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By Jack B. Esgar and Alfred L. Iea

SUMMARY

An investigation was conducted to determine local recovery factors
for a Tucite blade having a velocity distribution about it similar to
that of a typical reaction-type gas-turbine blade for subsonic flow.
Local recovery-factor data were previously available on simple geome-
tric shapes such as axial probes, cylinders, and the inside of tubes;
but little was known concerning the effects of blade configuration,
pressure gradients, and Reynolds number on local values of recovery
factor for gas-turbine blades.

The local recovery factors were essentially independent of Mach
number, Reynolds number, pressure gradient, and position on the blade
except for regions where the boundary-layer flow was probably in the
transition range from laminar to turbulent. The recovery factors
obtained were somewhat higher than indicated by theory for turbulent
boundary-layer flow but were within the range of values obtained by
other investigators on bodies of various shapes.

Variations in the value of the recovery factor and errors in the
calculated Mach number distribution around turbine blades result in
small error in the calculation of the effective gas temperature ;
the greatest uncertainty is in the determination of the total temperature
of the gas relative to the turbine blade. It is believed that further
regearch on recovery factors for subsonic flow over gas-turbine blades is
unnecessary.

INTRODUCTION

Eckert and Drewitz (reference 1) demonstrated in 1940 that the
fluid temperature affecting heat transfer to a body in a high-velocity
gas stream was the adiabatic body temperature, which is the temperature
a body in the stream would assume at steady-state conditions in the
absence of heat transfer. Pohlhausen had previously derived an expres-
sion in 1921 for the adiabatic wall temperature of a thin flat plate
with no pressure gradient in a high-velocity gas stream for the case
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where the boundary layer is laminar (reference 2). This expression
related the adiabatic wall temperature to the total and static stream
temperatures by a temperature-difference ratio, which he found to be a
function of the Prandtl number. The same temperature-difference ratio
used by Pohlhausen to define the recovery factor of a body can also be
used to determine the effective fluid temperature that Eckert and
Drewitz found to be necessary for heat-transfer calculations where the
same heat-transfer-coefficient equation can be used for both high- and
low-velocity streams. If some fluid temperature other than the effec-
tive fluid temperature were used in the heat-transfer calculations for
high-velocity fluid flow, the heat-transfer coefficient may take on
values that are negative, zero, or infinite when the stream temperature
approaches the wall temperature as explained in reference 3.

TLocal and average recovery factors for bodies of various geometric
shapes have been determined by a number of investigators. A survey of
the literature on recovery factors (reference 4) presents values of the
average recovery factor for flat plates, wedges, cones, and cylinders.
Average recovery factors for turbine blades are presented by Eckert and
Weise in reference 5. Generally the values of average recovery factors
obtained were in the range from 0.70 to 0.95; however, the values of the
average recovery factor for cylinders are in some cases lower. Local
recovery factors have been obtained for the trailing edge of a reaction-
type turbine blade (reference 5), cylinders (reference 6), cylindrical
axial probes (references 7 and 8), and inside tubes (reference 3).

The values of the local recovery factor also lie in the range from 0.70
to 0.95.

Eckert and Weise (reference 7) have shown, in experiments conducted
with an axial probe, an increase in the recovery factor from 0.84 to
about 0.89 as the Reynolds number was increased from about 5x10° to
about 16X10° because of transition from laminar to turbulent boundary-
layer flow. This trend has been substantiated by analyses. For laminar
boundary-layer flow, the analysis of Pohlhausen (reference 2) shows the
recovery factor to be approximately equal to the square root of the
Prandtl number for fluid Prandtl numbers less than 10. In air at 80° F,
the laminar boundary-layer recovery factor would therefore be about 0.84.
A recent theoretical analysis presented in reference 9 resulted in a
calculated turbulent boundary-layer recovery factor of approximately
0.88 for subsonic flow of air at a temperature of about 80° F.

Because most previous investigations have been conducted on simple
geometric shapes and no information was avallable on the local recovery-
factor variation around gas-turbine blades, where there is a relatively
high pressure gradient, an investigation was conducted at the NACA Tewis
laboratory to determine local recovery factors around the periphery of a
symmetrical blade with a pressure gradient typical of that for a reaction-
type turbine blade. For gas-turbine application, the fluid stream is a




NACA RM E51G10 2

gas with a Prandtl number very nearly equal to that of air and the
velocities of the stream relative to the turbine and nozzle blades are
subsonic or low supersonic; consequently, the investigation was limited
to subsonic flows with air as the working fluid. ZILocal recovery factors
were obtained for a range of local Mach numbers from 0.3 to 1.0 and over
a range of local Reynolds numbers from about 10° to 3x106. The total
air temperature during the investigation varied from about T0° to 80° F.

