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NATTIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

USE OF EFFECTIVE MOMENTUM THICKNESS IN DESCRIBING
TURBINE ROTOR-BLADE LOSSES

By Warner L. Stewart, Warren J. Whitney, and Jemes W. Miser

SUMMARY

The use of an effective rotor-blede momentum thickness in describ-
ing rotor-blade loss characteristics 1s discussed herein. A derivation
of the necessary equations is presented for obtaining this momentum
thickness for given over-all turbine performance, stator performance,
and rotor geometric quantities.

The effective rotor-blade momentum thickness was calculated for a
series of transonic rotors previously investigated. The ratio of this
thickness to the blade mean camber length is correlated with the sum of.
the design rotor-blade suction- and pressure-surface diffusion param-
eters. Comparison of this correlation with that obtained from low-speed
two-dimensional cascade results showed similar slopes but higher values
of momentum thickness for the rotors. Some of the possible reasons for
this difference are the inability to measure rotor surface diffusions
and the effects of wvelocity level, turbulence, and three-dimensional
secondary flows.

INTRODUCTION .

A study of the sources and significance of the various losses oc-
curring within turbine blade rows is in progress at the NACA Lewis lab-
oratory. Such information is necessary not only to aid in the design of
efficient turbines, but also to indicate the direction of future research.
The blade-row losses are described in reference 1 in terms of basic
boundary-layer parameters. Because the blade exit momentum thickness is
the most significant parameter in the determination of the blade loss
(ref. 1), an estimation of the blade loss based on boundary-layer param-
eters depends on an accurate evaluation of the momentum-thickness
parameter.

Application of boundary-layer parameters has been made in studying

the loss characteristics of typical single-stage turbine stators (refs.
2 to 4, e.g.). Obtaining the necessary data was somewhat simplified in
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that the wake surveys could easily be taken downstream of the blade row.
Analysis of the results was also stralghtforward in that inlet conditions
were uniform and known, and the stators operated with a large static-
pressure drop so that there was very little, if any, diffusion on the
blade surfaces. Thus surface diffusion was not comsidered to have any
appreciable effect on the stator-blade loss. "’ )

The anslysis. of rotor loss characteristics is conslderably more
difficult in that rotors generally operate with considersbly lawer reac-
tion resulting in higher blade surface diffusion as compasred with that
of stators. Thus, blade surface diffusion becames a most important
parameter in describing rotor losses. The study of rotor loss charac-
teristics is then hampered by the difficulty in experimentally deter-
mining the blade diffusions. Further, effects of variations in rotor-
inlet conditions due to stator wakes and secondary-flow cores, as well
as secondary flows within the rotors themselves, make the analysis of
rotor loss characteristics even more difficult. Finally, the 1nability
to obtain accurate wake measurements behind rotors mskes the determina-
tion of rotor loss characteristics very difficult.

In spite of these difficulties some attempts have been made to study
the sources and significance of the losses ocecurring within rotors. In
references 5 to S a series of transonic turbine rotors are lnvestigeted.
These rotors were all designed for approximately the same speed, weight
flow, and work output. A considerable variation in rotor solidity was
covered resulting in a wide range of design suction- and pressure-
surface diffusions. Although hub, mean, and tip loss characteristics
obtalned fram surveys Jjust downstream of each of the rotors of refer-
ences S to 8 were correlasted on the basis of design suction-surface dif-
fusion in reference 10, the results of reference 9 indicate that, in
general, correlations of this type could not be expected because of the
action of rotor secondary flow in transporting the low-momentum fluids
away from their originsl radial position. Thus, from these conslidera-
tions 1t is indicsted that & loss parameter based on over-all perform-
ance should be used in studying the loss characteristics of rotors.

An over-all loss parameter of this type 1s used in references 8
and 9 to correlate turbine loss on the basls of rotor surface diffusion.
This loss parameter, based on over-all turbine efficlency and rotor so-
lidity, was satisfactory for the series of transonic turbine rotors be-
cause the rotative speeds, work outputs, and weight flows were similar.
Although in reference 8 the loss parameter is correlated with the
suction-surface diffusion parameter, the results of reference 9 indicate
that rotor design pressure-surface diffusion is alsc an important
consideration and that improved correlation of loss could be cbtalned
when based on the sum of the suctlion- and pressure-surface diffusion
parameters. In view of the preceding considerations, a loss parameter
based on over-all rotor performance correlated with a total surface

. 226¢
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diffusion parameter {equal to the sum of the suction- and pressure-surface
diffusion parameters) should be satisfactory in studying rotor loss char-
acteristiecs. The loss parameter should, however, be independent of the
operational characteristics of the turbine in order to have more general
validity. Thus, a more bagsic parameter than that used in references 8
and 9 is desired.

