

At each of the five speeds, the efficiency, considering the effec-
tive viscous loss only, increases as the specific work output is in-
creased and can be attributed to the higher level of specific work out-
put. The efficiency variation occurring as a result of effective viscous
loss ranges between 0.79 and 0.89.

Rotor incidence loss. - The rotor incidence loss was found to have
a pronounced effect on the efficiency over the performance map. At 40
percent design speed and high specific work outputs (fig- 4(a)), the
rotor incidence loss is seen to contribute greatly to the low turbine
efficiency and represents as much as 18 points loss in efficiency. This
high loss is due to a combination of high positive angle of incidence and
high relative critical velocity ratio. At speeds approaching design the
incidence loss is small, since the angle of incidence is low. At 120
percent design speed (fig. 4(e)), the drop in efficiency due to incidence
loss is again large (as much as 15 points), but occurs at a low specific
work output. The large loss in efficiency in this region is mainly due
to the combination of the low work level and high incidence angle.

Rotor exit shock loss. - In the calculations, it was assumed that a
normal shock loss corresponding to the supersonic velocity at station 5
(figs 1) occurred. This is probably greater than would actually exist
in the turbine, as a series of oblique shocks would be more likely (see
ref. 4, for example). From figure 4, however, it can be concluded that
over the entire performance map, a loss in efficiency due to shock is
very small and can be attributed to the following: (a) The shock loss
occurs only at high specific work output levels, and (b) limiting loading
is reached before the velocities at station 5 become excessive.

Exit whirl loss. - As would be expected, the exit whirl loss varies
considerably over the performance map. At low-speed high specific work
outputs, the whirl loss represents as much as 13 points loss in effi-
ciency. At intermediate speeds, the loss decreases substantially because
the flow is close to axial. Then again at high-speed low pressure
ratios, the loss due to whirl is large.

Variation in Rotor Mean Angle of Incidence and Relative Critical

Velocity Ratio over Performance Map

The rotor incidence loss was found to have a marked effect on the off-
design characteristics of the turbine. It is therefore of interest to study
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the variation in incidence angle and relative critical velocity ratio over
the range of performance investigated, since the loss is a function of
both these variables. Figures 5 and 6 are again the analytically ob-
tained performance map showing contours of calculated rotor entrance
critical velocity ratio and angle of incidence. The velocity ratio

(fig. 5) is seen to vary considerably over the performance range, from
0.80 at low-speed high pressure ratios to a value approaching 0.40 at
high-speed low pressure ratios. The velocity ratio contours are vertical
after the rotor chokes because conditions then remain fixed at the rotor
entrance. It might be noted that the relative critical velocity ratio
would be considerably greater at the hub and would probably exceed sonic
conditions at low-speed high pressure ratios.

In figure 6 is the performance map with contours of constant rela-
tive angle of incidence. An extremely large variation in angle of
incidence is seen to occur over the map, from 30° at low-speed high
pressure ratios to -40° at high-speed low pressure ratios. The effect
of the angle of incidence in combination with the critical velocity ratio
on the efficiency was shown in the previous section to be pronounced.

DISCUSSION

The method of analysis used herein was found to be satisfactory in
predicting the off-design performance of the subject turbine. The re-
sults of the analytical investigation indicated that the decrease in
efficiency at low-speed high pressure ratios and at high-speed low pres-
sure ratios is due mainly to rotor incidence and turbine exit whirl
losses. Thus, it can be concluded that if a turbine must operate effi-
ciently at more than one condition, the turbine design must be a com-
promise between turbine exit whirl and angle of incidence to obtain an
optimum design. For example, at low speeds, the rotor incidence loss
was found to have a large effect on the turbine efficiency. Hence, if
favorable acceleration characteristics were desired, improvements in
efficiency at the low speeds could be obtained by designing the turbine
for a negative angle of incidence at the design point. The small drop
in efficiency at the design point due to the negative incidence angle
would be off-set by a considerable improvement in efficiency at the lower
speeds.

The loss in efficiency due to shock at the rotor exit was found in
the analysis to be very small. However, provision for shock losses
should be included in the analysis, since in the calculations, although
the loss is small, it can shift the limiting loading point to a certain
extent.

The one large disadvantage of the method used herein, as also
occurred for the method in reference 2, is that the efficiency at one
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point on the performance map must either be known or estimated in order
to obtain the effective viscous loss parameter K. However, for a well-
designed conventional turbine, the loss parameter K can be evaluated
on the basis of an estimated rating efficiency between 0.87 and 0.90,
and the result should be close to that expected experimentally.

It might be mentioned that the application of the flow chart and
general procedure can be used with experimental loss parameters deter-
mined from cascade studies. The calculations involving the functions of
K would then be replaced by the blade experimentally obtained losses.
The difficulty with this is that (a) the loss distribution through the
blade would still have to be assumed, and (b) if the losses are obtained
from cascade results, there is no assurance that the blade would have
similar losses in the actual turbine.

SUMMARY OF RESULTS

The performance of a turbine was obtained analytically to study the
variation of losses over the performance map. The results of the anal-
ysis are compared with the experimental results to evaluate the analyti-
cal method. The results of the investigation are summarized as follows:

(1) Good correlation between the analytically and experimentally
obtained performance was found over the entire map until limiting loading
was approached. The discrepancy near limiting loading was apparently
due to the fact that the blade effective throat area was not equal to

the physical throat area.

(2) The results of the analysis indicated that the decrease in
efficiency at low-speed high pressure ratios and at high-speed low pres-
sure ratios was due primarily to rotor inlet incidence and turbine exit

whirl losses.

(3) Rotor exit shock losses were found to have only a small effect
on the analytically determined rating efficiency.

(4) Rotor mean incidence angles from -40° to 30° and relative crit-
ical velocity ratios from 0.40 to 0.80 were found over the range of
performance investigated. The combination of these variables caused the
large incidence losses at off-design operating conditions.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, November 10, 1953
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APPENDIX A j

SYMBOLS

The following symbols are used in this report:

J
!
|
|
|
A flow area, sq ft j
a effective viscous loss parameter due to blade inlet velocity |
i =L |
(see ref. 2) 1 - K(é%)r L} - (ﬁ%) ¥ j
b effective viscous loss paramgﬁer dué to blade exit velocity
= Les |
(see ref. 2) Y1 + K(ﬁ%)r L} - (f%) 5 }
cp specific heat at constant pressure, Btu/lb/oR
; B specific heat at constant volume, Btu/1b/°R ;
j h specific enthalpy, Btu/lb ;
; i incidence angle, deg (see fig. 1) i
K blade effective loss parameter (ref. 2) - ;
i N rotational speed, rpm )
| P pressure, lb/sq Vgl |
% it radius, ft :
ﬁ i absolute temperature, °r
| U mean blade velocity, ft/sec }
} \' absolute gas velocity, ft/sec ;
‘ W relative gas velocity, ft/sec {
W weight flow rate, 1b/sec :
Y ratio of specific heats, cp/cy
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\

[

\

\

|

| A : ;
[ o} ratio of inlet air pressure to NACA standard sea-level pressure,
|

|

|

|

- %
py/p
T =
" <Y+l> =
€ fubetion of | 14 %T
[ Jfl)’r e

n effiledency

6 squared ratio of critical velocity at turbine inlet to critical
velocity at NACA standard sea-level temperature, (V,.,/VZ.)

