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RESEARCH MEMORANDUM

CORRELATION OF TURBINE-BLADE-ELEMENT LOSSES BASED ON WAKE MOMENTUM
THICKNESS WITH DIFFUSION PARAMETER FOR A SERIES OF
SUBSONIC TURBINE BLADES IN TWO-DIMENSIONAL
CASCADE AND FOR FOUR TRANSONIC
TURBINE ROTORS

By Robert Y. Wong and Warner L. Stewart

SUMMARY

The snaelysis of losses occurring in a series of subsonic turbine
blades in a low-speed two-dimensional cascade and in a related series
of four transonic rotors 1s presented herein. The two-dimensional
profile Josses of turbine blades operating in the two-dimensional cas-~
cade over a wide range of Ilncidence angle, stagger angle, inlet flow
angle, and reaction could be generalized into one loss correlation
curve when wake momentum thickness-~to-chord ratio and suction-surface
diffusion were used as psrameters. A correlation of these losses on
the basis of a loss parameter directly related to a product of wake
momentum thickness-to-chord ratic and a function involving wake-form
terms exhlbited trends identicael to the loss correlation based on weke
momentum thickness. It was also indicgted that the ratio of weake
momentum thickness to suctlon-gsurface length for turbine loss correla-~
tions 1s preferable to a parameter based on the chord length, as used in
compressgor loss correlations. The indiceted blade-element loss parameters
at the hub, mean, and tip radius for a related series of transonic tur-
bine rotors varled with diffuslion parasmeters in & manner similar to that
found for the two-dimensional loss correlations. A considerable differ-
ence wasg also found between the levels of the low-speed logs-correlation
curve and the transonic turbine loss-correlation curves. From an
analysis at zero diffusion, it was indicated that unsteady-flow effects
on probe measurements and the effects of stetor mixing losses can con-
siderably influence the indicated rotor-blede-element losses. It was
further indicated that about four-fifths of the true rotor-blade-element
loss is sattributable to compressible-flow profile loes, while the re-
mainder is attributable to rotor three-dimensional and other effects.
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INTRODUCTION

Analyzing and predicting blade-element losses in turbomachines have
been severely hampered by the large number of varlables that must be
accounted for and the inabllity to obtain accurately the performance of
e rotating blade element because of the camplex three-dimensional nature
of the flow. These three-dimensional effects act on the boundary-lsyer
fluids to shift them from their sectlion of origin to others at which
they are measured, thus making difficult the evalustion of blade-element
performence.

A significant step toward reducing the number of important varisbles
in the correlation of two-dimensional compressor losses was made 1in
unpublished data compiled at the NACA Lewis laboratory by Lieblein in
which the blade wake momentum thickness and the veloclty deceleration
or diffusion on the suction surface of the blade were used as a basis
for the correlation parameters. The use of these parameters genera-
lizes compressor loss correlatlons, msking them independent of solldity
and outlet-flow angle. The hypothesis behind the use of these parameters
i1s that the suctlon-surface boundary layer contributes a major portion
of the low-momentum fluids that meke up the wake of a blade. Since the
velocity deceleration or diffusion on the suction surface of the com-
pressor blade occurs over most of this surface, it probably is the main
factor in determining the size of the suctlon-surface boundary layer and
therefore the total wake thickness at the blade tralling edge. It can
also be shown for two-dimensionsl incompressible flow through a cascade
row that the wake momentum thickness-to-chord ratio 1s related to the
mass-aversaged total-pressure loss in the farm given by equation (lO) of
reference 1. In the unpublished work of Lieblein, the wake momentum
thickness-to-c¢hord ratio was used as the basic measure of wake thickness
or loss in order that the loss correlation be based completely on
boundary-layer parameters. = S - '

Since turbine bladee can differ markedly from compressor blades in
both geometry and surface veloclty distributions, it was considered of
interest to determine 1f correlation parameters based on the decelersation
of local suction-surface velocity and wake momentum thickness would be
equally successful in generalizing turbine losses. In general, turbine
blades differ fram compressor blades as a resilt of the flow through a
turbine blade row belng required to turn through a much greater angle
than that required through a compressor blade row. This requirement
results in turbine blade designs that have higher camber angles, higher
solidities, higher blade loading, and higher inlet and outlet flow
angles. These effects can not only mske the geometry of the turblne
blade differ from compressar blades biit can dlso affect the local surface
veloclty distribution arocund the blade. The surface veloclty distribu~

tion around the blade for a given blade loading 1s also dependent upon
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the amount and distribution of reaction scross the blade row. Since the
reaction across turbine blade rows varies over a considerably wider
range than compressor blade rows, 1t 1s evident that for a glven loading
of the turbine blade the velocity deceleration or diffusion on the suc-
tion surface and the blade-surface length over which the diffusion takes
place can vary over a considersble range.

Recent investigations of four itransonic turbines (refs. 2 to 5)
indicate that suction-surface diffusion is an important factor to be
considered in the control of over-all turbine losses. A comparison of
the experimentally obtalned desigon-point efficiency among the four
turbines (ref. 4) indicated that increased diffusion parameter was
accompanied by s gradusl increase in average blade loss (as indicated
by over-all turbine efficlency) until a spanwise averaged diffusion
paremeter (obteined from the design procedure as in ref. 3) of 0.24 was
reached. For diffusion parameters above 0.24, & sharp rise in average
blede loss was Indicated by the over-all turbine efficiency. General
validity could not be inferred for loss correlations based on over-all
turbine efficiency because of the large number of varisbles imvolved.
Rotor-blade-element loss correlations in terms of parameters based on
measured velues of wake momentum thickness and suction-surface diffusion
are impossible gt present because instrumentation limitations prevent
the measurements of the total-pressure distributions across roteting
blade wakes and of the local surface velccity dlstribution around
rotating blade rows. The problem of correleting turbine rotor losses
can then be resolved into one of determining from two-dimensional
turbine cascade data the significant parameters for generalizing turbine
loss correlations, and one of spproximating these parameters for turbine
rotors to determine whether these parameters can be of significance in
the correlstion of turbine rotor-blade-element losses.

