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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

TECHNICAL MEMORANDUM X-9

INVESTIGATION OF THE EFFECTS OF LOW REYNOLDS NUMBER OPERATION ON _KE

PERFORMANCE OF A SINGLE-STAGE TURBINE WITH A DOWNSTREAM STATOR

By Robert E. Forrette, Donald E. Holeski_ and Henry W. Plohr

SUMMARY

High-altitude turbojet performance is adversely affected by the ef-

fects of low air density. This performance loss is evaluated as a Reyn-

olds number effect, which represents the increased significance of high

fluid viscous forces in relation to dynamic fluid forces as the Reynolds
number is decreased.

An analytical and experimental investigation of the effects of low

Reynolds number operation on a single-stage, high-work-output turbine

with a downstream stator was carried out at Reynolds numbers of 182j5003

59,600, and 23_000, based on average rotor-design flow conditions.

At low Reynolds numbers and turbulent flow conditions_ increased

viscous losses caused decreased effective flow area, and thus decreased

weight flow_ torque_ and over-all efficiency at a given equivalent speed

and pressure ratio.

Decreasing the Reynolds number from 182_500 to 23,000 at design

equivalent speed resulted in a 5.00-point loss in peak over-all turbine

efficiency for both theory and experiment. The choking equivalent weight

flow decreased 2.50 percent for these conditions.

Limiting loading work output was reached at design equivalent speed

for all three Reynolds numbers. The value of limiting loading work out-

put at design speed decreased 4.00 percent as Reynolds number was de-

creased from 182,500 to 23,000.

A theoretical performance-prediction method using basic boundary-

layer relations gave good agreement with experimental results over most
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of the performance range at a given Reynolds number if the experimental
and analytical design operating conditions were carefully matched at the
highest Reynolds numberwith regard to design performance parameters.

High viscous losses in the inlet stator and rotor prevented the
attainment of design equivalent work output at the lowest Reynolds num-
ber of 25_000.

INTRODUCTION

In the operation of turbojet engines at high altitudes, the per-

formance of the compressor and turbine components is adversely affected

by the effects of the low air density. The higher losses at these con-

ditions are caused by the relatively increased effect of the viscous

forces on the fluid flow as the dynamic forces are decreased because of

the lower air density. The fluid Reynolds number_ which is the ratio of

the dynamic to the viscous forces in the f_uid, is the significant param-

eter in evaluating these performance chang(:s.

The performance of the compressor component of turbojet engines op-

erating under simulated altitude conditions is reported in references i

and 2. The results of fundamental single- and multistage component in-

vestigations are described in references 5 to 5. These investigations

have indicated a fairly well-defined depreciation in compressor perform-

sauce as the fluid Reynolds number is reduced. Similar investigations of

turbine performance when the turbine is operating as part of a complete

engine have not yielded such definite resu]ts. The results presented in

reference 2 indicate that some of the engir_es investigated had a reduc-

tion in turbine efficiency for the lowest _eynolds number level investi-

gated. No change in turbine equivalent weight flow was detected. In

reference 2 it is indicated that the efficiency change noted was par-

tially due to a shift in the turbine oper_ing point. This type of ex-

perimental difficulty can be avoided if th_ turbine performance is ob-

tained in a turbine-component test facility. Such a facility also

yields more detailed information over a wi(_er operating range, and it is

easier to maintain the necessary high expes'imental accuracy. In some

cases_ investigations of this type over a ]imiting range of Reynolds num-

ber (refs. 6 and 7) have not indicated any measurable change in turbine

performance. Other investigations (refs. _ and 8) clearly demonstrated a

fluid Reynolds number effect on turbine ef_'iciency but did not demonstrate

a change in turbine equivalent weight flow

Experimental evaluation of the perfoNlance of a turbine operating

over a range of fluid Reynolds number is o_' great value if the perform-

ance evaluation is related to the fundame_;al understanding of fluid

flow in turbomachinery. It has been common practice to correlate the
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efficiency of compressors by expressing the over-all loss as an exponen-
tial function of the fluid Reynolds number (refs. i, 3, _, and 5). A
correlation of this type is based on the assumption that the change in
the loss is due entirely to a change in fluid viscous loss and therefore
depends only on fluid Reynolds number. This assumption is probably valid
for both compressors and turbines if the correlation of loss (and, hence,
efficiency) is based on the minimumloss (hence, maximumefficiency) for
equivalent operating points. However, the operating point for the peak
efficiency will probably shift slightly with fluid Reynolds number level,
thereby making an accurate correlation impossible by this method. In
order to provide a more complete understanding of the experimental data,
it is necessary to use a more complex analytical approach that will
accotunt for the change in viscous loss with changes in fluid Reynolds
number, the interaction of this change in loss with other turbine losses,
and also the change in turbine operating point.