A
'§ Gr,i rotor inlet blade angle at mean radius (see fig. 1)
o . e

1 6o, defines angle sin™t (A1/A5)

O

as total-pressure ratio

0 gas density, 1lb/cu ft
1 Subscripts:
1 ac above choking conditions
ann annulus
c choking conditions
cr conditions at Mach number of unity

isen isentropic

m mean radius
T relative
t tip, tangent to mean camber line
u tangential component
; X axial component

|
|
|
|
|
|
|
3 shock loss corresponding to velocity at station 2 or 5 expressed
|
\
|
|
|
\
|
|
|
|
|
|
|
|
|
|
|
|
|
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0 nozzle inlet (fig. 1)

it nozzle throat

72 station just inside nozzle trailing edge
3 nozzle exit, rotor entrance

4 rotor throat

5 station just inside rotor trailing edge
6 rotor exit, turbine exit

Superscripts:

1

"

*

absolute total state
relative total state

NACA standard conditions

NACA RM ES53KO06
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APPENDIX B

CHARTS, GRAPHS, AND TABLE USED IN PERFORMANCE CALCULATION

Flow chart. - A most useful chart for obtaining flow conditions at
a point is shown in figure 7. This chart relates the three velocity
components and specific weight flow in a nondimensional manner. The
equations used in the construction of the chart are

G b i Gy
= =<1 - — (B1)
pay Vor T+1

E_‘

and

2 vl (v )2
i el i
(m) ) (vc) o (&)

1.4 and has already been presented in a number
)

The chart is for a 7y
e The curves shown on figure 7 will be dis-

of reports (ref. 5,
cussed later.

e

Incidence loss graph. - Figure 8 shows the pressure loss as a func-
tion of incidence angle for lines of constant critical ve1001ty ratio.
This graph was obtained as follows: For a given (W/W 3 a series of

incidence angles was assumed and a value of (Wt/wcr 3 (component of

relative critical velocity ratio in direction of rotor mean camber line)
was then obtained by use of the relation

Wy W .
(w—c;):ﬁ = (w_c;>3 cos i (B3)

For each value of (W/W,.)3z and (Wi /W,p) 5, values of (p/p")z were

obtained from reference 6. Finally, the pressure loss due to incidence
angle was obtained by the relation

(B4)
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Pressure ratio enthalpy drop table. - Table I shows the total
enthalpy drop as a function of total-pressure ratio pé/pé- It was .

obtained for y = 1.4 from the following equation using standard inlet
conditions:

where, for the table,
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APPENDTX C

NOZZLE AND ROTOR OPERATING CURVES

Before beginning the actual performance calculations, it is benefi-
cial to obtain a series of working curves.

Effective viscosity loss curves. - When the value of the effective
viscosity loss parameter K 1is known, a curve similar to that shown in
figure 9 can be constructed using the following equations, which relate
the total-pressure loss parameters a and b to the total-to-static
pressure ratio at the blade inlet and exit, respectively,

EI_
a=l-K(§})YLl—(I%)Yd (c1)
i iy
b=1+K(Pli,)Y 1-(§)YJ (c2)

(see ref. 2 for derivations.) Figure 9 shows these parameters as a
function of the critical velocity ratio for convenience of use. The
relation between critical velocity ratio and total-to-static pressure
ratio was obtained from reference 6.

Blade throat and exit flow curves. - The nozzle and rotor throat
and exit flow conditions are superimposed on the flow chart of figure 7.
These curves are obtained as follows.

For a given blade row, for example, the nozzle blade row, the throat
area Aj, axial flow area just inslde the trailing edge Ap, and free-
stream annulus area downstream of the blade row Az must first be
obtained from the turbine geometry. After defining

A
65 = sin t (c3)

i

it is assumed that the flow follows the angle 6, at station 2 until
the blade row chokes, (V/Vcr)z = 1. Hence, for assumed values of

(V/Vep)as (Vy/Vep)p can be obtained from the relation

=

u Y

—) = [=—] cos 6 (c4)
(Vcr a (YCr)Z .

SibE ARt sl
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Curve A-B can then be plotted on figure 7 up to (V/Vcr)2 =F 1t 38

then assumed that
(Vu > N (Vu ) =
vV 2 V z

(cig e

and from continuity, assuming no losses between stations 2 and 3,
(_pix_> = (ﬂi) X A.;a. (ce)
P 'Ver/z P Ver/a A3

Hence, curve C-D can also be plotted using equations (c5) and (C6).

For (V/Vcr)z > 1, the loss parameter b corresponding to (V/Vcr)5

and shock loss corresponding to (V/Vcr)z omust be considered in the

calculations. The total-pressure drop across a blade row due to the
effective viscous loss is assumed to be dependent on (V/Vcr)o and

(V/Vcr)S' However, once the blade is choked, any additional pressure
drop is felt downstream of the throat only. After the blade chokes,

w = constant

So at station 2,

(pVx)Z,c = (pvx)z,ac (c7)

pVx pVX bS,ac ik
i h F e O Sea g (c8)
P Neps2, a0 M ¥or/2 e Sy o

A series of (V/Vcr)z is assumed to obtain the supersonic portion

of the curves. Then for each (V/Viop)p a serles of bz is assumed.
With the use of equation (C8) and the known condition at the choking
point, (pVx/p‘Vcr)2 can be computed and (Vu/Vcr)Z can be obtained

from figure 7. Conditions at station 3 can then be determined with the
aid of equations (C5) and (C6). The bz assumed and the bz obtained
from figure 9 and conditions at station 3 must be the same. Hence, the
supersonic portion of the curves can then be plotted. For the turbine
analyzed herein, supersonic conditions at the nozzle exit were not en-
countered. Hence, these curves are not shown. Curves E-F and G-H are

the supersonic portions of the rotor curves at stations 5 and 6, respec-
tively. Curve J-K presents the operating curve for the rotor and nozzle

throat in the direction of flow.
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Nozzle effective viscosity loss curve. - The nozzle total-pressure
ratio ao/b5 resulting from the nozzle effective viscosity loss can be

obtained as a function of (Vu/Vcr)Z‘ For a given (Vu/vcr)z and the
working curve (fig. 7), (V/V.p)z can be obtained. This value is then

used to determine bz from flgure 9. Continuity is then used to obtain
ag. Assuming a range of ag, pV /p Vcr)O is obtained from the

equation
A
ERREAR SV
cr O 3

Since (Vu/vcr)o = O at the nozzle entrance, the working curve for
station O is curve J-K (fig. 7). Hence, figure 7 and (pVx/chr)o can

be used to obtain (V/V,.)g. The assumed ag should then check the
ay corresponding to (V/Vop)o (fig. 9). The nozzle effective viscosity

loss curve for the turbine analyzed herein is shown in figure 10.