The object of this investigetion is then twofold: (1) to determine
from availsble two-dimensional turbline cascade loss dats whether param-
eters based on wake momentum thickness and suction-surface diffusion
will generalize two-dimensional turbine cascade losses as was done for
two-dimensional compressor casscade losses, and (2) to approximate the
wake momentum thickness parameter from the relatlive total-pressure loss
for aveilable turbines where the suction-surface diffusion parameter can
also be readlly approximated in order to determine if these parameters
will slso generalize measured turbine rotor-blade-element losses.

The flrst objectlive will be restricted to the loss deta reported
in reference 6, in which sufficient data are presented to cslculate
both the wske momentum thickness-to-chord ratic and the suctlon-surface
diffusion paremeter D. The second cbjective wlll be restricted to
four transonic turbines operating only at design point (refs. 2 to 5),
for which the blade-element diffusion parameters were obtained from the
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deslgn procedure. Although these restrictions may seem severe, 1t was
felt that the results of the first objective of this investigation would
not be affected by the restriction imposed, since the blades investi-
gated in reference 6 appear to be representative of subsonic turbine
blades, and the blsdés were cpersted over a representative range of
conditions. The rotor loss correlations were necessarlly restricted to
turbines where the diffuslon purameter could be obtained.

The approximation of wake momentum thickness-to-chord ratio was
also calculated fram the two-dimensional turbine cascade data in order
to determine the effect of the use of the approximate loes parameter
on the trend of loss correlations. Comparisons between the two-
dimensionsel losses and the transonic turblne rotor losses are made in
order to 1ndicate what factors mey be important in evaluating measured
turbine rotor-blade-element losses.

DESCRIPTION OF BLADING
Two-Dimensional Cascade Blading

The loss data reported in reference 6 were obtained from opersting
the turbine blade profiles shown in figure 1 in & two-dimensional low-
airspeed cascade. As can be seen in figure 1, the five blade profiles
appear to be representative of subsonlc turbine blades. The blade
camber angle 6, varied from 65° to 120° and the maximum thickness-to-
chord ratio t/c varied from 10 to 25 percent. The table in figure 1
summerizes the range of lnlet-alr flow angle, solidity, and angle of
attack covered in the Investigation of reference 6. The pressure-
coefficlient curves glven iIn reference 6 indicete that the range of re-
actlion covered extends from approximstely zero to highly positive.

The range of incldence angle extends from highly positive to slightly
negative. _

Transonic Turbine Rotor Blading

Blade-element losses for the four transonic turbine rotors were
obtained from radial and circumferential surveys made just downstream of
the rotor opereting st design point. The mean rotor-blade-element pro-
files forming the mean radius flow passages of the four transcmic
turbines are shown in figure 2, together with a table summerizing the
important deslgn features of each turbine. Angle surveys indicated that
all blade elements of the four tramnsonic turbines with the exception of
the tip region of turbine IV were operated at approximately design incl-
dence angle, which was about 4°.  Surveys in the region of the tip of
turbine IV indicated a positive angle of incidence of about 12°. The
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deslgn reaction scross the rotors varied from negative at the hub of
turbine IV to impulse at the hub of the other turbines, while the mean
end tip sectlons were designed for positive reaction. The camber angle
of the mean section of all four turbines is about 80°.

CAICUIATICN PROCEDURE
Two-Dimensional Cascsde Loss-Correlation Parameters

The wake momentum thickness-to-chord ratio 6/c was calculated
directly fram the wake momentum difference coefficlent Cw, 1 8and the

inlet end outlet flow angles By and By, respectively, given in

reference 6 by using an unpublished relation developed for two-
dimensional incompressible flow by Lieblein as follows (symbols are
defined in appendix A):

By definition,

8
‘/o’ P2Vz,1,2(Ves,2 = V3,2)98

C = (1)
w,1 i 2
e3PV
For incompressible flow,
Vz,z = Vg cos B,
p. =p s V =V s, and
2 2,1 Z,2 =
1 P ’ vz,l vl cos ﬁl

Substituting into equation (1) and rearranging gives
2 s
v v
2 fcoe B 1,2 1,2
cw,l:E(‘c’éEs—l cos Pz T\, (2)
2 o fs,2 fs,2

By definition,

8
v v
6 = cos B, V_Z,_Z__ 1 -k )gg (3)
fs,2 fs,2
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where & 1is measured in a direction normsl to the directlion of flow.
By substituting equation (3) into equation (2) and rearranging,

2
o _ Cw,l cos Bz ()
c 2 cos By

is obtalned.

Also, the approximation of the wake momentum thickneses-to-chord
ratio was calculated from '

®p cos By Op,1 8y
= = cos Bo
o cos By S,

using the required quantities given in reference 6 (see appendix B

W, COB Bz
for the derivation of this equation). The term ) » herein
designgted as the loss parameter, has been found to be related to the
wake momentum thickness-to-chord ratio by terms involving the wake form.
Also, the effect of the form terms on the relstion between the total-
pressure loss and the wake momentum thickness 1s of the second order.