The performance characteristics of an experimental single-stage tur-
bine having a downstreamstator were obtained in a turbine-component test
facility. The fluid Reynolds numberwas changedby changing the pressure
level in the facility. Complete performance data were obtained over a
range of blade speed and pressure ratio at three pressure levels corres-
ponding to rotor-chord Reynolds numbers of 23,000, 39,600_ and 182,500.
The lowest Reynolds numberof 23,000 would correspond approximately to
that of a turbine operating in an engine with a compressor pressure ra-
tio of 6.0 at 100-percent design speed and a turbine-inlet temperature
of 2500° R, at a flight Machnumberof 1.5 and a 95,000-foot altitude.

In order to relate fundamental concepts of viscous fluid flow with
observed changes in turbine performance, an analytical turbine-
performance calculation technique was utilized. This technique madeuse
of experimentally determined performance at a given fluid Reynolds number
level in order to establish the turbine viscous loss coefficients. These
loss coefficients were then assumedto changewith fluid Reynolds number
in a manner corresponding to turbulent flat-plate friction losses. The
performance analysis was then used to evaluate the turbine performance
over a range of pressure ratio and blade speed at Reynolds number levels
corresponding to those investigated experimentally. The results of this
analysis are comparedwith the experimentally determined performance.

a
cr

SYMBOLS

frontal area, sq ft

critical velocity, _ 2y gRT
y+l

C constant
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H

ah

L

P

P

R

Re

s

T

t

U

V

w

x

If

gravitational constant, 32.174, ft/sec 2

boundary-layer form factor, 5*/e*

turbine work, Btu/Ib

l

loss parameter, i - _/_-__l_!__ ref

total pressure, ib/sq ft

static pressure, ib/sq ft

gas constant, 53.35 ft-lb/(ib)(OR)

Reynolds number

blade spacing, ft

total temperature, OR

trailing-edge thickness, ft

blade speed, ft/sec

root-mean-square longitudinal compoaent of turbulent

perturbation velocity, ft/sec

absolute velocity, ft/sec

weight flow, ib/sec

flat-plate coordinate

absolute flow angle, angle between velocity and axial direction,

deg

ratio of specific heats

ratio of total pressure to NASA standard sea-level pressure of

2116 ib/sq ft

displacement thickness



r_K_

e function of Y_ -_- YsZ

rs _-i

(,s,:
adiabatic efficiency

@ squared ratio of critical velocity to critical velocity at NASA
cr

standard conditions

e* boundary-layer momentum thickness_ ft

X blade viscous-loss parameter

p gas density_ ib/cu ft

T torque, ft-lb

Subscripts :

ac

av

cr

e

fs

id

in

L

m

n

ref

sZ

actual value

average value

critical value

blade exit_ trailing-edge plane

free-stream value between blade wakes

ideal value

station at inlet to a blade row

loss value

station after complete mixing occurs

station just downstream of blade row

reference value (Reynolds number, 182,500)

NASA sea-level standard conditions (Tsz = 518.7 ° R)
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i_2_

3_4

absolute total state

tip

flat-plate coordinate

axial component or direction

measuring stations (see fig. i)
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APPARATUS AND PROCEDURE

Test Facility and Instrumentation

The 15-inch-tip-diameter turbine-component test facility described

in reference 9 was used in this investigation. A schematic diagram of

the installation is shown in figure i. Ambie:_t air was filtered in an

electrostatic precipitator and then heated to 225 ° F in order to avoid

tile possibility of forming condensation shock_ downstream of the turbine.

The airflow was measured by a calibrated ASME flat-plate orifice. Three

orifices of different diameters were used over the range of Reynolds num-

bers in order to maintain high measurement accuracy. After passing

through the turbine test section_ the air was exhausted to the laboratory

altitude exhaust system.

The power output of the turbine was abso:_ed by either of two eddy-

current-type, cradle-mounted dynamometers. O le of these had a power ab-

sorption capacity of 125 horsepower and was u_ed for tests at the low

Reynolds m_mbers. The larger dynamometer had a 1700-horsepower capacity

and was used at the high Reynolds number condition.

Rotor speed was measured with an electro:lic speed counter that reg-

istered the measured rotative speed to an acclracy of i rpm.

The turbulence in the airstream at the t lrbine inlet was measured

by a constant-temperature-type hot-wire anemoi1eter of the same configu-

ration as described in appendix B and figure i_6(b) of reference i0.

The circumferential and axial locations .)f static-pressure taps_

total-pressure and thermocouple probes_ and tile self-balancing_ angle-

positioning probe actuators used in measuring flow angles are shown

schematically in figure l(b). The instrumentation is the same as that

of reference 9 with the exception that manometer fluids of lower specific
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gravity were used to measure the lower pressures. This allowed a higher

ac.curacy of measurement than is possible with the heavier fluids commonly

used.