It might be noted that a working curve such as that shown in fig-
ure 10 cannot be used for a blade row having a varying inlet flow angle
(such as a rotor or the second stage nozzle) .
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APPENDIX D

SAMPLE CALCULATION

The analysis of the turbine investigated in this report at one
operating point will be presented here to illustrate the method used in
the performance calculation. The point chosen was that point where the
rotor choked at 100 percent design speed.

Nozzle exit conditions. - For a given speed a series of (Vu/vcr)z
is assumed and the performance calculated until (W/Wcr)4 = 1. At this
point, for 100 percent design speed,

Vu
7—) = 0.768 (D1)
eria
Then
VX
) =0.528 (Tig. 7) (D2)
exr!’'s
!
o= = 0.9533 (fig. 10) (D3)
5

Rotor inlet conditions. - For 100 percent design speed,

<?9->3 = 0.620 (D4)

cr

The relation between relative and absolute total temperature in
terms of absolute quantities can be expressed as

?_"31_&_1_(3_)(2‘&__31_)
T 1 \Toy T o
Hence, using (D1), (D4), and y = 1.4 in the preceding equation gives
(/R ). = 0.905 (D5)
S

Now
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- ) - G2) - ()

(e cP er’s

0.768 - 0.620

I

0.148 (D6)

I

So, from trigonometry and equations (D2) and (D6),

<?H—‘ - 0549 (D7)
er/3

The component of relative velocity normal to the blade entrance
angle is assumed lost as an incidence loss (same assumption as in ref.
2). For the turbine analyzed herein,

o

er’i = 15.4 (D8)
% thus
3
i) E‘l__
<§ i \ S
o A e’'3 a0

v
. VCI' 3
Using (D2) and (D6) gives
-] 0.148 o)
w 032 (D9)

Now
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Equations (D7) and (DS) yield

Now

W
(:1L> = (Tﬂi> cos i
Wcr 5 wcr 5

By use of equations (D9) and (D10),
W
WE"> = OETG
erts o
Using figure 8 and equations (D9) and (D10) gives

p”
—3) St
P /s

Figure 9 and equation (D1l) give

a,r}3 = 0.981

NACA RM E53KO06

(D10)

(p11)

(p12)

(D13)

Rotor exit conditions. - For the turbine being analyzed, the mean
radius ratio changed from 0.84 at the rotor entrance to 0.805 at the

rotor exit; thus

= 0.958

Because the turbine mean radius ratio decreases from inlet to exit,

(D14)

there is a relative total-temperature drop expressible by the following

equation:

3 S 3

1" 14 2
Sarsklen (\U )ﬁ e (Eg)
il T+l Vcr U

Hence, using this equation, (D4), (D14), and y = 1.4 gives

1" n"
5 - Tg

=1.0.005
1
TS
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Using (D5) results in

!

0.905 - 0.005

|
I

H
N—=

0.900 (D15)

Continuity between stations 1 and 4 is used to calculate the rotor
exit conditions.

w= (pVa), = (pWA),

(oW) , = (pV)l<§l)

4

<'OW> ____< pV>xﬁ__X
T 1
P Wcr 4 P Vcr 1k A4

1/2
A Tn pl
W v 1 6 i
Qfﬁ%__> - (-7%——> X Ef"‘<f7> X o (D16)
P Ner/sa R Yar /L 4 & 4

For this turbine

= 0.690 (D17)

Also, using equation (D1) and figure 7,

v
e e 0955
<Ycr>2

Since the nozzle is not choked,

Vv v
(V——)l = (v-) = 0.955
er CLB/2

Hence, figure 7 and the working curve for station 1 are used to find

( oy >1 = 0.632 (D18)

P Ver
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The ratio of relative total pressure at station 4 to total pressure at
station 1 can be written

= s
-1
i =s (B (T) »
?=g’—xl—)-,7 X T ‘
5 3

1 i, 6

In this equation, everything is known except br,s' Various values of
b. g are assumed to obtain (W/W..)g- The assumed by g must check
that obtained with (W/Wcr)e and figure 9. It was found that for this
point

br’6 = 1.040 (D19)
Say using  (D12) , «(D13), (D15), end (DI9),
8= (O
p4/pl = 0.653 (D20)

Substituting (D15), (D17), (D18), and (D20) into (D16) gives

(PW/p"Wyp) g = 0.634 (D21)
Figure 7 is used to find ]
(WWep)y =1 (D22) .

(W/W.p)g = 0.947 (D23)

(We/Wop)g = 0.648 (D24)

(Wy/Wop)g = - 0.692 (D25)

Turbine exit conditions. - To begin the turbine exit calculations

(W/W.p)g is first found:
(U) ¥ U) g R
Wer /e Ver/3  Us wcr,6

Ver, 3 Tz 1/2 "
Using (D4), (D14), (D15), and = \Gw 5
W 6
cr,6
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L (U/Wop)g = 0.626 (D26)

The ratio of absolute to relative total temperature in terms of
relative quantities can be expressed as

T v-1/U ( Wy U )
= = 1 + 2 +
i T+l <wcr ) Wor  Wer

Using this equation, (D25), (D26), and y = 1.4

(T'/T“)6 = 0.921 (D27)

So

1/2
Ver ! /

Using (D24), (D25), (D26), and (D28) gives

(Vy/Wop)g = 0-626 - 0.692
= - 0.066
. (Vy/Ver)g = - 0.066/0.960 = - 0.069 (D29)
3 (Vo/Vop)g = 0.648/0.960 = 0.675 (D30)

From trigonometry and equations (D29) and (D30),

(V/Vcr)6 = 0.677 (D31)

Performance parameters. - (1) Specific work output: The equivalent
specific work output is obtained from the following equation:

|
|
\‘
|
|
|

and since standard inlet conditions were assumed,

It

- Tl

| 0 518.4

0.240

I

p
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From equations (D15) and (D27),

' ' = . .
TG/TO = 0.921X 0.900
= 0.829
Hence,
1
£8 -/21-28 Bbu/1b (D32)
GCI‘

(2) Total-pressure ratio based on axial component of velocity: Equa-
tions (D30) and (D31l) and reference 6 give

(p/p')g = 0.758, (p/p}), = 0-760 (D33)
Also,
p%’G = géLé y'd Eg Eé Eé Eé Ei (D54)
1 1 n " 1 t
Po Pgt Pgi P By Py Py