SYMBOLS

The following symbols are used in this report:

A area, (sq ft)
Eu Euler number, - gp. X
dx sz
H heat-transfer coefficient, Btu/(sec)(sq ft)(°F)
1 chordwise length of blade, (ft)
M local Mach number
D local static pressure, (1b/sq ft)
D' total pressure, (1b/sq ft)
Pr Prandtl number
Q heat-transfer rate, Btu/(sec)
R gas constant, (ft-1b/(1b)(°R))
T static temperature, (°R)
i total temperature, (°R)

Taq,w 1ocal adiabatic wall temperature, (°R)

local effective gas temperature, (°R)

local wall temperature, (°R)
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\ local gas velocity, (ft/sec)
v specific volume, (cu ft/1b)
X distance from stagnation point, (ft)

ratio of specific heats
A local recovery factor

o density, (slugs/cu ft)

STATEMENT OF PROBLEM

The recovery factor is defined as the ratio of the excess of the
adiabatic wall temperature over the static stream temperature to the
excess of the stagnation, or total, temperature over the static stream
temperature for a gas having the equation of state pv = RT; that is,

L - T
b= S (1)

Because the effective gas temperature is taken as the adiabatic wall
temperature, equation (1) can be written

=T
= (2)

In general, the static stream temperature cannot be measured directly,
but it is calculated from measurements of the total temperature and

total and static pressures. By use of the isentropic temperature and
pressure relations, the expression for recovery factor can be written

T'- T
A=1 - = (3)

e h-@7)

In order to determine the effective gas temperature from known values of
total and static pressures, the total temperature, and the recovery fac-
tor, equation (3) can be solved for the effective gas temperature:

il
T, =T'¢ 1 - (1-A) [1 B (fr)TJ (4)
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Equation (4) can also be written to give the effective gas temperature
as a function of the Mach number for a perfect gas

e =T ~H{1-0 PP P, 5
T Tl()[l 1+7—2_3M2} (5)

Local recovery factors are determined experimentally from local
measurements of temperatures and pressures. In many cases, however, an
average recovery factor is determined where an average adiabatic tempera-
ture is measured and the static temperature may or may not correspond
to the average ccnditions around the body. For example, average
recovery factors that are determined for cylinders, cones, and wedges
are usually based on an undisturbed free-stream static temperature.
Because there is a relation between the local static temperatures at
these surfaces and the free-stream static temperature, these recovery
factors are applicable to other cylinders, cones, and wedges. Conversely
for turbine blades, the relation between the local static temperature at
gsome point on the blade surface and the undisturbed static stream
temperature at the inlet or outlet of the blade row is usually complex
and is different for every blade profile, angle of attack, and angle of
stagger so that a recovery factor based on an inlet or outlet static
temperature is applicable only to the turbine-blade arrangement investi-
gated. Another average recovery factor that is sometimes determined
and is of more general value for turbine blades is one based on an
average static gas temperature and an average adiabatic blade tempera-
ture for the blade periphery. The average gas temperature can be
determined from static-pressure measurements around the blade periphery.
In this report, however, only local recovery factors will be considered

for turbine blades.

APPARATUS AND INSTRUMENTATTION

Local recovery factors were determined on a symmetrical Tucite
blade with a pressure gradient approximating that of a reaction-type
turbine blade. The recovery factor of a thermocouple probe was also
determined to investigate the effects of air moisture content on the
determination of the recovery factors obtained from the Lucite blade at

the higher Mach numbers.
Lucite Blade
A symmetrical Lucite blade having a 6-inch chord and a 6-inch span

was mounted in a tunnel with contoured walls to provide a pressure
distribution similar to that for a typical reaction-type turbine blade.
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The tunnel, as shown by the sketch in figure 1, was one previously
designed for a liquid-cooling investigation. Three vanes were inserted
in the diffuser downstream of the blade to improve the pressure recovery
by effectively decreasing the cone angle of the diffuser. For this
investigation, the liquid-cooled blade shown in the tunnel was removed
and a Lucite blade (fig. 2) was installed. The blade conformed to a
NACA 664-021 airfoil for the first quarter chord and the remainder of
the blade was formed by an arc of 8.65-inch radius with a 0.030-inch
radius at the trailing edge.