A suction-surface diffusion parameter D, defined as the difference
between the maximum suction-surface relative veloclty and blade ocutlet
relative velocity divided by the maximum suction-surface relative veloc-
ity, was calculated using the relation _ S

Sma.x

D=1-Hf—7
S2
and the pressure coefficients 8 given 1n reference 8.

Transonlc Turbine Loss-Correlation Parameters

Rotor-blade-element loss paremeters for the hub, mean, and tip
sections were calculated from redisl snd circumferential surveys of total
pressure, total temperature, and flow angle taken at design-point opera-
tion of each turbine previously investlgated in references 2 to 5. The
rotor-blade-element loss parameter was calculated from
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x_
1 -1
o i E;) coe P
1 1
w, cos Bz _ Py Tz o
o x_
r-1
) t
P2)(C1) Pz
o \T] Y
\ 2 7T
. y -1 zvu,lUl B Ui
P\L-YFIT 2
cr,L

developed in sppendix C using local values of totel pressure and total
temperature corrected for probe recovery factor, outlet relative flow
angle, & calculated inlet velocity diegrem, and measured ocutlet static
pressure,

The local values of turbine-cutlet total pressure, total tempera-
ture, and flow angle used In the loss calculation were selected in a
manner such that the direct effect of stator wakes would be minimized,
and thus & better indication of rotor-blade-element losses would be
obtained. This was accomplished by selecting pesak values of local adila-
batic efficlency from a circumferential survey at any given rediasl station.
The hypothesis behind this selectlon is that stator losses in passing
through the rotor cause patterms in the contours of local adisbatic effi-
ciency which have been identified as the effects of stator losses (ref.
7). Specifically, the regions of low efficiency are made up of stream
particles flowing along streamlines emanating from the stator wakes and
loss regions, whereas the regions of high efficiency are masde of stream
partlcles moving slong streamlines emanating from reglons of free-stream
flow through the stator blade row. As the stream particles pass down-
stream of the stator, the kinetic energy level of the sgtream particles
emanating from the wake regions will rise, whereas the kinetic energy
level of the stream particles emanating from the free-stream flow regilons
of the stator will fell as a result of mixing. In addition to this mix-
ing effect, there is an additional loss in the kinetic-energy level of
all stream particles directly due to the mixing itself. As the rotor
blades pass through each streasmline, the rotor losses are superimposed on
each streamline. Therefore, the selectlon of points corresponding to
streamlines emsnating from the regions of free-stream stator flow, namely
the pesk values of local adisbatic efficiency, tends to minimize the ef-
fects of stator losses on the measured rotor-blade-element losses. It
must be noted, however, that the selection of the pesk-efficiency points
does not completely exclude the effects of stator losses because of
mixing effects, and the stator losses may induce apprecisble losses



8 S NACA RM E55B08S

on the rotor bledes because of time unsteady effects. Plotted in
figure 3 sgainst radius ratio are the maximum and minimum local adla-
batic efficiencies at any given radius. The curves 1lllustrate the
stator effects that are superimposed on the local efficienciles as
previously discussed. As can be seen from figure 3, the point selected
for the mean-sectlon loss calculetion is near the mean-radius sectlion
where a dats point was aveilable. For the bhub and tip sections, data
polnts corresponding to spproximately the peak efficlency of the falred
curves were selected fram a region covering 15 percent of the blsde
span from elther wall in order to assure selecting a point where end
wall effects would not predaminate.

The diffuslon parsmeter D was calculated from the blade surface
velocity distributions obtained in the design procedure (refs. 2 to 5).
Although the exact wvalue of diffuslion parsmeter obtained by thils method
may be questionable, 1t is felt that these values are indicative of the
differences in diffusion parameter obtained smong the four turbines
operating at design point, becsuse the design procedure hes been suc-
cessfully used in the design of turbines that are highly critical with
regpect to limiting loading.

RESULTS ARD DISCUSSION
Two-Dimensional Cascade Loss Correlstions

The results obtained from making calculations as ocutlined in
CALCUIATION PROCEDURE on the two-dimensional low-speed loss results of
reference 6 are shown in figure 4, in which wake momentum thlckness-

o _ cos B
to-chord ratioc 6/c and loss perameter _g__a_._é are plotted against

suction-surface diffusion parameter D. Comparlson of these loss curves
indicates that the general trends of losses based on either parameter
are similar, thus indicating that the form factor has only a second-
order effect on the relation between wake momentum thickness and total-

pressure loss.

It was alsc observed that the trend of loss based on either param-
eter with diffusion parameter is similer to that found in the unpublished
coampressor dsta except for the talled points. These points were loss
results from the highly cambered blades (8, =.110° and 120°) operating
at inlet flow angles B. of 45° and 60°, respectively. The blade loss
based on either parameter for these blades rises sharply with lncreased
diffusion parameter, whereas there 1ls gradual rise 1n blade loss with
increased diffusion for the other bladés. '
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An inspection of the surface velocity distribution asz indicsted by
the pressure-coefficient curves glven for these blades in figures 18
and 30 of reference 6 indicated that there are two possible reasons for
the lack of correlation for these blades. At angles of attack
neaxr and below the design value, the Initial surface deceleration of
the flow at the leading-edge portion of the pressure surface of the blade
was followed by slternate acceleration and deceleration. At angles of
attack sbove the design value, a simllar situation exists or the suction
surface of the blade where the initilal surface acceleration was followed
by alternate deceleratlion and acceleration. It is well known that local
Phenomena of this nature can have considerable influence on the local
boundery-lasyer growth and hence affect the finasl loss. Therefore, in
the cases where the slternate accelerstlion and decelerastion on elther
surface 1s severe, it is unlikely thet blade losses based on wake
characteristics would correlate wilth suction-surface diffusion param-
eter, since these effects may have considersble effect on the blade
loss. . : : :