This report describes the application of an effective rotor-blade
momentum thickness as & more basic parameter for use in studying the
loss characteristics of rotors. This momentum thickness is defined in
a manner similar to that in reference 1 except that it is obtalned from
over-all performance characteristics instead of from blade-weke surveys.
Included in this report will be (1) a description of the method used to
obtain the effective rotor-blade momentum thickness using over-gll tur-
bine performance, stator performance, and rotor geometric quantities;
(2) the correlation of this effective rotor-blade momentum thickness ob-
tained for the series of transonic turbines of references 5 to 9 with
design total surface diffusion; and (3) comparison of the correlation
with that obtained fraom the low-speed two-dimensional cascade results
described in reference 11.

DEVELOPMENT OF METHOD TO OBTAIN EFFECTIVE ROTOR-BLADE
MOMENTUM THICKNESS

The effective rotor-blade momentum thickness developed herein is ob-
tained from stator design-point performance, over-all turbine design-
point performasnce, and rotor geometric quantities. In addition to the
blade profile losses, the development will include the effect of inner-
and. outer-wall boundary-layer loss using the method of reference 3
(which is described in appendix B of this report) as well as the effect

of mixing downstream of the blade rows using the method of reference 1.

Performance Characteristics and Geametric Quantities

The necessary turblne over-sll performance characteristics at de-
slgn point can be obtained from the performance map and measured turbine-
inlet conditions. These characteristics are (l) equivalent specific work
output Ah'/8.., (2) ratio of specific heats 7, (3) turbine-inlet total

temperature T}, (4) turbine-inlet total pressure pj, and (5) turbine-
outlet total pressure Dpj. (A1l symbols are defined in appendix A, and
the station nomenclature is described in fig. 1.)

The outlet total temperature TJ] was calculated from the inlet

total tempersture and turbine work output computed fram torque, speed,
and weight-flow measurements. The inlet and outlet total pressures
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were obtained from measured static pressures, total temperatures, weight
flow, average flow angle, and annulus area using the total-to-static
pressure relations given in equation (Bl) of appendix B.

The necessary stator performance characteristics at design point
can be obtained from stator surveys. The pertinent parameter needed
for the subject analysis 1s the stator loss total-pressure ratio pé/pb,

which includes the wall losses within the stator passages as well as the
nomuniformities at the blade exit but is caorrected for the wall losses
up to the stator leading edge.

The rotor geometric guentities used in the development are hased
on mean-section quantities. These quantities are (1) stagger angle
ag,; (2) blade solidity o, (3) aspect ratio based on blade chord &

and (4) ratio of trailing-edge thickness to spacing t/s.
The parameters required froum the rotor design veloclty diagrams are

alsc based on mean-section values. These parameters are (1) relative
outlet critical velocity ratio (W/Wér)fs m.3 end (2) relative outlet
Pl

flow angle Bz.

The rotor loss total-pressure ratio pg/pg can be computed as fol-
lows: The over-all total-pressure ratic pj/p4 can be expanded to
yield o L e

? 1 1" "t 1
P24 242 B W
t R 1t t t
Po Py Py Pz Py
Because the relative total temperature at a given radius is constant for

free vortex flow and approximately so for the other types of flow, and
because Tj 1is equal to T3, the following relation can be written:

- X J_
Tijr-l Tg)r—l 4:)7‘-1
mr mr = T
( 4 (Té (o
or
x_
By 2 (T
T =\ mr (2)
Py Po 0

oA
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By substituting equation (2) into equation (1) and rearranging terms,
the rotor loss total-pressure ratic can be obtained from

u 1 ]

p;  pi/pg 3)
nw =

b2 i

P5 (TN
p5 \T§
Effective Rotor-Blade Mcmentum Thickness

The preceding section shows how the rotor loss total-pressure
ratio pg/pg can be obtained from the over-all design performance, the

turbine geometric quantities, and the stator surveys. In reference 3 a
method 1s presented for determining the loss total-pressure ratio for a
blade row based on an effective momentum thickness etot. It is assumed

in the reference that this effective momentum thickness occurred at the
blade mean section and that 1t represented the average momentum loss per
unit surface ares for the blade surfaces and the end walls. In the ref-
erence method it is assumed that uniform flow enters the rotor and the
loss total-pressure ratio includes the .effect of flow nonuniformities at
the blade exit. Thus the loss total-pressure ratio obtalned by the
method of reference 3 is directly compargble with the rotor loss total-
pressure ratio obtained from the performance data.

The effective rotor-blaede momentum thickness can be computed from
the loss total-pressure ratio pg/rg by applying the method of refer-

ence 3. In the computation 1t 1s convenient to assume a range of E%ot
or preferably 'atot/c. For essumed values of gfot/c, values of
Etot/c can be estimated by assuming a simple-power-law velocity profile

with an exponent of 1/7 for the boundary-layer flow and by knowing the
rotor-outlet relative critical velocity ratio (W/Wér)fs,m,3’ Although

the form factor H, which relates Efotlc and gfot/b: is epproximasted

in this manner, it can be shown from the results of reference 1 that
the loss total-pressure ratio is quite insensitive to small inaccuracies
in the wvalue of atot/c' A curve of loss total-pressure ratio as a func-

tion of Etot/c can then be constructed. The value of loss total-

pressure ratlio corresponding to that computed from the performance data
then defines the ratio of effectlve rotor-blade momentum thickness to
chord length etot/c' from this curve. A sample calculation is included

in appendix B that demonstrgtes this procedure.
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The inlet and outlet total pressures (pé and D, respectively)

used herein are recognized as being somewhat low, because equation (Bl)
assumes, in effect, a constant velceclity throughout the flow area. In
order to obtaln an effective total pressure at the inlet or outlet, it
would be necessary to determlne the nonuniformities of the flow. The
effective total pressure would then be the total pressure after mixing
assuming continulity, conservetion of momentum, and conservation of
energy in the mixing process (see ref. 12). The error in calculating
the total pressure by equation (Bl) is a function of the degree of non-
uniformity and the Mach number level. Therefore, the error in total
pressure at the turbine inlet would be quite small because the only non-
uniformities at the inlet arise fram the wall boundary layers. Theo-
retically it can be shown that this error would be gbout 0.003. At the
turbine outlet the error in total pressure cannot be estimated quanti-
tatively, because the degree of flow nonuniformity is not known. How-
ever, 1t is felt that the calculated total pressure is reasonably ac-
curate because the measuring station is located axially about one-third
of a chord length downstream of the trailing edge. In reference 13 it
is shown that a rapid mixing octurs downstream of a blade row, and it 1s
therefore felt that by the time the flow reaches the turbine-outlet
measuring station much of the mixing has occurred. .

MOMENTUM~THICKNESS CORRELATIONS FOR REFERENCE TRANSONIC TURBINE ROTORS

The ratio of effective rotor-blade momentum thickness to chord
length etot/c was calculated at the design point for the transonic

turbines of references 5 to 9 and l4. The results of these calculaticns
are presented in figure 2, where stot/c is presented as a function of
the design total.surface diffusion parameter Digt. Inspection of this
figure reveals that satisfactory correlation of etot/b with Diny oc-

curs for these rotors. The parameter Etot/c 1s seen to increase some-

what linearly from approximetely 0.010 at Dot = 0.35 to 0.014 at
Diot = 0.55; thereafter the curve hooks up to approximately 0.0226 at

D.to.t = 0.66.

Comparison of the trend of this correlation with that obtained in
reference 9 can be made from figure 3, where the specific blade loss I
is presented as a function of- Di, . The major difference between the

trends of the two correlating curves (figs. 2 and 3) occurs at high dif-
fusions where the curve remains stralght when using L as the loss
parameter. The difference occurs as a result of the design requlirements
of the turbine of reference 6 being slightly different from those of the
other reference turbines, the principal factor being the rotor-outlet
velocity level.