Lucite was chosen as the material for the blade primarily because
of its extremely low thermal conductivity and secondarily because of
the ease of its fabrication and its transparency so that location of
thermocouples and pressure orifices could be determined easily. The
thermal conductivity of Lucite is given as ranging from 0.1 to 0.14
(Btu/(ft) (hr) (°F)) by the mamufacturer. This is an important charac-
terigtic for recovery-factor determination because heat conduction
within the blade should be an absolute minimum in order to obtain true
local adiabatic temperatures. In order to further minimize heat
conduction, air spaces were provided within the blade by drilled holes
and saw cuts in the blade interior as shown by figure 2.

Air for the recovery-factor tests was drawn from the room through
a surge tank, a bellmouth, the test section, and then into the labora-
tory altitude-exhaust system.

A total of 23 iron-constantan thermocouples was installed in the
blade to measure local temperatures for recovery-factor determination
and to determine if any temperature gradients existed in a spanwise
direction. The blade thermocouples were all connected differentially
with a thermocouple that read total temperature in a large surge
chamber. The temperatures and temperature differences were measured
with a potentiometer with a sensibility of 0.002 millivolts.

Static-pressure orifices (13) were located around the periphery
of the blade to measure local static pressures at the same chordwise
locations as the blade thermocouples. The total pressure in the surge
chamber upstream of the test section was read on a mercury manometer and
all the pressure differences between the total pressure and the local
static pressures on the blade periphery were measured with water manom-
eters connected differentially.

Thermocouple Probe for Humidity Investigation
A thermocouple probe (fig. 3) was used to determine the effect of

air humidity on the determination of recovery factors. The apparatus
and instrumentation for this investigation are described in reference 10.
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PROCEDURE
Lucite Blade Investigation

The investigation of the Lucite blade to determine local recovery
factors was conducted using air drawn from the test cell. In this way
it was possible to maintain the total temperature and pressure as well
as the total flow rate at constant values. 1In addition, the blade
temperature was very near the temperature of the room so that heat
losses were minimized.

It is shown in the section "Effective-Gas-Temperature Determination'
that for Mach numbers less than 0.3 the effective gas temperature is at
least 99.5 percent of the total temperature, so that values of recovery
factor at these low Mach numbers are of no practical use; consequently,
thermocouple readings at locations on the blade where local Mach numbers
were less than 0.3 were not used to calculate local recovery factors.
At the leading and trailing edges of the blade, the velocities on
opposite sides of the blade were greatly different. This difference
caused variations in the adiabatic temperatures of the blade surfaces.
The blade was thin in these regions and heat conduction could easily
cause errors in the recovery-factor data; therefore, data from these
regions were not used in the calculation of local recovery factors.

For these reasons, only the six thermocouples in the locations shown

in figure 2(b) were used in the local-recovery-factor determination.

In order to eliminate the possibility of constant temperature-difference
errors, the zero on the potentiometer was checked periodically at zero
air flow. At this condition, the temperature differences between all
blade thermocouples and the thermocouple reading total air temperature
Were Zzero.

Local Mach numbers were calculated from measurements of the total
pressure in the surge chamber upstream of the test section and from the
gtatic-pressure measurements on the blade. The local recovery factor

was calculated by use of equation (3) where T' - Te was taken as the
differential temperature measurement between the total temperature in

the surge chamber upstream of the blade and the local blade temperature.
The total temperature and pressure of the air were assumed to remain
congstant throughout the test section.

In order to determine the possibility of boundary-layer transition
from laminar to turbulent flow, it was necessary to evaluate the Euler
number variation around the blade. The Euler number is defined as

d X
By - - &R X
dx QVZ
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and was calculated using plots of the ratio of total pressure to local
static pressure against the distance from the stagnation point to
evaluate dp/dx. The density p was calculated from the measured local
static pressure and the calculated local static temperature (from total-
and static-pressure measurements and total-temperature measurement) .

The local velocity V was calculated from the local static temperature,
the local static pressure, and the total pressure.