Another factor that may contribute to the lack of correlstion for
the highly cambered blades is that the chord length of these blades is
not representatlve of the surface length over which the flow must
travel (wetted surface srea per unit blade heilght). Thus, it may be
expected that the use of suction-surface length in the blade-loss param-
etef would be more accurate for highly csmbered blades. The losses for
the blade profiles presented in reference 6 were therefore recalculsted
on the basis of the ratio of the weke momentum thickness to the suction-
surface length G/ZS and plotted against diffusion paremeter D in
figure 5. Comparison of figures 4(a) and 5 indicates that the loss
correlation, in genersl, was slightly improved by basing the loss
Parameter on suction-surface length instead of chord length. Further-
more, it can be seen that correlstion for the highly cambered blades
is also Improved; however, these polnts do not yet line up with points
cbtained for the other blades. Hence, the lack of correlstion on this
bagis may be attributed to lncreased losses on the pressure surfsce or
to the effects of double diffusion on the suction surface, as discussed
in the previous paragraph.

The loss correlstion curves in figure 4 established a criterion
for losses occurring in low-speed two-~-dimensional turbine cascade blade
rows. However, the curves are obtained from low-speed results, and
thelr validity for high speed has not been established. On the basis
of the work done on the effect of increased zirspeeds on compressor
blade losses (ref. 8, e.g.), it sppears that the level of losses in
figure 4 is low campared with the losses that would occur if the turbine
blades of reference 6 were operated st transonlc airspeeds. Another
indication of this speed effect was obtained from the limited high-
speed tests conducted in reference 6 on two of the blade proflles at
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outlet Mach numbers up to 0.9. Calculatlions of these high-speed loss
results on the bagis of wake momentum thickness-to-chord ratio ere plot-
ted against diffusion parameter .in figure 6. The low-speed results are
also shown in the figure, which indicates that increased alrspeeds
tended to increase the profile lossés. The high-speed results tend to
fall along the high range of the spread of the low-gpeed data. No def-
inite trends appear to have been established with these high-speed re-
sults, since they fall within the spread of the low-speed results, thus
indicating that shock losses were not too severe for these high-speed
tests . T -

Transonlc Turblne Loss Correlations

The resulis of loss calculations made on the survey results obtained
from the four transonle turbine rotqu operated at design point are plot-
Ws CcO8
ted In terms of the loss parameter —EL—T;—JEE agalinst the design value
of diffuslion parameter D 1in figure 7 for the bhub~, mean-, and tip-
radius blade. elements. These curves show that the measured rotor-blade-
element loss parameter is releted to diffusion parameter in = manner sim-
ilar to that found for turbine blades in the low-gpeed itwo-dimensional
cascade with the exception of the tip redius, where a sharp rise in the
measured blade-element loss parameter occurred as the diffusion parameter
was increased above 0.24. It 1s further noted that the magnitudes of the
loss parsmeter measured at the hub and mean radius are of comparable
levels, while the magnitude of the tip-radlus loss parameters is about
twice that at the other two sectlons, thus, indlcating that rotor three-~
dimensional effects may have considerable effect an the magnitude of the
measured rotor losses.

Comparison of the measured transonic turbine losses (fig. 7) with
the low-speed cascade losses (f'ig. 4(b)}) indicates that the transonic
turbine rotor-blade-element losses ere consldersbly greater than the
low-gpeed cascade losses. Specifically, a comperison of the loss param-
eters at a diffusion parameter of zero in figures 4(b) and 7(b) indicates
that the low-speed cascade loss 1s less than 10 percent of that measured
at the mean section of the zero diffusion turbine (turbine I). The fol-
lowing discussion considers some of the important factors that must be
considered in the evaluation of blade-element losses measured behind a
turbine rotor by using the loss parameter measured at the mean radius
of turbine I as an example.

Effect of Unsteady Flows
It is well known thet unsteady flow fields such as those existing

behind rotating btlade rows can hsve conegiderable effect upon the total-
pressure and total-temperature measurements taken within these fields,

|
,l
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and thus influence the relative totel-pressure loss across the rotor
blade row as Indicated by these measurements. In order to obtain an
insight as to the order of magnitude of the effect of these unsteady
flow flelds on the measured losses of turbine I, a comparlson wes made
between the turbine relative total-pressure ratio calculsted from equa-
tion (C3) of appendix C using (1) the mass-averaged survey values of
total temperature and total pressure, and (2) messurements of torque,
turblne speed, weight flow, outlet flow angle, and outlet static pres-
sure obtained in the over-all performance investigation at identical
operating conditions (ref. 2). The relative total-pressure ratio based
on the performance investigation 1s congidered to be the more accurate
of the two, since 1t 1s not affected by the unsteady flow fields. The
difference in the two relative total-pressure ratios mey be used to in-
dicate the errors due to the unsteady flow effects.