£zeL
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As pointed out in the development section, it is assumed that the
momentum loss is a function of the blade surface area. Also, when blades
of high turning are considered (as is done herein), the chord is not
representative of the average of the suction- and pressure-surface
lengths (ref. 3). Thus, & length more descriptive of the surface length
than ¢ 1is desired when presenting mamentum loss characteristics. One
such length would be that of the blade mean camber line. An Improved
parameter would then be the ratio of effective rotor-blade momentum
thickness to mean camber length etot/l which can be computed from the
relgtion

where c/Z can be obtained from rotor geometry. Figure 4 presents
etot/z as a function of Di, for the reference transonic turbine

rotors. The same trends that are shown in figure 2 are indicated in
figure 4, but the level of the curve in figure 4 is approximately 10
percent lower because the value of c/I is approximately 0.90 for all
the reference transonic turbine rotors.

COMPARISON OF MOMENTUM THICKNESSES OF TRANSONIC ROTORS WITH
THOSE OF LOW-SPEED TWO-DIMENSTONAIL CASCADES

A comparison of the ratios of effective rotor-blade momentum thick-
ness to mean camber length etot/z obtained for the reference transonic

turbine rotors with the etot/z values obtained for a series of low-

speed two-dimensiongl cascades is presented 1n figure 5. The experil-
mental data used for the low-speed results are reported in reference 11
in terms of a wake momentum difference coefficient Cy. The method used
to convert this parameter to that used in figure 5 1s described in ref-
erence 10. The data points for the low-speed cascades shown in figure 5
are thoge obtalned at epproximately design turning. All these data
points except two were obtained with & very low value of turbulence at
the cascade inlet. The two polnts were obtained with a turbulence gen-
erator at the cascade inlet. The curve shown for the transonic turbine
rotors is reproduced from figure 4 and hence is shown as a function of
the design total surface diffusion parameter Dy, i. The surface diffu-

slon parameter used in plotting each low-speed cascade data point was
obtalned from the measured static-pressure distribution arocund the
blade (ref. 11).

As shown by figure 5 the slopes of the two correlsting curves are
approximately equal over the range of total surface diffusion parsmeters
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for the low-speed cascade tests. It should be noted, however, that
there is a sharp upward trend in the curve for the transonlc turbine -
rotors occurring at values of D;.,. greater than those covered by the

low-speed cascade tests. The correlating curve for the rotors 1s alsc
seen to be higher than the curve for the low-speed cascade tests. As
mentioned previously, most of the low-speed data were obtained with very
low inlet turbulence, whereas the flow entering the tramsonlc turblne
rotors was highly turbulent. It is felt that the inlet turbulence 1s
one of the most important factars affecting the momentum loss. There-
fore, two points were included from reference 11 which were obtained by
using a turbulence generator gt the cascade inlet. As shown In figure
S, etot/z is increased markedly by the inlet turbulence, especially at

the higher value of total surface diffusion parsmeter. Furthermore, the
values of etot/z obtained for the transonic turbine rotors are com-

parable with those obtained from the low-speed cascade blading with high
inlet turbulence.

€268

Also included in figure 5 is the value of Etot/l obtained from
the stator of reference 4 at the design point. This value was obtained
with falrly turbulent inlet conditions and would therefore not be ex-~
pected to agree with the curve for the cascade data of reference 1ll.
However, the momentum loss for the stator of reference 4 agrees fairly
well with that obtalned from the low-speed cascade at Dyyp of 0.085

when the turbulence generator was used at the cascade inlet. -

In addition to-the inlet turbulence level the followlng factors may
affect a comparison of the transonic-turbine-rotor loss data with those
obtained from the low-speed cascade:

(1) The higher flow velocities for the tramsonic turbine rotors may
cause shock losses that would increase etot/z.

(2) The surface diffusion parameters for the low-speed cascade blad-
ing were obtained from experimental data, whereas the Dot values for
the transonic-turbine-rotor blades were obtained fram the design blade~
loading diagrams and mey differ somewhat fram the actual experimental
values. -

(3) Due to the three-dimensional nature of the flow in the rotor
passage, the losses are compllcated by secondary-flow effects, such as
(a) passage vortices and (b) tip clearance ar scraping vortices (see
ref. 15), and these additlonal effects may contribute to the over-all
loss plcture.