Since at unchoked rotor conditions pg = pZ , equations (D3), (D20),
(D27) , and (D33) can be used to obtain

1 | (RS
px’e/po = 0.4649

p'/p! = 2.145 (D35)
0l x,6

(3) Efficiency based on axial component of velocity: Table I presents
the variation in the equivalent specific work output Ah'/6q, with
total-pressure ratio. This table and (D35) are used to find

(ah'/fe ) = 24.41 Btu/1b (D36)

cr’ isen

Hence, with (D32),

N, = 21.3/24.4 = 0.87 (D37)

(4) Equivalent weight flow: Conditions at station 3 were used to
obtain the equivalent weight flow.

wa/O oV

cr %

c it =(plv > X (0'Wop)s X As
eriS
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Bremsticure &,
(pVy/p'Viop) 5 = 0.358
With standard inlet conditions,
1 - 1
(p Vcr)3 = e Vcr)O a ao/b3
= 0.0765 X 1019 X0.9533
= 74.30

Also,

Agpn,3 = 0.575 sq £t

Henee,

wa/ 6
e-——3;9£ = 15.29 1b/sec (D38)

(5) Weight-flow - speed parameter: The weight-flow - speed parameter

can be expressed as
wN _ WA Ocr N
€ -S— =1c X

: N Ocr

For this point,

N/ N6, = 12,304 rpm

So
€ %g = 12,304 X 15.29
= 18.8%10%
Conditions above rotor choking point. - The calculations Jjust

described were for the rotor choking point. After the rotor has choked,
all conditions upstream from the rotor throat are constant. Hence, a
series of (W/Wcr)s can be assumed up to the limiting loading point.
From the working curves on figure 7, the relative velocity components at
station 6 can then be obtained and the calculations continued, starting
with (D23). The value of b, g is obtained using (W/W..)g and fig-
ure 9, and the term gs can be obtained from reference 6. So, rewriting
(D34),
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1 1 " n 1 1
Py,6  (P1 P4>Pe P Pg Py

e WX sl e ) e X
pO PO p1 cp4 P6 PG P6
Since
n 'b
fé X ES L, 6/ie
by br.6

The value of pi,s/pé can then be obtained; otherwise, the method for

calculating the performance is the same as just described.
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APPENDIX E

METHOD OF OBTAINING EFFECT OF LOSSES ON TURBINE RATING EFFICIENCY
Presented in this appendix is a sample calculation to illustrate
the method used in finding the effect of the various losses on the
rating efficiency. The point used is again 100 percent design speed and
the rotor choking point. From appendix D,
An'/6 . = 21.28 Btu/lb (D32)
From table I,

(p’/pé)isen = 1.9%95 (D33)

This corresponds to mn = 1.00, since no losses have been introduced.

Efficiency including nozzle effective viscous loss. -

po/Pg = (2/P4)isen Pa/2,

Equations (D3) and (D33) are used to find

1.9295 X 1/0.9533

1l

1 1
plin

2.024 (E1)

i

From table I,

(ant/6.r) 1 gen = 22-67

So

n = 21.28/22.67

Or939

n

Efficiency including losses up to and including incidence loss. -

1
0

P p! b "
3
A2 Ki)_?) q a_J X<%>
6 6’isen 0 1055



28 NACA RM E53KO06

From equations (E1) and (D12)

1/pt) = 2.024X 1
(Po/p6)
= 2024 (E2)
1 —
(Ah'/6,) oy = 22-66

n = 21.28/22.67
ni= 0.939

Efficiency including losses up to and including rotor affecting

viscous loss. -
1sen a t S ar,S

By use of equations (E2), (D13), and (D19),

pé/pé = 2.024 X 1.040/0.9810

2.146 (E3) g

(an'f6.,.) 4 gen = 24-35 :

n = 21.28/24.35
n = 0.874

Efficiency including losses up to and including rotor shock losses. -
Since the rotor is just choked, there is no shock loss at this point.
Above the rotor choking point, however, the shock loss would be calcu-
lated, and the efficiency including this loss would then be obtained at
this point in the calculations.

Efficiency including losses up to and including exit whirl loss. -

2o B ety s Prer i) Bre
1 = i oGt e R G
6 1sen t/3 s 4 6

From (E3) and (D33),
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- p!/pl = 2.146 X 0.760/0.758

= 25152
(Ah'/6.,) {gen = 24-43 Btu/lb

n = 21.28/24.43
n = 0.871

This is the rating efficiency and should check the calculations previ-
ously made pertaining to the performance map.
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TABLE I. - TABULATION OF CORRECTED ENTHALPY DROP FOR VARIOUS VALUES OF
PRESSURE RATIO (FOR vy = 1.4)
Eé Ah'/Bep
1