In order to evaluate any.difference in the turbine relative total-
pressure ratio as obtalned from the two sets of instrumentation, con-
sideration must be given to the fact that the turbine relative total-
pressure ratio based on performance results includes the total-pressure
loss due to the mixing of the rotor-blade wakes, whereas the survey
results were taken so close behind the trailing edge of the rotor that
little total-pressure loss due to mixing of the rotor blade wekes 1s
included In the survey measurements. The method by which the differences
in the two rating methods were calculated is given in appendix D. A
comparison of the turbine relative total-pressure ratlio cbtained from the
survey results to the performance value of the turbine relative total-
pressure ratio (corrected for a theoretical rotor wake mixing loss) gave
the error induced by unsteady-flow effects In terms of a fictitious
total-pressure ratio that was applied to the local messured rotor-blade-
element loss. The application of this fictitious total-pressure ratio
to the losses measured at the mean radius of turbine I indicates thet
the actual loss occurring along a streamline emanating from the regilons
of free-stream flow through the stator is only 49 percent of that in-
dicated by the survey measurements.

Mixing of Stator Wakes

The actual loss occurring along the selected sitreamline Indicated
by the previous section is the sum of the stetor losses that have not
been excluded by the calculstion procedure and losses lnduced by the
rotor as the rotor blades pass through the streamline. In order to
obtain an indication as to the true level of the rotor-induced losses
at the mean radius of turbine I, it is necessary to obtain an indication
of the order of magnitude of the mixing effect of the stator blade wakes.

The effects of mixing of blades wakes on the lossges measured along
a streamline are twofold. First, there is an exchange of momentum between
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the free-stream regioms of flow and the wake regions of flow (often re-
ferred to as mixing). Second, as a result of this momentum exchange,
there is a further loss in momentum or total pressure 1n both regions.
Their combined effect on the local losses measured at the exlt of turbine
I could not be meesured dilrectly since it was found In reference 9 that
wlthout the rotor in place almost complete mixing of thege stator wekes
occurred in an axiasl distance corresponding to approximetely the rotor
axlal chord. Witk the rotor in place, only partial mixing of the stator
wakes has taken place, because the stator wekes still appear in the total-
pressure surveys taken at the same axial station. In reference 9 it was
also found thet without the rotor ipn place complete mixing of the wakes

in these stators resulted in a 1.5 percent additlonal loss in the lnlet
total pressure at the mean radius. With the rotor in place, however,

the additional total-pressure loss due to mixing is probably not as great
as the 1.5 percent found in reference 9; however, 1t 1s believed that the
loge resulting from the combined effects of the maomentum exchange as
disgcussed previously may approach a wvalue of 1.5 percent of the inlet
total pressure of turbine I. When this value of loss was used ag a
criterion for the combined effects of stator-wake mixing 1t was found
that the measured local loss of turbine I was affected by about 20 percent.

Correction of the measured measn-radius blade-element losses of tur-
bine I for the effects of unsteady flow flelds and for the loeses due to
mixing of the stator wakes showed that the true mean-radius rotor-blede~
element loss for turbine I was considerably less than that indicated by
the survey Ilnstrumentation. Plotted in Pfigure 8 1s the measured mean-
radius blade-element loss for turbine I as a ratio of the true mean-
radius blade-~element loss. Shown also in figure 8 in terms of the true
blade~element loss 1ls the breakdown of the effects that unsteady flow
fielde and mixing of stator wakes had on the indicated mean-radius blade-
element loss of turbine I.

Compressibility. - In order to obtain an indlcatilon as to the effect
of transonlc airspeeds on profile losses in a turbine blade row, the
total-pressure loss measured across the mean section of the stator used
in the transonic turbine investigations was mass averaged and found to
be about three times the loss indlcated by the low-speed turbine cascade
loss correlations at zero diffusion {fig. 5). Ap analysis of the surface
veloclity distribution of these blades by the method given in reference 3
indicates that the suction-surface diffusion parameter for these stators
i1s zero. The loss parameter found faor the stator mean section can then
be agsumed to be approximately equal to the loss perameter corresponding
to the compressible-~flow profile losg of the rotor mean sectlon of tur-
bine I, since the two-dimensicnal loss correlestions presented in figures
4(a) and 4(b) are independent of blade shape, and both blades sections
are operating at comparable Mach number levels and at zero diffusion.
This value of loss parameter was plotted in figure 8 and labeled
compressible~flow profile losse to 1llusirate the order of magnitude of
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the profile losses as compared with the true loss. From figure 8, it

can be seen that the profile loss is estimated to be of the order of 81
percent of the true rotor-blade-element loss. The low-speed profile loss
is shown in Ffigure 8 (dashed line) in order to emphasize the difference
in loss levels.

Three-dimensional effects. - It has been found by various Investi-
gators that three-dimensional effects tend to shift boundary-layer fluids
radlially from one point to another. An inspection of the variation of
maximumm and minimum local efficleney with radius for the four trensonie
turbines given in figure 3 indicates that the efficiency level at the
hub 1is generally higher than that &t the tip. Furthermore, the level
of efficiency measured at the hub is only slightly lower than that
obtained in the highest efficiency regions. Thus, it appears that these
three-dimensional effects are shifting considerable amounts of hub-wall
losges onto the rotor-blade surfaces, thus increasing the efficlency
measured in the region of the hub and decreasing the efficlency measured
elsevhere, and in particulaer the tip-radius region.