Although these factors may affect a comparison of these two types
of blading, it is interesting to note that there is cansiderable
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similarity in the trends of the loss curves obtained for the low-speed
cascade blading and the transonic-turbine-rotor blades. Based on the
limited emount of data presented, the difference in loss magnitude be-
tween the two curves (fig. 5) might well be the result of the difference
in inlet turbulent level.

CONCIUDING REMARKS

This report has presented the use of an effective rotor-blade mo-
mentum thickness in describing rotor loss charecteristics. This param-
eter was then used in correlating the rotor losses obtained for a series
of transonic turbines with & design total surface diffusion parameter.
Because of the ipnability of obtalning measured diffusions on the rotor-
blade surfaces, a correlation of this type for rotors must be restricted
to design point, where the diffusion characteristics are felt to be
known with reasonsble accuracy. When means for experimentally obtain-
ing rotor surface diffusion characteristics are devised, this approach
can then be extended to off-design regions.

Lewis Flight Propulsion Iaboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, March 1, 1956
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APPENDIX A

SYMBOLS
The following symbols are used in this report:
paremeter defined by eq. (B6)
annuwlus area, sq ft
blade surface area, sq ft

sum of inner- and outer-wall areas within blade row, sq f%

rotor agpect ratio, ratio of rotor-blade height to mean-section

chord length
paremeter defined by eq. (B7)

wake momentum difference coefficient (see ref. 11)

blade mean-section chord length, ft

specific heat at constant pressure, Btu/(1b)(°R)

veloclty after diffusion
veloclity before diffusion

2

blade surface diffusiaon parameter, 1 -

accelergtion due to gravity, 32.17 ft/sec
form factor, /6

specific work output, Btu/lb

paremeter defined by eq. (B8)

specific blade loss, (1 - 1)/c

length of blade mean camber line, £t
number of blades

exponent used in describing simple-power-law boundary-layer veloc-
ity profile

£26¢
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8*

ol

absolute pressure, lb/sq t

ges constant, rt/°R

radius, ft

rotor-blade spacing &t mean section, ft

temperature, °R

rotor-blade trailing-edge thickness at mean section, ft
absolute gas velocity, ft/sec

relative gas velocity, ft/sec

weight flow, lb/sec

absolgte gas~-flow angle measured fraom axiai direction, deg

rotor-blade mean-section stagger angle measured from axial direc-
tion, deg

relative gas-flow angle at mean section measured from axial direc-
tion, deg

ratio of specific heats
displacement thickness, ft

ratio of tangentlial projection of trailling-edge thickness to spac-
ing, t/s cos B

displecement thickness, Stot/s cos B

effective displacement thickness, £t
- T 1

™

Ts1 2

T LEY

(TSZ + 1 Ts'l,'l
L 2

function of 7,

ratio of inlet-air total pressure to NACA standard sea-level pres-
sure, Pé/PSZ
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1 adiabatic efficiency, ratio of turbine work based on torque,
weight flow, and speed measurements to ideal work based on inlet
total temperature, inlet total pressure, and outlet total
pressure

®cr squared ratio of critical velocity at turbine inlet to critical
velocity at NACA standard sea-level temperature, (Vcr,O Vcr,sl)

6 mcmentum thickness, It

[ effective rotor-blade momentum thickness based on turbine over-all
performance, ft

6%  momentum-thickness parameter, Biot/5 cos B

o gas density, 1b/cu ft : - -

5] rotor-blade mean-sectlon solidity, c/s

Subscripts:

cr conditions at Mach number of 1.0

fs conditions in free stream or that region between blade wakes

m mean radius - - s — T e e

r rotor

si NACA standard sea-level conditions

tot sum of suction- and pressure~surface quantities

X axial direction

2d two dimensional

34 three dimensional

0 station upstream of turbine stator

1 station Jjust downstream of stator trailing edge

2 station at rotor entrance

3 station just downstream of rotor tralling edge

A
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4 station downstresm of rotor where circumferentially uniform condi-
tions are assumed to exist

Superscripts:
' absolute total state

" relative total state
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APPENDIX B

EXAMPLE CALCULATION OF EFFECTIVE MOMENTUM THICKNESS FOR TURBINE ROTORS

The general development of the method used to calculate an effec-
tive mamentum thickness for rotors is given in the body of the report.
Purther details of the method are given in the followlng example.