ﬁe._. 0 .001 .002 .003 .004 .005 .006 .007 .008 .009
105 bl s 0w T80 V.75 T 430 [ it o] I et 3ol | A4S 7.89 | 7.91
1.26 7.94 1.97 7.99 g.02 8.04 8.07 8.10 8.13 8.15 8.18
120 8.21 g.2u 8.26 8.29 8,51 g.34 8.36 8.39 8. k2 8.4
1.28 8. U7 8.50 8.52 8.55 8.57 8.60 8.62 8.65 8.68 g.70
1.29 B. 73 8.75 8.78 8.80 8.83 8.85 8.88 8.90 8.93 8.96
1.30 8.98 9.01 9.03 9.06 9.08 9.11 9.1k 9.16 9.19 9.21
1.31 9.24 9.26 9.29 9. 31 9.34 9.3b 9.39 9.42 9.4y 9.46
152 9.49 9.51 9.54 9.56 9.59 9.62 9.64 9.66 9.69 9.7
1.3 9.74 9.76 9.79 9.81 9.8l 9.86 9.88 9.91 9.93 9.96
1.3 9.9¢ | 10.00 | 10.03 | 10.05 ([ '10.08 | 10.10 | 10.12 ( 10.15 [ 10.17 { 10.20
18511022 JiBroselisiNrol o [110.29 (710,32 [ 20,3 |1 10,360 | 10,39 |%'10.42. ] 10,44
1360 L1046 To 8T [ 10550 | 110,53 || 110.56 | 30.58 | 10.60 | 10.63 | 10.65 | 10.68
TR 0sT0 |10 72U 1075« |" 10 7Tl ( 126,79 | 10.81 | 10.84 | 10.86 | 10.88 | 10.91
I s Ml 0.0 IR0 as8l 10 98" |11 J60 | 19,02 | 11.05° | 11.07 | 12,10 |"al.22 | 11,24
Lk |ttt AR TP G| v e B = T = ) 5 A O T L, L 5 B 1 U 3 1 7
To4o 122,39 | 12,482 | a4 | 1achel 22,49 | 12.52 | 22.54 | 21.56 | 11.58 | 11.60
PSR Tep SRR GeRI AL 67| 60 IR T 71 Al 11 gl | ad. 76l | 11,78 | 21,81 | X1.83
1. 42 |1zx.85 | 11.87 | 12.89 | 112.92|| 11.9% | 11.96 | 11.98 | 12.00 | 12.03 | 12.05
e Eetar s 0 jealIR1otIN N Siostl (R To 160 [ o8 || 12,201 (' 12,22 (12, 254 12 2T
1.48 122,29 | 22.3) | 12,33 | 12.26| | 12.38 | 12.850 | 12,42 | 22,44 | 12,47 | 12,49
sl o SB[ 53| 1alBe IR 1a 58| | 12,600 | 12,62 | ro.6k | 12.66. | 12,690« 22,71
UG ot (| 12:76 | 12.77 | 12.80) [ 12.82 | 12.84 | 12.86 | 12.88 | 12,91 | 12.93
ie izl anarSy olgnl |8 o0 agt e 300 2| 1z ol 181506 | 13,08 [ 13,30 [F13La3 | 13,15
1.48 |13.17 | 13.19 | 13.21 | 13.23 | 13.25 | 13.28 | 13.30 | 13.32 | 13.34 | 13.36
T g[S e Idasholl Az Roo |z bt [z i6 ik T3 Mg 171351, | 13.53 1| 13.55.] 13.57
IR HoSs s boll B 2260l R 1 2 B e sesl N 2 67 [113570, | 1372 | 13,71 7b 13.78
1.51 |13.80 | 13.82 | 13.84 13.86 13,88 13.90 13.93 13.95 E 13.99
1.52 |iu.0o1 | 14,03 | 1k.05 | 1Lk.07 | 1k.09 1o UL TIPS T 1N 6 S T 14,20
1.55 [1k.22 | 14.24 | 14.26 { 24,28 | 14.30 | 14.32 | 14.34 | 14,36 | 1k, 38 14, 4o
1.5% |ak.u3 | au.45 | ak. 47 | ak.k9 | 14,51 | 14,53 | 14,55 | 14.57 | 14.59 | 14.61
1.55 |14.63 | 14.65 | 14.67 | 14.69 | 14,71 | 14,73 | 14.75 | 1477 | 1k.79 | 1k.81
1.56 (14.83 | 14.85 | 14.87 | 14.89 | 14,91 | 14,93 | 14.95 | 14.97 | 14.99 | 15.01
Tes7 6005 " FasTosl 15167 115009 || 1511 | 15513 | 15.15°| 25.17 | 15.19: ] 15,21
1.58 |15.23 | 15.25 | 15.27 |15.29 | 15.31 | 15.33 | 15.35 | 15.37 | 15.39 | 15.l1
1,59 [15.43 | 15.45 | 15.47 [|15.49 | 15.51 | 15.53 | 15.55 | 15.57 | 15.59 [ 15.61
1.60 ] 15.63 | 15.65 | 15.67 | 15.69 | 15.71 | 15.72 | 15.74 | 15.76 | 15.78 | 15.80
163 R15eo [Fan L sl | 153E6 5088 || 15,90 | 15.91 | 15.93 [ 15.95 | 15.97 | 15.99
1.62 |16.01 | 16.03 | 16.05 | 16.07 | 16.09 16.11 16.12 | 16.1% | 16.16 | 16,18
1463 "1'16.20 | 16.22 | 1bepl |16326 1| 16.28 | 16.3 16.31 | 16.33 | 16.35 | 16.37
1.6% |16.39 | 16.41 | 16.43 | 16,45 | 16.47 | 16, h9 16.50 | 16.52 | 16.54 | 16.56
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TABLE 1. - Continued.

31

TABULATION OF CORRECTED ENTHALPY DROP FOR VARIOUS
VALUES OF PRESSURE RATIO (FOR v = 1.4)