Three~dimensional effects may then be the main contributor to the
remaining loss in figure 8, which is the difference between the true
mean=-radiug blade-element loss of turbine I and the compressible-profile
loss estimated from the loss measured at the mean radius of the stators
and amounts to about one-fifth the true loss. Further indications that
rotor three-dimensiopal effects are important to turbine losses are seen
in a comparison of the level of losses measured at the hub- and mean-
radius regions with those at the tip-radius region (fig. 7). The level
of loss at the tip-radius region (up to D = 0.24) is about twice that
obtained at the hub and mean radius, and it appears that the increased
losses at the tip are the effects of the radial transport of boundary-
layer flulds in combination with the complex secondary flows occurring
in the tip region.

The sharp rise in the loss curve sbove g diffuslion parameter of 0.24
for the tip may be attributed to the diffusion parameter of turbine IV
not being the value obtained in the deslgn procedure, since surveys taken
upstream of the rotor indicated approximately & positive 12° angle of
Incidence in the region of the tip of turbine IV at design-point opera-
tion. Tt is believed that the radiel transport of boundary-leyer fiuids
into the tip region of this turbine combined with losses originating in
the tip region prematurely chokes this region, thus causing a mass-flow
shift toward the hub at the rotor inlet, which, in turn, resulted in a
positive angle of incidence at the tip. 8Since 1t is well known that in-
creases in Incldence angle tend to increase the loading of the suction
surface, it can then be concluded that the actual diffusion parameter
is larger than that obtained in design procedure, which, In turn, would
tend to temper the sharp rise in the loss correlation curve of the tip
by shifting the logs point to the right.
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SUMMARY OF RESULTS

The analysis of losses occurring in a series of subsonic turblne
blades in & low-speed two~dimengional caecade and in a related geries
of transonic turbines 1s presented hereln. The pertinent results of
this investigation are summarized as follows:

1. The profile losses of a related series of subsonic turbine
blades in a two-dimensional cascade as measured by wake momentum
thicknesgs=-to=-chord ratio were found to correlate with diffusion param-
eter for a wide range of blade profile, incidence angle, stagger angle,
and inlet flow angle. Correlation of these logses based on a loss param-—
eter, which is directly related to a product of the wake momentum
thicknesgss-to~-chord ratio and the wake-form terms was found to have trends
identical to loss correlations based on weke momentum thickness. It was
also indicated that the ratio of wake momentum thickness to suction-
surface length is =a preferable 1oss parameter to use in turbine-blade
losse correlations.

2. The indiceted blade~element loss parameters of a related series
of transonic turbines varled with diffusion parsmeter in e manner similar
to that found for the two-dimensional cascade losses.

3. A considerable difference 1n the loes levels between the two-
dimensional and traensonic turbine results was found. From an analysils
at a diffusion parameter of zero, it was indicated that the effects of
unsteady flow on total-temperature end total-pressure measurements and
stator mixing loss can have conslderable effect on the measured rotor-
blade-element losses. It was further indicated that about four-fifths
of the true rotor-blade~element loss 1s attributeble to compressible-
flow proflle losseg, while the remalnder 1s attributable to rotor three-
dimensional and other effects.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronsutics
Cleveland, Ohio, February 10, 1955
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APPENDIX A

SYMBOLS

The following symbols are used in this report:

drag coefficlent
weke momentum difference coefficient (see ref. 6)
chord length, ft

diffusion parameter defined as difference between maximum suction-
surface relative velocity and outlet relatlve veloecity divided
by maximm suction-gurface relative velocity

terms Involving form of wake
suction-surface length, £t

ebsolute pressure, lb/sq £t

turbine relative total-pressure ratio calculated from over-all
measurements

turbine relative total-pressure ratio calculated from mass-
averaged survey values of total-temperature ratioc and total-~
pressure ratio measured from turbine inlet to just downstream
of tralling edge of rotor

radius, £t P

ﬁvl
2
vy

pressure coefficient, (pi - PZ)/(Pi - pl) =

V] Pl N

blade specing or piteh, ft
gbsolute tempersature, °r
blade thickness, It

blade speed, ft/sec

absolute gas velocity, ft/sec

welght-flow rate, lb/sec
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a angle of attack, measured fraom entering flow to chord

gas flow angle measured from axial direction, deg

Bm vector mean gas flow angle between inlet and outlet flow
angle, deg
s ratlio of specific heats
w0
ol ratio of turbine inlet total pressure to NACA standard sea- 3}
level pressure, p'/p*
X
(T + %)r-l
e function of 1, Lt z
ncetion o — -

*
(=2
2

n, local adiasbatic efficiency based on local totael-state measure-
ments upstream of stator and downstream of rotor

6 momentum thickness, ft

6. blade camber angle, deg

8ar sguared ratlo of critical velocity at turbine inlet to
critical veloclty at NACA standard sea-level temperature,

2

(Vcr/v*cr)

p static demsity, lb/cu ft B

Ei relative total-pressure loss coefficient based on inlet
dynamic head

Bé relative total-pressure loss coefficient based on cutlet
dynemic hesd :

g solidity, ratio of blade chord to pitch, c/s

Subscripts:

er condition at Mach number of unity

fs free-gtream conditions

2 local conditions

»l
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mex local conditions corresponding to maximum value of pressure
coefficient S

t tip

u tangential direction

z axial direction

1 conditions at inlet to & blade row
2 conditions at outlet of a blade row
Superscripts:

* NACA standard conditions

t absolute totael state

" relative total state
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APPENDIX B