Required Performance, Design, and Geometric Quentities

The performance, design, and geometric quantities required to cal-
culate an effective rotor-blede momentum thickness- are

Equivalent specific work output, Ah'/@_ ., Btu/ib . « . . . . . . 23.03

Ratio of specific heats, T ¢ « ¢ o ¢ o ¢ o« ¢ o o o o o2 s o o =« @ 1.4
Specific heat at constant pressure, Cp o o o oo s e 0 s o oo 0.24

Inlet total temperature, Tf, R 5 S - = P 4
Equivalent welght flow, WEN@iEJC, Ib/s€C + « + 4 4 4 4 4 4 & . 11.95
Inlet total pressure, pf, lb/sq Tt ¢« « o o 4 o« o o o s o « o« &« « 2116.2
Rotor-blade stagger angle, dg, d€E + o o ¢ s o o « s o o o o s & 12.5

Rotor-blade s011dity, 0 =« o« o o o o o o o o s« o s« s 2 o o o o @ 1.8186
Rotor-blade aspect ratio, & « ¢« o« o « o « s s 8 ¢ s s a o o o = 0.773
Rotor-blade trailing-~edge thickness, £, Ile « ¢ « « o o & & o & 0.030
Number of rotor bladés, N « ¢« o ¢ ¢ « o o o e o o o o o o o = » 25
Rotor mean-section radius, rp, in. c e s s s s w3 s s e e e . 5.95

Rotor-exit relative flow angle, Bz, deg « - « ¢ o ¢ « ¢ o = o & 41.0
Rotor-exit relative critical velocity ratio, (W/Wér)fs,m,s « o . 1.02

Outlet total pressure, p,, 16/84 Ft o v ¢ o ¢ s 4 0 4 s s . o . 916.3

Calculation of Rotor Loss Total-Pressure Ratio

The stator-inlet total pressure Py was calculated on the basis of-
continulty from the inlet statlic pressure pg (averaged fram static pres-
sures measured at the hub and tip), measured inlet total temperature T4,
measured welght flow w, and the annulus area A, by using equation (2)
of reference 16 rearranged in the following form:

-1 42 =1 )1/

' T 1/2 wﬁ(’;
(B))" -1 &) -df [ - e

0
(B1)

€36
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The right side of equation (Bl) is divided by cos ag in order that the
product Aacos % would represent the area perpendicular to the flow.

For this example p} 1is 2116.Z2 pounds per square foot and T§ is
518.7° R (standard sea-level conditions); therefore, the symbols defin-
ing equivalent conditions are hereinafter dropped from the equations.

The average turbine-ocutlet total temperature was then obtained from

T, = T4 - Ah'/cp = 422.7° R,

The gverage turbine-outlet static pressure ps was obtained in a

menner similar to that for the turbine inlet, and the outlet totel pres-
sure p, was calculated from equation (Bl). The resulting turbine over-

all total-pressure ratio was

P
=7 = 0.433
Po

The stator of this example turbine is described in reference 14,
The reported stator loss total-pressure ratio, which included the wall
losses within the stator passage as well as the effect of the nonuni-
formities at the blade exit but was corrected for the wall losses up to
the stator leading edge, was

P2
ot = 0.870
Po
at a design (V/V.r)rs ,m,1 Of 1.11. Because the turbine-inlet and

-outlet total pressures were calculsted on the basis of continuity in
the menner previously outlined, the loss in total pressure along the
inner and outer walls upstream of the stator leading edge wes not in-
cluded; therefore, the stator loss total-pressure ratio was corrected
for the wall loss.

The rotor loss total-pressure ratio can be calculated from

1" [
p,  ©i/p4

- = —— (3)
A

pz< 4>r-1

T \mt

Po \To

to be 0.912.
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Determination of Effective Rotor-Blade Momentum Thickness

A method of calculating a loss total-pressure ratio for a three-
dimensional blade row from conditions at the trailing edge of the blade
mean section 1s presented in reference 3. Because velocity profiles at
the rotor trailing edge are not experimentally obtainable at present, it
is necessary to determine by iteration a ratio of effective momentum
thickness to chord length etot/c at the mean section that will result

in the rotor loss total-pressure ratio equal to that calculated from
performance data. In the actual calculation for this example turbine,
a range of values-of Qtot/c were. agsumed and corresponding values of

rotor loss total-pressure ratio PZ/PE were calculated. Then the velue
of Efot/c corresponding to the value of pj/pj in equation (3).was
obtained from flgure 6. However, for this example, the value of é%ot/c
of 0.0138 corresponding to the calculated PZ/PE of-0.912 (see fig. 6)
was chosen in order to eliminate the iteration process.