The model turbine used in the experimental investigation was a

single-stage, high-work-output type which incorporated a downstream

stator for reco_Tery of energy contained iu the whirl component of ve-

locity at the rotor exit. The turbine was of the same design as that

described in reference 9; except that a rotor-tip-clearance recess in

the outer annulus wall was filled, _d the rotor-tip radius decreased

proportionately in order to maintain suitable clearance between the

rotor tip and the wall.

Experimental Procedure

Experimental data were recorded over a range of speed and pressure

ratio at each of three Reynolds numbers in order to obtain a complete

turbine performance map at each Reynolds number. The inlet total pres-

sure was set at approximately 2.90, S.O0_ and 23.00 inches of mercury

absolute in order to obtain turbine design point Reynolds numbers of

23,000, $9_600_ and 18_,S00_ respectively_ based on rotor mean chord and

design relative flow conditions averaged between the rotor-inlet and

exit mean radius values. The inlet total temperature was kept constant

at 685 ° R.

The friction torque of the bearings on the turbine shaft was meas-

ured over a range of shaft speeds in a separate test. This torque was

added to the dynamometer measured torque in order to calculate the aero-

dynamic output torque of the experimental turbine. The torque absorbed

by the bearings was about 2 percent of the over-all torque at design

speed and pressure ratio for the lowest inlet pressure investigated.

The turbulence intensity at the turbine inlet was measured by radial

hot-wire surveys at inlet pressures of approximately 25 and 5 inches of

mercury absolute.

Surveys of the flow conditions at the stator inlet indicated that

a large temperature gradient existed when the facility was operated with

low plenum pressures. Proper insulation of the inlet piping and plenum

reduced this gradient to an acceptable level.

Experimental Data Reduction and Performance Calculations

The method of calculating and presenting the turbine performance

data was the same as that of reference 9. The total pressure at a sta-

tion; as calculated by equation (i) of reference 9, is a function of



static pressure, total temperature, weight flow, and flow angle. The
rating total pressure at a station is defined as the static pressure at
that station plus the dynamic pressure contributed by the axial compo-
nent of velocity. The rating total pressure is calculated by using equa-
tion (2) of reference 9.

The experimental torque and weight flow data were plotted against
over-all rating total-pressure ratio for lines of constant equivalent
blade speed at each of the three Reynolds nunbers investigated. These
data were faired and used to develop performance mapsat each Reynolds
number in the samemanner as in reference 9. The over-all turbine ef-
ficiency was obtained from blade speed, weight flow, aerodynamic torque,
and the ideal work, which was determined from the calculated pressure
ratio. The aerodynamic equivalent torque was obtained by correcting the
dynamometermeasurementfor bearing friction.

The intensity of free-stream turbulence is important in correlating
experimental results obtained in a given test installation with those
obtained in others over a range of Reynolds numbers. It is also signif-
icant in considering to what extent the boundary layer is laminar on the
blade surfaces. The intensity of turbulence is represented by a param-

_z-=_
eter Vq_ which is defined as the root-mear_-square of the turbulentV
perturbation velocity divided by the free-stream velocity. The param-
eter expresses turbulence as a percentage of the free-stream velocity
and was calculated from hot-wire voltage measurementsusing equation
(BI) of reference i0. The average intensity of turbulence in the inlet
annulus was approximately 4 percent of the meanfree-stream velocity at
the low pressure and 1.75 percent at the high pressure. These values
are relatively high comparedwith those of the order of 0.i percent and
less that exist in low turbulence wind tunnels (ref. ii), but are prob-
ably low when comparedwith the intensity of turbulence in the high-
temperature gas flow of an actual engine.

!
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Analytical Performance Prediction Method

The method of analytical performance prediction is similar to that

of references 12 and 13. Various loss assumptions, the continuity equa-

tion, and basic one-dimensional flow equations are used to compute pa-

rameters which define the flow conditions at the mean radius between

blade rows. These parameters are then used to calculate over-all work,

efficiency, and weight flow. The loss assum;tions include the

following:

Blade viscous loss. - This includes all viscous losses in the bound-

ary layer on the blade surfaces and annulus walls, and any losses caused
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by secondary flows, tip clearances, and shock waves. The blade viscous
loss is represented by a parameter h, which is defined as a kinetic-
energy-loss coefficient in order to relate the viscous loss with veloc-
ity parameters. The parameter h is expressed as a function of average
kinetic-energy loss relative to a given blade row by equation (AT) in
the appendix. Total-pressure losses obtained from experimental surveys
of the upstream stator at design flow conditions were used in conjunc-
tion with the experimental turbine efficiency at design work and blade
speed to estimate the total-pressure losses for each blade row. These
losses, determined experimentally at the high Reynolds number operating
condition, were used to calculate the blade loss parameter for each blade
row. The values of k were held fixed in computing the turbine off-
design performance at a given Reynolds number level. This viscous loss
parameter was used in preference to that employed in references 12 and
15 because better agreementwas obtained between the predicted turbine
off-design performance and the experimental performance obtained at the
high Reynolds number level.