1
EQ Ah'/6cr
pl
16‘““ 0 .001 .002 .003 .00k .005 .006 .007 .008 .009
1.65 | 16.58 | 16,60 | 16.62 | 1b.64 | 16,66 | 16.68 | 16.69 | 16.71| 16.73 | 16.7
BRI T | 16,79 | '16.8Y | 16.83 | 16,85 |116.8b 116,88 16,901 H1b.92 | 1659
156N e abil 16,98 | 16,99 | 17.01 | 17.0% | 17.06 | 17 074 2708l a7saentt 17t
TS oSG | LY, 168 - 17,38 1.a7.19 | 17.21 |427.23 t17.a5¢ ] a2l [SHlife 2ttt 1730
g T Zol 17,33 | 17.35 | 17.37 | 17.39 |17 b0 |Aag.des] dgsiies aeheigiiag T
10NN (.49 | 17.52 [ 17.52 | 27.B% | 17.56 | 17.57 |117.59" |0 Jije6nalni17 62 ili17. Gl
INESEI SO0 175684 .09 XT.TE | 17.73 [T i AT oo lfairs: [ 1 B0 1.6l
AT 83 17.85 | 17.86 | 17.88 | .17.90 | A7.92 ¢ 17.9% " 17.05: 2T 970 17,98
1.73 | 18,00 | 18,02 | 18,04 | 18.05 | 18,07 | 18.09 | 18.11 | 18.13| 18,14 | 18,16
1.74 | 18.18 | 18.20 | 18.21 | 18.23 | 18.25 | 18.2b6 | 18,28 | 18.30| 18.32 | 18,33
1.75 | 18.35| 18.37 | 18.39 | 18.40 | 18.42 | 18.43 | 18.45 | 18.47| 18,49 | 18,50
1.76 | 18.52| 18.54 | 18.56 | 18.57 | 18.59 | 18.60 | 18.62 | 18.64| 18,66 | 18,67
1.77 | 18.69| 18.71| 18.73 | 18.74 | 18.76 | 18.78 | 18.80 | 18.81 | 18.83 | 18,84
1.78 | 18.86| 18.88 | 18.90 | 18.91 | 18.93% | 18.95 | 18.97 | 18.99 | 19,00 | 19.02
1.79 | 19.04| 19.06| 19.07 | 19.09 | 19.11 | 19.12 | 19.1% | 19,16 | 19,18 | 19.19
1.80 | 19.21| 19.23 | 19.24% | 19.26 | 19.28 | 19.29 | 19.31 | 19.33| 19.35 | 19.36
1.81 | 19.38 | 19.%0 | 19.41 | 19.43 | 19.44 | 19.4 | 19.48 | 19.49| 19,51 | 19.52
n 1.82 | 19.54| 19.56 | 19.57 | 19.59 | 19.61 | 19.63 | 19.64% | 19,66 | 19.68 | 19.69
1.83 | 19.72( 19.73 | 19.7% | 19.76 | 19.78 | 19.80 |( 19.81 | 19.83( 19.85 | 19.86
1.84 | 19.88 | 19.89 | 19.91 | 19.93 | 19.94% | 19.96 | 19.98 | 19,99 | =20.01 | 20,02
1085 120 08! 20.06 | 20.07 | 20.09 | 20.10 | 20.12 | 20.1k | 2015 " 20.17 | 20.18
1.86 | 20.20| 20.22 | 20.24% | 20.25 | 20.26 | 20.28 | 20,30 [ 20.31| 20.33 | 20,3k
1.87 | 20.30| 20.38 | 20.40 | 20.41 | 20.42 | 20.44 | 20.46 | 20,47 | 20.49 | 20.50
1.88 | 20.52| 20.54 | 20.55 | 20.57 | 20.58 | 20.b0 | 20.b2 | 20.63| 20.65 | 20.66
1.89 | 20.68 | 20.70 | 20.71 | 20.73 | 20.74% | 20.76 | 20.78 | 20.79| 20.80 | 20.82
1.90 | 20.84 | 20.85| 20.86 | 20.88 | 20.89 | 20.91 | 20.93 | 20.94| 20.96 | 20.97
IROIEIRo0ka9 (' 21,00/ 21.02 | 21.03 | 21.05 | 21.00..| 21,08 | 2¥:09 | 21.11 il 2r.ae
IRaomiNmEa o) qh-l 20,17 | 21.18 |a1.20 | ‘2122 k| 23,23 " aat ol son Sae Sty
1.9 21.29 | 21.30 21.32 21.33.| 21.35| 21.36 | [-21.38 [+ 2235 21,11 | 21,42
1.9 oRinae optlie I8 oy BT | 21,48 | 21.50 | @1.52. | /21,53 2115 21.56 4|21 5T
1.00 | 21050 | 23,60 | 21.62 | 21.63 | 21.65 | 21,66 | 21,67 | 28.68 1 #3.72 || 22.92
TOcRIRSIET | 21T 21.76 | 21.78 | 21.7 21,81 (21,82 | 21084 | 21,86 [ 2X.ET
.97 [h2Lses’ | 21.90: 21.91 | 23.93 | 21.9 21,96 | 21.97 | 21.99 | 22,01 | 22,02
1.98 | 22,03 | 22,05 | 22.06 | 22.08 | 22,09 | 22.11 | 22,12 | 22,14 | 22,16 | 22.17
Aiag ool gl . 02,20 || 22.21 | 22.23 | 22.24 | 22.26 | 22,274 22.29'" 22,30 |/ 22,52
2,00 | 22.33 | 22.34 | 22.36 | 22.37 | 22,39 | 22,40 | 22,41 | 22,43 | 22,44 | 22.46
& 2.01 | 22.47 | 22.i8 | 22.50 | 22.51 | 22.53 | 22.54 | 22.55 | 22.57| 22.58 | 22.60
SigoRililon Bl 0o 62 | 22,60 | 22,65 | 22,67 | 22.68'"| 22376 |22.g0 i 2252 8 ea s
2ro m|Ecomesl. 20 774 22,78 | 22,80 | 22,81 | 22:8% || 22,84 |IFi22085 12208 ] SR a9
2.04 | 22.90 | 22.91 | 22.93 | 22,94 | 22.96 | 22.97 | 22.99 | 23.01 | 23.03 | 23.03
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TABLE I. - Continued. TABULATION OF CORRECTTD ENTHALPY DROP FOR VARIOUS
VALUES OF PRESSURE RATIO (FOR <y = 1.4)

B B ]

P .