The method of reference 3 for calculating a loss total-pressure
ratio requires that the effective momentum thickness 84,y and the

trailing-edge thickness t be expressed in terms of tangential values

per unit of blade spacing. The corresponding momentum-thlickness param-~
eter 1s given by

2 O%ot  Gtot o

Or,24 = 3 cos Bz ¢ cos Bx = 0.0332 (s2)

The momentum~thickness parameter has to be modified to obtain an equiva-
lent three-dimensional expression which includes the effects of the end
walls of the blade passage. In reference 3 the ratio of the three-
dimensional ares to the two-dimensional area was gpproximated by

(& + AL)/Ay =1 + cos ag/osd (B3)

Thus, with the assumgg momentum loss distribution over the end walls end
the blade surfaces, 9r,2d of equation (B2} can be modified to & three-

dimensionsl value by

* % cOs g
6r,3a = Or,2a (1 + — ) = 0.0563 (B4)

Ge6gE
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As pointed out in reference 3, the blockage due to the trailing-
- edge thickness, expressed as a percentage of the total flow area, would
be the same for the three-dimensional concept as for the two-dimensional
case. Thus,

t
5te,r,Zd = 8te,r,sd = E—ESE—EE = 0.0266 (B5)

An apprgximate value of the three-dimensicnal displacement~thickness
perameter &.. ,3d required in the method of reference 3 can be calculated

from 6* ,3d and a theoretical form factor H for a simple-power-law

velocity profile having an exponent n of l/? as discussed in this re-
port. Therefore, from figure 7 (wvhich is fig. 4 of ref. 3), which gives
H as a function of the free-stream critical veloeity ratio, H = 1.76
for (W/Wer)es,m,5 ©f 1.02. Thus,

3923

CB-3

H 3
8y, 3q = B9y 3z = 0.0991

The values for 9* , 347 Sr 31’ Bte,r,3d» Bzs and CW/Wcr)fs m,3 Wvere
. used to compute P! /p by substitution in equations (B4), (ClG), (c18),

(cz20), (c21), and (CZZ) of reference 1, which are rewritten herein with
the symbols of this report:

2

1T -1 W

A=L-L (¥ = 0.173 (B5)
T+l <Wcr)fs,m,3

' 2
(L -4) (I;%?%> + COSZBS (T - 8:,3& - Bye,r,3d - r,SG) ( u )

fs,m,3
W

.3
cos Bz (1 - 8% =g - Bye,r,3a) (W_cr e s
2H42

C

=1.773 (B7)

: - 8% z: - B - X
K = G%L_ sin B3 5r 3d te,r,3d r,3d\ _ 0.626 (B8)
cr/fe,m,3 L - 8 s34 = 8te,r 34
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Wx ¥C ¢ )2 r-1,.2_
<Wcr)4 =TI - /\/<m -1 + m K® = 0.667 (Bg)
2
1 W Vo T
(2] ) S 2 X
— =4{1 - K= + | =— = 0.687 B10O
(p">4: r+1 [ <Wcr)4 ( )

W
py (;&—c;)fg}m,sws Bz (1 - 8% 39 - Bte,r,3a)
1

PZ = pwx )
"Wer/s
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'Figure 1. - Description of turbine and station nomenclature.
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Figure 2. - Variation in ratio of momentum thickness
to chord length with surface diffusion for refer-
ence transonic turbines.
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deslign total surface diffusion parameter for
reference transonic turbines.
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Figure 4. - Varigtlon 1n ratlo of effective rotor-
blade momentum thlckness to mean cember length
wlth design total surface diffusion paremeter.
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Figure 5. - Varlation in ratio of effective momentum thickness to mean ceaber
length with total surface diffusfon parameter.
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Flgure 6. - Variastlion of rotor loss total~-pressure retio
with ratio of effective rotor-blade momentum thickness
to chord length.
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Figure 7. - Varlatlon in form factor H with free-stream critical velocity ratio
for simple-power-law velocity profile having exponent n = 1/7 (fig. & of ref. 3).
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