Inlet-angle loss. - For the rotor and downstream stator another

component of the total loss is the inlet-angle loss. This loss is de-

fined as that due to deviation of direction of the blade-inlet velocity

vector from the design value. The loss is thus equal to zero at design

conditions. At off-design conditions the inlet velocity vector is re-

solved into components normal and parallel to the original design vec-

tor, and the normal component is assumed lost. This corresponds to the

incidence loss assumption of references 12 and 15.

1
Exit whirl loss. - For the l_-stage turbine it is assumed that the

downstream stator always turns the flow to the axial direction so that

the exit whirl loss is zero for purposes of over-all efficiency
calculation.

Loss variation with Reynolds number. - In order to calculate the

predicted variation of turbine performance with fluid Reynolds number,

the experimentally determined values of the blade viscous loss param-

eter h that were used in calculating the off-design performance at the

high Reynolds number were modified in the following way.

The variation of k with Reynolds number is obtained by using the

Prandtl 1/5th-power law for the turbulent boundary layer over the range

of Reynolds number considered. The Prandtl relation is:

e* C(Rex)-i/S (i)
x

This equation was derived for a i/7th-power velocity profile in the tur-

bulent boundary layer on a flat plate with zero pressure gradient (ref.

14).
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The value of h at a given reference Reynolds numbertaken at the
design operating point is obtained from eq_lation (A7) of the appendix
using design values of velocity ratio and zalculated totsl-pressure loss.
In order to calculate _ for any other Reynolds numbers_the following
procedure is used:

(1) The momentumthickness 8ref for the given reference Reynolds
number is calculated using equations (A8) md (A9) of the appendix in an
iterative procedure.

(2) The momentumthickness 8* for the desired Reynolds number is
calculated using equation (AlO).

(3) The pressure ratio P2/PI is calculated using equations (AS)
and (A9) of the appendix•

(4) The value of the loss parameter }, corresponding to the desired
Reynolds numbermay then be calculated from equation (A7) of the appendix.
The derivation of the parameter h and a r_re detailed discussion of its
variation with Reynolds number is given in the appendix.

The calculated values of h and the associated total-pressure
losses of each blade row (assuming design mean-radius flow conditions
for each blade row) for the three Reynolds numbersare tabulated in the
following table:

Reynolds number_182,500

Loss total-pressure ratio a
Loss parameter, k

Reynolds number_39_600

Loss total-pressure ratio
Loss parameter_

Reynolds number_23,000

Loss total-pressure ratio
Loss parameter_

Inlet
stato__

0.975C

.077_

0.9664

.1059

0.9626

.1182

Rotor

0.8594

.2518

O. 844_1

•2808

Downstream

stator

0.9797

.0577

0.9774

.0654

Ratio of blade-exit relative total[ pressure to the

inlet value.
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RESULTSANDDISCUSSION

In evaluating the change in performance of a turbine over a range
of Reynolds numbers it is important to determine, if possible_ the
change in flow conditions occurring in each blade row. This is espe-
cially true for the turbine of the present investigation because it has
a downstreamstator. The flow conditions in the downstreamstator may
be particularly sensitive to the effects of low fluid Reynolds numbers
because of the adverse pressure gradient through this blade row. Con-
sequently_ the change in performance of the downstreamstator with Reyn-
olds numbermayhave a dominating influence on the over-all performance
of the turbine at low Reynolds numbers.

The over-all turbine performance at three different Reynolds num-
bers is presented first. The performance results are then correlated
with the information obtained from interstage measurementsin order to
determine the effect of Reynolds number changeson the performance of
individual blade rows.

0ver-All Performance

The complete performance of the turbine at three Reynolds numbers
is presented in figure 2. The map is a plot of the equivalent turbine
work _ as a function of the weight-flow-speed parameter wUtc/AtSl,

@cr
for lines of constant rating total-pressure ratio PI/Pz_4 and equiv-

Ut

alent blade speed _ The over-all rating efficiency qz_4 is
shown in the form of contours on the map.

T

The variations of equivalent aerodynamic torque _ ¢

wVVgc 
alent weight flow c with over-all rating total-pressure ratio

51

PI/Pz_4 for the three Reynolds numbers are shown in figures 3 and 4,

respectively. Actual data points are plotted on the figures, and values

read from the faired curves were used in calculating the performance

maps of figure _.

and equiv-

The variation of the absolute flow angle at the downstream stator

exit (station 4) with equivalent work is shown in figure 5. The plotted

points are radial averages of individual probes at different circumfer-

ential positions at station 4.