DEVELOPMENT OF A LOSS PARAMETER AS AN APPROXIMATION OF WAKE MOMENTUM
THICKNESS PARAMETER AND CATCULATION OF THIS LOSS PARAMETER FROM
DRAG COEFFICIENT FOR STATIONARY BLADE ROWS

Fram unpublished NACA data, the total-pressure lose across & blade
row mass averaged across a blade piltch is related to the wake mamentum

thickness by

8
-0

57 =% °3% weapy 03D (B1)

For incompressible flow, the term involving the form of the wake
f£(H) has been found to have only a second-order effect on the relation
between total-pressure loses and wake momentum thickness, and hence may
be assumed constent. Since, by definitlon,

H

2 PaV2

equation (Bl) may be rewritten as follows:
£(8) (B2)

so that i1f the form term is assumed constant the wake momentum thickness-
to-chord ratio will very directly with the terms involving the total-
pressure loss coefflcient, the outlet flow angle, and the solidity of
the blade row. :

Loss correlatlions based on a loss parameter involving the terms on
the left side of equation (B2) should exhibit loss trends that are
similer to those based on wske momentum thickness-to-chord ratio. The
wg cos B e
—G— Was calculated Irom tThe low-speed two-
dimensional cascade results of reference 6 by use of equation (B1l7) of
reference 8, which restated is

loss parameter

B, - Dl _ BT
cos Bp pi - pl

3496
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Since

then

From reference 6,

Substituting glves

cos B
Multiplying both sides by —s obtained from data supplied in
reference 6, ylelds
®_. co 8
2 °° Pz = °D,1 == cos B (B3)
o ~ cos Bm S2 2

which was used to calculate the loss parameter for the two-dimensional
low-speed results.
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APPENDIX C

EQUATIONS AND ASSUMPTIONS MADE IN CALCULATING ROTOR~
BLADE-ELEMENT LOSS PARAMETER
Rotor-blade-element losses for the hub, mean, and tip sections
were calculated in terms of a loss parameter Eé coB BZ in the follow-

o
ing manner: The relative total-pressure loss coefficient 52 was

calculated from the equation

v} - 7
w R e a—
2 =<

Py - P,

Dividing both terms on the right side by pi glves

2
o

Bp = (c1)
2 2
P

The relastive total-pressure ratio pE/Pi in equation (Cl) can be

evaluated from sbsolute measurements as follows:

" T " t
P2 _Jz P2 N
AR
From isentropic relations,
B
" t " t T‘l
Pz _Paf"2 1 - (c2)
PH ‘Pf Tr Tﬁ-
1 1\ 2 1
It is assumed that
Tll
L _1.00
T2

3496
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Thus,
7 Y
p" p! [T -1
2 21 1
1 "1\ 2
Fram this relation the relative totel-pressure ratloc may then be calcu-
Q@ lated from measured absclute values of total-pressure ratio and totel-
b temperature ratio.

The static pressure downstream of the rotor Po and the 1inlet
relatlive totsl pressure Pl in the denominator of the right term of

equation (Cl) were calculated independently of each other as follows:
A linear variation between the outlet static pressure measured at the
hub end tip is assumed in order to find P, at a glven radiel station.

The inlet relative totsl pressure is calculated from measured values of
absolute inlet total pressure, inlet total temperature, inlet absolute
* flow angle, and wheel speed by use of the equation

-1 l 1
" = ] - J'
pif1 — (ce)
cr,

Substituting equations (C4) and (C3) into equation (Cl) and multiplying
cos B

both sides by 5 glve the finel relstion for calculating the

rotor-blade~element loss parameter:

X
-1
i3 Ti \ cos B,
1-11-<
cos B, D! Té o
(c5}
g X
T=-1
Pl Tl
2\ 1} P2
P': T! .Y-
1 v .U, - UZ\[fr-I
prlpr=1({"w11" 1
1 VZ
- cr,l
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APPENDIX D

METHOD OF EVALUATING EFFECTS OF UNSTEADY FLOWS ON MEASURED
BLADE-ELEMENT LOSSES

An evaluation of the effect of unsteady flows on the Indicated
blade-element losses for turbine I at design.point can be obtalned by
camparing the turbine relative total-pressure ratio camputed from
equation (C3), using mase-averaged survey values of total-temperature
and total-pressure yatios, with the turbine relstive total-pressure
ratio obtained at the same operating conditions but from measurements
of torque, speed, weight flow, outlet flow angle, and rotor outlet
static pressure, which were obtained in the over-all performance in-
vestigation (ref. 2). The turbine relative total-pressure ratio
calculated from the mass-averaged survey results (pg/p;) was found

S

to be 0.871, whereas the turblne relative total-pressure ratlio calcu-
lated from the over-ell performance results (pg/pi) wag 0.885.
b

Since the value obtained from the over-all performance results 1s
considered to be the more accurate of the two rating methods, 1t is
evident that survey results indicate larger losses than those indi-
cated by the over-all performance results. A direct camparison of the
turbine relative total-pressure ratios obtained from the two methods
cannot be made to evaluate the error induced by unsteady flows because
the turbine relstlve total-pressure ratlio calculated from the over-all
performence results (p;/p;) includes the total-pressure loss due to
p

mixing of the rotor-blade wakes. However, the turbine relative total-
pressure ratio calculated from the mass-averaged survey results pg/pi
8

does not include the mixing loss of the rotor wskes becsuse the surveys
were taken so close to the tralling edge of the rotor that little or

no total-pressure loss due to mixing of the rotor wakes hae occurred.