! .001 .002 .003 .00k .005 .006 .007 .008 .009
2,05 | 23.04 | 23.05| 23.07 | 23.08 | 23,10 | 23.11 ( 23.12 | 23.14 | 23.15 | 23.17
2006 103,18 | 23.29'1F 2324 | 22,02 ) 23,24 | 23,25 | 23.26' | 23.28 | 23.29 | 23,30
2,07 | 23.32 | 23.33| 23.35 | 23.36 | 23.37 | 23.38 | 23.h0 | 23.M1 | 23.42 | 23,44
2.08 | 23.15 | 23.46 | 23.48 | 23.49 | 23.51 | 23.52 | 23.54 | 23.55 | 23.56 | 23.58
2.09 | 23.59 | 23.60 | 23.62 | 23.63 | 23.64 | 23.66 | 23.67 | 23.68 | 23.70 | 23.71
230 123,72 | 25.73 | 23.08 | @8.76 | 23.78 | 23.80 | 23.81 | 23.82 | 23.83 | 23.85
2.11 | 23.86 | 23.87 | 23.89 | 23.90 | 23.92 | 23.93 | 23.94 | 23.96 | 23.97 | 23.99
2.12 | 2k.00 | 2k.01 | 24.03 | 2k.04 | 24.06 | 2k.07 | 24,08 | 24,10 | 24.11 | 24,13
2.13 | 24,24 | 24,15 | 24,16 | 24.18 | 24,19 | 24.20 | 24,22 | 24,23 | 24,24 | 24,26
2,10 | 24.27 | 24.28 | 24.29 | 24.31 | 24.32 | 24,34 | 24.35 | 24,36 | 24.37 | 24,39
2.15 | 24.%0 | 24.41 | 24.43 | 24.h4 | 24 L6 | 24, L7 | 24 .48 | 24.50 | 24,51 | 24.53
2.16 | 24.54% | 24.55 | 24.57 | 24.58 | 24,59 | 24.60 | 24.62 | 24.63 | 24,64 | 24,66
2,17 | 24.67 | 24.68 | 24.70 | 24.71 | 24.72 | 24,74 | 24,75 | 24.76 | 24.77 | 24.79
2,18 | 24.80 | 24.82 | 2u.83 | ob,.84 | 24.86 | 24,87 | 24.88 | 24,90 | 24,91 | 24.93
2.19 | 24.9% | 24,95 | 24.97 | 24.98 | 24.99 | 25.00 | 25.02 | 25.03 | 25.04 | 25.06
2020/ |%25.07 | 25.08"| 25,10 | 25.22 ([ 25.12 |125.13 | 25.15 | 25.16 | 25.17 | 25.19
2,21 | 25.20 | 25.21 | 25.23 | 25.2L4 | 25.25 | 25.26 | 25.28 | 25.29 | 25.30 | 25.32
2,22 | 25.33 | 25.34 | 25.36 | 25.37 | 25.38 | 25.39 | 25.40 | 25.41 | 25.43 | 25,44
2.23 | 25.45 | 25,16 | 25.h48 | 25.49 | 25.50 | 25.52 | 25.53 | 25.5% | 25.55 | 25.57
2.2 25.58 | 25.59 | 25.60 | 25.62 | 25.63 | 25.64 | 25.65 | 25.66 | 25.68 | 25.69
225 HlRoh oS ansTa v 2b s | R St N 2H 275 IR 25 T | 2558 | 25 798|825 180 - | 25,82
2.26 | 25.83 | 25.84 | 25.86 | 25.87 | 25.88 | 25.90 | 25.91 | 25.92 | 25.93 | 25.95
2.27 | 25.96 | 25.97 | 25.98 | 26.00 | 26.01 | 26.02 | 26.03 | 26.04 | 26,06 | 26.07
2,08 1 26,08 [|126.10"( 26.11 | 26.22 | 26.1 26.14 | 26.16 | 2b6.17 | 26.18 | 26.19
2.29 | 26,20 | 26.22 | 26,23 | 26.24 | 26.2 26.27 | 26.28 | 26.29 | 26.30 | 26.32
2.30 | 26.33 | 26.34 26'i5 2@.57 26,38 | 26.39 | 26.40 | 2b.41 | 26.43 | 26.44
2.31 | 26.45 | 26.46 | 26,47 | 26.49 | 26.50 | 26.51 | 26.52 | 26.53 | 26.55 | 26.56
2.32 | 26.57 | 26.58 | 26.59 | 26.61 | 26.62 | 26.63 | 26.65 | 26.66 | 2b.67 | 2b.68
2.33 | 26.69 | 26.70 | 26.72 | 26.73 | 26.74 | 26.76 | 26.77 | 26.78 | 26.79 | 26.81
2.34 | 26.82 | 26.83 | 26.84 | 26.86 | 26.87 | 26.88 | 26.89 | 26.90 | 26.92 | 26.93
2.35 | 20.94% | 26.95 | 26.96 | 26.98 | 26.99 | 27.00 | 27.01 | 27.02 | 27.04 | 27.05
2,561 27106 |MaT.07 ' 27ibs biar.10 | e1.11 | 27.12 | 27.13 | 2f.1k | 2716 | 27.17
237 [ 27.18( 27.19 | 27+20 |27.2Y | 27.22 | 27.24% | 27.25 | 27.26 | 27.2] | 27.28
Bisg | 27.89 |'p7.7 | 2yds2 I57.33.) 21.3% | 27,35 | 27.36 | 27.37 | 27.39 | 2(.40
2.39 | e7.11 | 27.4k2 | 27.43 | 27.45 | 27.46 | 27.47 | 27.48 | 27.49 | 27.51 | 2T.52
2.40 | 27.53 | 27.5% | 27.55 | 27.56 | 27.57 | 27.58 | 27.60 | 27.61 | 27.62 | 27.63
s s Bor GRS omt BhEI o7 lic6 L7267t 27,68 | 27.69" | 2. 71 I 27.72 | 2.7 27. T4
ool omims SIS o CT6R S DT AT Sl 219 27.80 || 2781 | 27.82 | 27.8 27.8 27.85
2,43 | 27.8 | 27.87 | 27.88 | 27.90 | 27.91 | 27.92 | 27.93 | 27.9 27.95 | 27.96
244 | 27.97 | 27.98 | 27.99 | 28.01 | 28.02 | 28.03 | 28.04 | 28.05 | 28.06 | 28,07
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% TABLE I. - Continued. TABULATION OF CORRECTED ENTHALPY DROP FOR VARIOUS
VALUES OF PRESSURE RATIO (FOR vy = 1.4)
Eé An'/6cr
%é 2 .001 | .002 | .003 | .00k | .005 | .006 | .07 | .008 | .009
2. UHNINPEIO8N| 28,10 [ 28,11 | 28.12]| 28.1%{ 28.1L4 |- 28.15" [Hog. 06| Hogka (o 1e
2,46 | 28,19 | 28.21 | 28.22 | 28.23| 28.24 | 28.25| 28.26 | 28.27 | 28.28 | 28.29
0 2.47 | 28.30 | 28.32 | 28,33 | 28,34| 28.35| 28.3b | 28.37 | 28.38 | 28.39 | 28.40
& 2.4g | 28,41 | 2®,L3 | 28,44 | 2g.45| 28.L6 | 28.47| 28.48 | 28.49 | 28.50 | 28.51
O 2.49 | 28.52 | 28.54 | 28.55 | 28.56| 28.57 | 28.58 | 28.59 | 28,60 | 28.61 | 28.62
2.50 | 28.b3 | 28.65 | 28,6b | 28.67| 28.68 | 28.69 | 28.70 | 28.71 | 28.72 | 28.73
2,51 | 28,74 | 28,75 | 28.76 | 28.77| 28.79 | 28.80| 28.81 | 28.82 | 28.83% | 28.84
2.52 | 28.85 | 28.86 | 28.87 | 28.88| ©28.90 | 28.91 | 28.92 | 28.9% | 28.94 | 28.95
2.53 | 28.96 | 28.97 | 28.98 | 28.99| 29.00 | 29.02| 29.0 29.04 | 29.05 | 29.06
2.54 | 29,07 | 29.08 | 29.09 | 29.10| @29.11 | 29.12| 29.1 29.15 | 29.16 | 29.17
2.55 | 29.18 | 29.19 | 29.20 | 29,21 | 29.22 | ©29.23| 29.25 | 29.26 | 29.27 | 29.28
2,56 | 29.29 | 29.30 | 29.31 | 29.32| 29.33 | 29.34| 29.35 | 29.36 | 29.37 | 29.38
2.57 | 29.39 | 29.41 | 29,42 | 29.43| 29,44 | 29.45 | 29.46 | 29.L7 [ 29.48 | 29.49
2.58 | 29.50 | 29.51 | 29.52 | 29.53| 29.54 | 29.55| 29.56 | 29.57 | 29.58 | 29.59
2.59 | 29.60 | 29.61 | 29.62 | 29,63 | 29.64 | 29.66 | 29.67 | 29.68 | 29.69 | 29.70
2.60 | 29.71 | 29.72 | 29.73 | 29.74| 29.75| 29.76 | 29.77 | 29.78 | 29.79 | 29.80
2.61 | 29.81 | 29.82 | 29.83 | 29.84| 29.85 | 29,86 | 29.88 | 29.89 | 29.90 | 29.91
2.62 | 29,92 | 29.93 | 29.94 | 29.95| 29.96 | 29,97 { 29.98 | 29.99 | 30.00 | 30.01
2.63 | 30.02 | 30.03 | 30.04 | 30.05| 30.06 | 30.07 | 30.08 | 30.09 | 30.10 | 30.11
" 2.64 | 30.12 | 30.13 | 30.14 | 30.15| 30.16 | 30.17 | 30.18 | 30.19 | 30.20 | 30.21
2.65 | 30.22 | 30.23 | 30.24 | 30.25| 30.26 30 30.28 | 30.29 | 30.30 | 30.31
2.6b | 30,32 30.33 30. ih 30.35 30.36 i 30.38 30.39 | 30.41 | 30.ke
s 2.67 | 30.43 | 30. 30. 30.47 8 | 30,49 | 30.50°( 30.51 | 30.52
2.68 | 30.53 | 30.5% | 30.55 30 56 | 30.57 50 58 | 30.59 | 30.60 | 30.61 | 30.62
2.09 | 30.63 | 30.64 | 30.65 | 30.66( 30.67 | 30.68 | 30.69 | 30.70 | 30.71 | 30.72
2.70 | 30.73 | 30.7% | 30.75 | 30.76| 30.77 | 30.78 | 30.79 | 30.80 | 30.81 | 30.82
2.71 | 30.83 | 30.84% | 30.85 | 30.80| 30.87 | 30.88 | 30.89 | 30.90 | 30.91 | 30.92
2.72 | 30.93 | 30.94 | 30.95 | 30.96| 30.97 | 30.98 | 30.99 | 31.00 | 31.01 | 31.02
2475 |0 3105 (B31.04 | 31,05 | 31.06/| 31.07 | 31.08 [ 31.08 .| 31.09 | 33,10 31011
2 Tusesros Swn 03| 31l [ 31,15 (. 310160 BT 3118 L LGHIL a1 a0 s 21
205N B1a22 31,23 | 31 24 1 31.25 | 31.26 | 31.27 | 31.26 | 31.29 | 3La50 |['31.31
2,76 | 31.32 | 31.33 | 31.34 [ 31.35 31.36 BLL STRIEN31TN58 31.39 31.40 | ..
2.77 | 31.k2 | 31.43 | 31,44 | 3.45| 31,46 | 31.46 | 31.47 | 31.48 | 31.49 31,50
2.78 | 31.50 | 31.52 | 31.53 | 31.54| 31.55 | 31.56| 31.57 31.58 | 31.59 | 31.60
2.79 | 31.61 | 31.62 | 31.63 | 31.64| 31.65 | 31.66| 31.66 | 31.67 | 31.68 | 31.69
2:80 L3100 31 72 | T2 | 373 3.7 | R.E| 3.75 | 3.T6 TT | 3.8
2.81 | 31.79 | 51.80 | s1.81 | 31.82| 31.83 | 31.84| 31.85 | 31.86 | 31.87 | 31.88
2.82 | 31.89 | 31.90 | 31.91 | 31.92| 31.93 | 31.9%| 31.9% | 31.95 | 31.96 | 31.97
2.83 | 31,98 | 31.99 | 32,00 | 32.01| 32,02 | 32.03| 32.04 | 32,05 | 32.06 | 32.07
- 2. 80 [F3e.ar | 132,08 | 32.09°| 32.10| 32.11 | 32.12| 32.13% [ 32.1Mul 32,15 | 32016
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TABLE I. - Concluded. TABULATION OF CORRECTED ENTHALPY DROP FOR VARIOUS
VALUES OF PRESSURE RATIO (FOR v = 1. 4)