The effect of Reynolds number on over-all performance can be illus-

trated by exsmining the variations of choking equivalent weight flow,
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peak efficiency, and maximumequivalent work at design speed as Reynolds
numbervaries from 182_500to 23,000. The mapsof figure 2 and the
weight-flow curves of figure 4 show a decrease of 2.30 percent in the
value of the choking equivalent weight flow over the range of Reynolds
numbers at design speed. The mapsalso show a decrease of approximately
5 points in the peak efficiency and a decrease of 4.00 percent in the
maximumwork output at design speed as the Reynolds numberwas reduced
from 182_500 to 23_000.

In evaluating the extent to which flow variations in the downstream
stator affected the changes in over-all t1_rbine performance, it is desir-
able to determine the performance of the first two blade rows independ-
ently. However, this was prevented by diJi'ficulties in obtaining accurate
measurementsof rotor-exit flow angle at low Reynolds numbers. A dis-
cussion showing that the change in Reynolds number affects the flow con-
ditions in both the first stator and the rotor through consideration of
the turbine choking flow characteristics (f individual blade rows is
presented in the following section.

Blade-RowPerformance

At the low blade speeds (60- and 70-1_ercent design) the weight flow
curves of figure 4 showthat the inlet stupor is choked because the
choking equivalent weight flow is unchangedwith blade speed. At this
condition the choking equivalent weight f]ow is reduced 1.50 percent as
the Reynolds number is decreased from 182_500to 39,600 (figs. 4(a) and
(b)). Apparently the stator effective fl(w area is reduced by this
amount because of the increased boundary-layer displacement thicknesses
in the stator as the Reynolds number is r_duced.

At rotor speeds from 80- to 120-percent design, the choking equiv-
alent weight flow at a given Reynolds numler varies with blade speeds
indicating choking either in the rotor or downstreamstator (fig. 4).
At design blade speed, the rotor blades are designed to choke at a pres-
sure ratio less than that required to cho_e the downstreamstator. As
the over-all pressure ratio is increased leyond that required to choke
the rotor blades, the rotor should reach limiting loading work output_
and then choking should occur in the downstreamstator. However_be-
cause of possible errors in blade fabricalion_ or in blade-loss estima-
tion used in the design procedure, the downstreamstator may choke at
someover-all pressure ratio lower than t_at at which the rotor reaches
limiting loadings. In this case the maxinumwork output of the turbine
is limited by choking in the downstreamstator. In order to determine
whether this occurred in the subject turbine, the ratio of static pres-
sure at a given axial station to the inlet total pressure is plotted as
a function of over-all pressure ratio in figure 6. If, for a given
over-all pressure ratio, the curve for a given station has a definite
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slope, while the curve for the preceding station has zero slope, the
blade row between those stations is choking. The values of over-all
pressure ratio at design speed for rotor choking, maximumwork, and
downstreamstator choking are summarized in the following table:

uo
co

!

Reynolds

number

182_500

59,600

23,000

Approximate over-all pressure

ratio (PI/P4, z) at design speed

Rotor

choking

2.2

2.3

2.3

Maximum

work

2.5

2.6

2.6

Downstream

stator

choking

2.5

2.6

2.7

The ratios PI/Pz _ for rotor choking and that for downstream

stator choking were estimated from the curves of figure 6. The ratio

for maximum work was obtained from the design-speed torque curve of

figure 3 where the curve slope is initially zero.

According to the values of pressure ratio in the above table, the

turbine either reached limiting loading work output at approximately

the same pressure ratio as that at which the downstream stator choked,

or downstream stator choking is limiting the turbine work output. The

differences in the values of pressure ratio obtained from figures 3 and

6 are too small to provide a definite conclusion of the occurrence of

limiting loading except at the lowest Reynolds number. According to

figure 3(c), the over-all pressure ratio at limiting loading work was

2.61 at design speed for the Reynolds number of 23,000. The downstream

stator did not choke till a higher pressure ratio was reached_ as indi-

cated in figure 6(c). Thus, it is concluded that the rotor reached lim-

iting loading work at the lowest Reynolds number. According to refer-

ence 9 it was shown that limiting loading work was attained at all but

the ii0- and 120-percent design blade speeds. Although the turbine of

the present discussion differed from that of reference 9 by the removal

of the tip clearance recess from the outer wall, the performance results

were practically identical. It is thus concluded that the subject tur-

bine reached limiting loading work at the highest Reynolds number.

Since it has also been shown that the turbine reached limiting loading

at the lowest Reynolds number (23,000), it may be concluded that the

turbine also reached limiting loading at all intermediate Reynolds
numbers.