In order to evaluate the effect of unsteady flows on the measured blade-
element losses by camparison of the turbine relative totel-pressure
ratios, it 1s necessary to account for this difference in the rotor
weke mixing loss between the two methods.

The rotor wake mixing loss can be accounted for by writing the
turbine relstive total-pressure rstio (pg/pi) in terms of its com-
D
ponent losges, which are the product of the total-pressure ratios that
correspond to the stator losses, mixing of stator wskes, relative rotor
loss, and mixing of rotor wakes. Since the wake mixing loss was shown
in reference 9 to be related directly to the total loss at the exit of

3496
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the blade Pow, the various lossés that mske up the turbine relative
total-pressure ratio (pg/pi) may be found from a knowledge of the
D

stator loss. The stator totsl-pressure ratio was determlned from
mass-averaged radlal and circumferential surveys of total pressure Jjust
downstream of the tralling edge of the stator and was found to be 0.968.
An over-sll stator total-pressure ratio (product of the total-pressure
retio corresponding to the stator loss and mixing of stator losses) was
found to be 0.850 from figure 4 in reference 9, which assumes linear
variation in total pressure across the wake fram free stream to the
minimum total pressure and back to free stream. With these quantities,
the rotor relatlive total-pressure ratio, including rotor wake mixing
losses, was calculated from the turbine relative total-pressure ratio

(P%/Pij and was found to be 0.932. The rotor relative total-pressure
p

retioc before mixing of the rotor wakes was also found from figure 4 in

reference 2 to be 0.952, thus giving a value of 0.978 for the pressure

ratio due to mixing of rotor wakes. Dividing the turbine relastive

totel-pressure ratio (p;/p; by the total-pressure ratlo corresponding
P .

to the rotor wake mixing loss gives a value of 0.905 for the turbine
relative tobtel-pressure ratio before mixing of the rotor wekes. If the
turbine relative total-pressure ratio (p%[pi is also written as &

s

product of the total-pressure ratios that corresponds to the stator
losses, stator mixing losses, rotor relative total-pressure loss, and a
fictitious loss to mccount for the effects due to unsteady flows,
dividing (pg/pi)s by (p%/pi 5 (before mixing of the rotor wskes)

gives the value of the fictitious pressure ratio that is included in
the survey results becsuse of the effects of unsteady flows. This
fictitious pressure ratio was found to have a value of 0.962 for
turbine T and was assumed tc be representative of the errors induced

in the survey results of turblne T.

The local relstive total-pressure ratioc obtalned from the survey
results at the mean radius of turbine I was divided by the fictitious
total-pressure ratic to obtain a corrected value of the local relative
total-pressure ratio. .Thls corrected value was used to calculate a new
loss parameter of 0.0254, which is about 49 percent of the loss param-
eter (0.0523) indicated by the survey results.
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Blade sectlon | Alr Inlet angle, B;,| Solidity Range of

camber angle, deg investigated, o | angle of
s, : attack, o,
deg 0|-15|-30]-45| -60 1.5 1.8 deg
65 SR v v 26 - 53
80 v]iv| v v v 32 - 62
95 | v | v v v 50 - 73
110 v |V v v 55 - 80
120 v v 69 - 72

W

Primary turbine-blade section;

84, 65% t/c, 10 percent

W

Primary turbine-blade section;

6,, 80°; t/c, 10 percent

Primary turbine-blade section;

8., 950; t/c, 15 percent

Primary turbine-blede sectlon;

65, 110% t/c, 15 percent

Seconda.ryotm'bine-bla.de ssctlon;
85, 120°%; t/c, 25 percent

1 Inch

T

Figure 1, - Turbine-blade profiles and range of test conditions covered by low-
speed two-dimensionsl cascade tests 1n reference 6.
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Turblne design

T II IIT v
(Ref. Z) | (Ref. 3)|(Ref. 4) |(Ref, 5)
w«/ ecr
Equivalent welght flow, & — 11.95 11.95 11.95 11.95
Equivalent work, EAE’ Btu/1b 22.6 22.6 22.6 20,2
cr
Equivalent tip speed, _Ubt 597 597 597 597
for
Mean-radiue design diffusion parameter, D (8] 0.186 0.25 0.33
Mean-radius solidity, o 2.85 2.81 2.36 2.16

o
Turbine T

1 Inch,

Y N

: /'I‘urbineIII N

m W

P

TurbineIT

Figure 2, - Transonic turbine rotor mean-gection blade profiles and flow pessages
(Same stator used on all turbines.)

and. camparlson of design Features.
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Figure 4. - Variation of loss with diffusion parameter for series

of low-speed turbine

blades in two-dimensional cascade.
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turbine blades in two-dimensional cascade.
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Figure 6. - Variation of wake momentum thickness-to-chord ratio with
diffusion parameter for twrbine blades In two-dimensional cascade
obtalned from limited bhigh-speed tests and extensive low-speed tests

(ref. 6).
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true rotor-blade-ealemant-loss parameter

2.0

3
Fx]
gl.o
3
Py
g
3
-
B
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Moegured rotor-blade-element loss

Errors induced by unsteady flow
effecte on probe measurements

Actusl logs oceuwrring along
pelected streamline

Lossen due to effects of mixing of
gtator losses

1

MMM

True rotor-blade-element loss
— — Losseg attributeble to three~dimensional

\ end other effecte

Compressible-flow profile loss for zero
diffusion

—— Incompressible-flov proflle loes for zero

diffusion

Figure B. - Breakiown of lodses indiecated by locel survey measuremente at mean
radlus of turbine I.
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