p_o_ Ah'/6cr

pl

1,6" 0 .000 | .002 | .003 | .oo4 |.005 | .006 | .007 | .008 | .009

2 abalNzo el Fainglil 39 29" Ba,20| | 32,01 | 32.92 | 32.22 | 32.23 | 32.24 | 32.25
2,86 | 32.26 | 32.27 | 32.28 | 32.29 | 32.30 | 32.30 | 32.71 | 32.32 | 32.33 | 32.34
2.87 | 32.35 | 32.36 | 32.37 | 32.38 | 32.39 | 32.40 | 32.h0 | 32.41 | 32.42 | 32.43
2.88 | 32,44 | 32,45 | 32,46 | 32,47 | 32,48 | 32.4g | 32.49 | 32,50 | 32.51 | 32.52
2.89 | 32.53 | 32,54 | 32.55 | 32.56 | 32.57 | 32.58 | 32.59 | 32.60 | 32.61 | 32.62
2.90 | 32.62 | 32.63 | 32.64 | 32.65 | 32.66 | 32.67 | 32.68 | 32.69 | 32.70 | 32.71
2.01 | 32,72 32,73 | 32.7% | 32.75 | 32.76 | 32.77 | 32.78 | 32.78 | 32,79 | 32.80
2.92 | 32.81 | 32.82 | 32.83 | 32.84 | 32.85 | 32.86 | 32.87 | 32.88 | 32.88 | 32.89
2.93 32.90 | 32.91 | 32.92 | 32,93 | 32.9% | 32.95 | 32.96 | 32.97 | 32.98 | 32.99
2.9 33,00 | 33.01 | 33.02 | 33.03 | 33.04 | 33.04 | 33.05 | 33.06 | 33.07 | 33.08
505 | 3300 (893,10 | #5.11 | [33.23 4 33,12 | 33.13 | 35.1% | ¥3.15 | 33.15 | 33.16
2,96 | 33.17 | 33.18 | 33.19 | 33.20 | 33.20 | 33.22 | 33.22 | 3%.23 | 33.24 | 33.25
2,97 | 33.26 | 33.27 | 33.28 | 33.29 | 33.30 | 33.31 | 33.32 | 33.32 | 33.33 | 33.34
2. 988 [ 33:85 33.56 ABEATEIBASE B30 S 3BEB0 1 B8R0 | 35.501 8 35.3201 35.33
29981 A 33,45 | 33,46 | 33.47 | 33.48 | 33.48 | 33.49 | 33.50 | 33.51 | 33.52
3.00 | 33.53 | 33.54 | 33.55 | 33.55 | 33.56 | 33.57 | 33.58 | 33.59 | 33.59 | 33.60
3,01 { 33.61 | 33.62 | 33.63 | 33.64 | 33.65 | 33.66 | 33.66 | 33.67 | 33.68 | 33.69
3,02 | 33.70 | 33.71 | 33.72 |/ 33,72 | 33.73 | 33.74 | 33.75 | 33.76 | 33.76 | 33.77
3.03 | 33.78 | 33.79 | 33.80 | 33.81 | 33.81 | 33.82 | 33.83 | 33.84 | 33.84 | 33.85
3,00 | 33.86 | 33.87 | 33.88 | 33.89 | 33.90 | 33.90 | 33.91 | 33.92 | 33.93 | 33.9%
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Station
0

\
(Vx/vcr)3

\

(V/Ver),

(W/Wer)z

((W/Wcr)s (Wx/wcr)s

(w/wcr)s ‘(wx/wcr)s

(Wu/Wer)g = (Wu/Wer)s

(Vx/Ver)g
(v/vcr)s

% ) g

Figure 1. - Velocity diagrams and station designations used in turbine
analysis.
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- Effect of various losses on efficiency.
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Flgure 4. - Continued. Effect of various losses on efficiency.
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Figure 7.- Flow chart showing nozzle and rotor working curves.
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Figure 9. - Variation of loss parameters a and b with critical velocity ratio.
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