A qualitative estimate of the effect of low fluid Reynolds number

operation on rotor performance can be seen by examining the weight-flow
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curves of figure 4 and the choking pressure ra-;ios in the preceding table
(p. 13). From figure 4 it can be concluded theft, for a constant blade
speed and pressure ratio, the choking equivale_t weight flow decreases in
value as Reynolds number is decreased. If_ at design speed_ a value of
pressure ratio between that for initial rotor choking and that for down-
stream stator choking (table, p. 13) is chosen_ the decrease in weight
flow with Reynolds numberat this pressure ratio indicates that the ef-
fect of lower fluid Reynolds numberon the rotor is to decrease the chok-
ing weight flow through the rotor as Reynolds numberdecreases. It is
concluded that either the rotor or inlet-stator effective flow area is
reduced because of increased viscous losses up_tream of the rotor throat
as the Reynolds number is decreased to the low.,_r values.

The equivalent design work at design speed was not obtained at the
lowest Reynolds number (23,000), as indicated in figure 2(c). The
curves of figure 2 show a decrease of 4 percent in the experimental
value of maximumrotor work at design speed as the Reynolds number
changes from 182,500 to 23,000. The 4-percent decrease in experimental
maximumwork is probably due to a combination of decreased rotor-inlet
and exit whirl resulting from increased inlet 3tator and rotor viscous
losses. It maybe concluded that a combinatiou of high viscous losses
in both the rotor and inlet stator prevented t_e turbine from delivering
design work output at the lowest Reynolds numb-_r.

!
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Over-All Loss Variation With Reynolds Number

The enthalpy changes through the turbine _an be expressed as

f_hac = fkhid - LkhL (2)

and the efficiency as

- l_la° (3)

lihid

A combination of equations (2) and (3) gives

i - _ 2_UL

q - Ahac
(4)

The term i - _ is then the ratio of the entkalpy loss to the total en-

thalpy drop through the turbine. If this loss parameter is assumed to

represent a momentum loss due to viscous friction_ it can be considered

proportional to the boundary-layer momentum t_ickness on the blade sur-

faces and annulus walls within the turbine. H_e variation of this loss

parameter with Reynolds number at a given rotor speed and constant actual
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work output is then an indication of the change in viscous loss with

Reynolds number and may be expressed by equation (i) as

L = (s)

ref

where the highest Reynolds number is used as a reference value. The

theoretical variation of the over-all turbine loss parameter L is then

shown in figure 7 as a straight line using the reference Reynolds number

as 18_500.

In figure 8(c) the peak efficiency for each of the three Reynolds

numbers at design rotor speed occurs at a work output of approximately

16.00 Btu per pound. At this point most of the change in over-all loss

is due to changes in viscous loss. The val_es of over-all efficiency

Nz,4 at the peak efficiency points were used to calculate the over-all

turbine loss parameter L 4 at each Reynolds number. These experimental

values of loss parameter are shown in figure 7.

The slope of the experimental curve appears to flatten as the Reyn-

olds number ratio approaches 1.0 (fig. 7), corresponding to a Reynolds

number of 182;S00. This trend also occurred for loss as a function of

Reynolds number in the compressor-stage investigation of reference i_

which indicated that a constant value of momentum loss exists at Reyn-

olds numbers of approximately 200,000 and higher. This is probably

caused by the effect of blade surface roughness. For relatively high

Reynolds numbers the laminar sublayer of the turbulent boundary layer

becomes very thin, and the average blade-surface-roughness height is

then the controlling influence on viscous losses.

In the compressor investigation of reference S loss variations were

recorded which correlated well with laminar boundary-layer theory at low

Reynolds numbers. The critical Reynolds number for transition from lam-

inar to turbulent flow occurred at a value corresponding to approximately

0.18 on the abscissa of figure 7. In the present investigation the low

Reynolds number loss variation closely approximates the variation spec-

ified by turbulent boundary-layer theory_ and no apparent transition was

observed. This is probably due principally to the relatively high value

of free-stream turbulence intensity (4 percent) at the turbine inlet.

The high free-stream turbulence would induce transition from laminar to

turbulent boundary-layer flow on the blade surfaces at a chordwise posi-

tion close to the blade leading edge; so that the boundary layer is tur-
bulent over most of the blade surface.
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At the Reynolds numbers investigated, the theoretical loss varia-
tions based on the relation of equation (5) are in good qualitative
agreement with the experimental results. Thus the i/5th-power law is
a good qualitative approximation for estimatin4; over-all turbine loss
variations with Reynolds number if the Reynold_ numbersare low.

Theoretical and Experimental Reynolds NumberEffects

The Prandtl i/Sth-power law for the turbuf_ent boundary layer was
used as outlined in the appendix in estimating the variation of viscous
loss with Reynolds number. Fundamental bounda_:7-1ayerrelations were
used to estimate blade viscous losses at a giw_n Reynolds number. These
procedures gave satisfactory results whenused as part of the perform-
ance prediction method for calculating theoretical turbine performance
for the range of Reynolds numbers.

In figure 8 the Reynolds number effect on the over-all turbine ef-
ficiency _z,4 is shownfor speeds ranging fr,)m 80 to 120 percent of
design. Both experimental and theoretical valles are shown. Goodagree-
ment between the theoretical and experimental _urves is observed except
at the high and low extremes of work output. Theoretical values of lim-

iting loading work are low except at the two highest speeds. Differences

between theoretical and experimental curves must be attributed to the

difficulty of calculating blade losses accurately at off-design condi-

tions. However, for most of the performance range_ the method of per-

formance prediction is considered to be an effective means of estimating

turbine performance.

At design speed the peak efficiency decrease with Reynolds number

at an equivalent work of 16.00 Btu per pound is 5.00 points for both

theory and experiment.

Even though the ability of the performance prediction method to

calculate the absolute magnitude of the chokirg weight flow and maximum

turbine work output is not completely satisfactory, it is a very effec-

tive means of predicting the changes in choking weight flow and maximum

work output over a range of Reynolds numbers. The variation of the ra-

tio of the choking weight flow over a range oI Reynolds numbers divided

by the choking weight flow at the reference Reynolds number is shown in

figure 9 for both the experimental data and the performance prediction

method. Also figure l0 shows the variation o_' the ratio of maximum tur-

bine work output over a range of Reynolds numbers divided by the maximum

turbine work output at the reference Reynolds number for both the exper-

imental data and the performance prediction method.

!

G0
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The decrease in over-all efficiency from the highest Reynolds num-

ber of 182_500 to the low Reynolds numbers of 39_600 and 23,000 is pre-

sented in terms of an efficiency difference as a function of turbine

work at design speed in figure ii. Experimental and theoretically pre-

dicted curves are presented for each of the low Reynolds numbers. The

agreement between experimental and predicted efficiency difference is

better for the lowest Reynolds number (23_000) over the entire range of

work output than for the Reynolds number of 39,600. For both of the low

Reynolds numbers the predicted change in efficiency agrees best with the

experimental value in the region of peak efficiency (Zkh/ecr = 16.00

Btu/ib).

The simple i/5th-power relation of equation (5) was used to calcu-

late the efficiency change points at a work output of 16.00 Btu per

pound where the viscous losses predominate. These points are plotted

for both Reynolds numbers as shown in figure ii, and show that the simple

i/5th-power relation is a fairly good approximation for efficiency change

with Reynolds number in the region of peak efficiency at design speed.

The points shown differ from the experimental values by 1.20 and 0.70

percent for the Reynolds numbers of 39_600 and 23,000, respectively.

In general, it is concluded that the theoretical performance pre-

diction method used along with boundary-layer relations is a good approx-

imation at a given Reynolds number if the reference Reynolds number pa-

rameters are calculated using design velocity diagrsms and accurate val-

ues of blade losses at the design operating condition.

Loss Analysis

A breakdown of the various blade losses calculated as part of the

theoretical performance prediction method for the Reynolds numbers of

182,500 and 23_000 is shown in figure 12. The losses due to incidence

augle and the viscous blade loss are shown as consecutive decreases in

efficiency between the curves over the range of turbine work output at

design speed. The lowest curve is the theoretical over-all efficiency

_z,4" For both Reynolds numbers the viscous blade loss is the major

portion of the total loss, especially at high work outputs near the de-

sign value of 22.31 Btu per pound.

As the Reynolds number is decreased from 182,500 to 23_000_ the

theoretical rotor viscous losses increase so that approximately 3 to 5

additional points in efficiency are lost, depending on the work output.

At the lower Reynolds number the theoretical viscous losses in each

blade row were greater than those at the high Reynolds number_ as is

shown by the increased displacements between the curves.
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For each Reynolds number at design speedj the incidence losses are
sigmificant only at the lower values of work output.

SUMMARYOFRESULTS

i. Experimental investigation and analjsis of the performance of a
turbine over a wide range of Reynolds numbersshowedthat losses in-
creased with decreasing Reynolds numbers_which caused reductions in
flow, torque_ and efficiency at a given equivalent speed and pressure
ratio. The analysis showedthat for the turbine discussed herein the
changes in turbine performance near design operating conditions were due
primarily to a simple increase in the turbulent boundary-layer losses on
the blade in accordance with the Prandtl i/_th-power-law variations.
Changesin incidence and secondary flow effects with Reynolds number
were not signific_ut.

2. At design speed the measuredpeak over-all turbine efficiency de-
creased S.O0 points for both theory and experiment as Reynolds numberde-
creased from 182_500to 23,000.

5. The choking equivalent weight flow ffecreased 2.50 percent as
Reynolds numberdecreased from 182_500to 23_000. The location of chok-
ing in the turbine was the samefor all Reynolds numbersat design speed.

4. The data indicated that the rotor r_ached limiting loading work
output at design speed at all three Reynolds numbers. The limiting load-
ing work output at design speed decreased 4.00 percent as Reynolds num-
ber was reduced from IS2_500 to 23_000.

5. The theoretical performance calculation method employing funda-
mental botmdary-layer relations provided a _ood approximation of turbine
performance at a given Reynolds number if the reference Reynolds number
parameters are calculated using design velocity diagrams and accurate
values of blade losses at the design operating condition.

6. Design equivalent work was not obtsined at the lowest Reynolds
number (23_000) because of high viscous losses in the inlet stator and
the rotor.

Lewis Reseax'chCenter
National Aeronautics and SpaceAdministration

Clevelandj Ohio_ February 12_ 19S9
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APPENDIX- BLADELOSSPARAMETERANDVARIATIONWITHREYNOLDSNUMBER

Loss Coefficients and Boundary-Layer Parameters

The kinetic-energy loss due to friction maybe represented by a
coefficient h which is the lost portion of the average kinetic energy
contained in the average velocity across a blade row. The average ve-
locity is defined as

av = k\a---_r/ + \acr] J

(_)

The ideal average kinetic energy is related to the actual kinetic energy

by

{Vav_2 (Vavl2 h{_Vav_ Z_- + ,---_ (A2)
\acr/id \acr/ \%r/

then

Vav_ 2

cr/id

h= (_carVi2

- i (A3)

The total-pressure loss can be expressed as a function of

h by using the isentropic relation

T

p r - i av

Combination of equations (A3) and (A4) gives

r

i /v \2 ]r-i

P__e_e= - r + i \acr/ I

V av/ac r and

(A4)

(AS)



2O

Equation (A5) can be written for a given bl_de row_ that is_ the inlet

stator_ as

A solution for the loss parameter h gives

Thus h may be expressed for any blade row by using the average of the

relative inlet and exit critical velocity rstios and a total-pressure

loss relative to the blade at the operating point where these velocities
exist.

A relation is desired between the loss parameter h and the Reyn-

olds number. In order to do this the loss ;arameter is first determined

as a function of the boundary-layer momentu_ thickness 8*, so that

Prandtl I/5th-power law as expressed in equation (I) may be used.

The total-pressure loss used in calculating the loss parameter h

for a blade row is expressed as a function cf the design flow conditions

and the displacement thickness 5* in the _lane of the trailing edge

and at the blade exit by equation (C22) of rgference 15:

(_)f / l 5"ll" + telpV cos % s cos

Pm s ,n (A8)

Pin = { PVz

\ 7:&4m

The momentum thickness is proportional to the viscous loss and is

related to the displacement thickness by the form factor H as

9+
5

1:[= 7 (AS)
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i

where H is a function of the free-stream critical velocity ratio and

the boundary-layer velocity profile as expressed by equation (BI2) of

reference 15. This relation accounts for compressibility effects at the

higher critical velocity ratios. A chart of H as a function of the

critical velocity ratio V/acr for a i/7th-power boundary-layer veloc-

ity profile was used in the present calculation.

In order to obtain the loss parameter _ at a given Reynolds num-

ber, the Prandtl relation of equation (i) is written as

(Azo)

Calculation of Loss Parameter at the Reference Reynolds Number

Use of either experimentally determined or assumed values of veloc-

ities and total-pressure losses through the turbine enables a value of

for each blade row to be calculated for the design condition by use

of equation (A7). This value of _ for each blade row is then held

constant in the calculation of the predicted over-all turbine perform-

ance at the reference Reynolds number.

Variation of _ with Reynolds number. - In order to obtain the

loss parameter _ at any given Reynolds number other than the refer-

ence value_ the following procedure is used.

(i) The momentum thickness @ref at the reference Reynolds number

is calculated using equations (A9) and (A8) as follows: The form factor

H is determined from the known velocities at the turbine design point

with an assumed value of eref; can be obtained from equation (A9).

The parameter $ is then used in equation (AS) to obtain the total-

pressure loss for a blade row. The pressure loss is calculated using

successive values of ere f in an iterative process until agreement is
obtained between calculated and experimental values.

(2) The momentum thickness

calculated from equation (AIO).

e for the desired Reynolds number is

(3) With the momentum thickness 8" corresponding to the desired

Reynolds number, the tots_l-pressure loss for each blade row is calculated

using equations (A8) and (A9). The velocities used in obtaining the val-

ue of parameter H and those used in equation (A9) were the design val-

ues at the reference conditions.
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(4) The value of the loss parameter _ for each blade row corres-

ponding to the desired Reynolds number is calculated using equation (A7).

The calculated value of the loss parameter h for each blade row is

then used in the theoretical performance prediction method.
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------@Total pressure 7

Moveable probes

• Statlc-pressure tapsJ

¢ ocot
(h) Location of _nstrumentatlon at each axial station.

FigUre i. - Concluded. Schematic sketch of experimental equipment.
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