Humidity Investigation

If air used in the experimental determination of recovery factors
has a relatively high moisture content, the static temperature of the
air is reduced below the dew point at high Mach numbers and can
possibly cause condensation of the moisture in the air. The air
temperature would then be increased by the release of the heat of
vaporization. If this condition occurs, the measured total tempera-
tures and the calculated static temperatures are in error and therefore
the calculated recovery factor would be in error.

A separate investigation was conducted on a thermocouple probe to
determine if this effect occurs in the experimental determination of
recovery factors. The investigation was conducted over a range of
Mach numbers from 0.2 to 1.0 using air having two different dew points,
namely 470.5° R, which is the static temperature that was obtained at
a calculated Mach number of 0.822 for the inlet total-air temperature
of 534° R in this investigation, and 415° R, which was below the static
temperature at any of the Mach numbers investigated. The recovery
factors were calculated in the same manner as explained for the Lucite
blade.

ACCURACY CONSIDERATTIONS
Recovery-Factor Determination

Recovery factors are usually determined experimentally at approxi-
mately ambient-air conditions in order to reduce conduction heat losses
to a minimum. At these temperatures the differences between total,
static, and effective temperatures are quite small, particularly for
Mach numbers less than 0.3, so that extreme care is required in the
temperature and pressure measurements in order to minimize errors in
the recovery factor. The effects of errors in these measurements of
the approximate magnitude encountered in this investigation are shown in
figure 4 for the following assumed conditions: true recovery factor,
0.89; total pressure, 30 inches of mercury absolute; total temperature,
540° R. On figure 4 the maximum error in temperature measurement is
assumed to be iO.lO F and the maximum error in static-pressure
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measurement is +0.1 inches of mercury. The effects of these small
errors are almost negligible for Mach numbers greater than 0.45;
however, at lower Mach numbers, these errors may cause large variations
in the value of the calculated recovery factor, particularly if the
errors are accumilative.

With proper instrumentation, temperatures can be read to within
ip.lo F without great difficulty; but if care is not used to guard
against conduction within the body itself, the temperatures in the
blade can be affected enough to cause large errors in the recovery-
factor determination.

Effective-Gas-Temperature Determination
In calculating heat-transfer rate from the equation
Q = HA(Te - Tyw) (8)

it can be seen that the magnitude of the temperature difference T, - Ty
governs the required accuracy in determining the effective gas tempera-
ture Te. For very small temperature differences, Te will have to be
determined accurately, whereas for larger temperature differences, such
as those that will probably be obtained on cooled turbines, a greater
tolerance in the accuracy of determining Te would be acceptable.

From the nondimensional temperature plot in figure 5, the effect
of Mach number on the recovery factor can be determined. For Mach
numbers less than 1, the effective gas temperature will be at least
95 percent and probably more than 97.5 percent of the total tempera-
ture; for low Mach numbers, the value of the recovery factor has little
effect on the calculated effective gas temperature, but at higher Mach
numbers the effect is more pronounced. In the experimental determina-
tion of recovery factors, the recovery factors can be determined quite
accurately at high Mach numbers, but the accuracy is considerably
poorer at low Mach numbers. Because these effects are compensating, the
over-all result is that little difficulty is experienced in calculating
the effective gas temperature for Mach numbers in the subsonic range.

As mentioned previously, there is evidence that indicates a change
in recovery factor as the boundary-layer flow changes from laminar to
turbulent. It is probable that the recovery factor, for most bodies,
will be in the range between 0.85 and 0.90 for subsonic flow whether
the boundary layer is laminar or turbulent.

If the true recovery factor is 0.89 and a recovery factor of 0.85 is
used for calculation instead, the maximum error at a Mach number of 1
will be 0.66 percent of the total temperature (fig. 5). At a relative




10 NACA RM ES51G10

total gas temperature of 1500° F (1960° R), 0.66 percent would amount to
an error of less than 13° F which is probably smaller than the error
that would be obtained in the total-temperature measurement of a high-
velocity gas stream at this temperature.

Effect of Errors in Experimental Measurements

In order to determine the accuracy of the recovery factors obtained
in this investigation, an analysis was made of the possible errors
involved in the experimental measurements.

Errors in total-temperature measurement. - The total gas tempera-
ture was the only temperature that was measured absolutely. All other
temperatures were measured differentially with this total temperature.
The estimated accuracy of the total-temperature measurement was within
+2° R. Small errors in total-temperature measurement are of little
importance so long as all other temperature measurements are based on
the total temperature. For example, an error of 10° F in the measure-
ment of the total temperature at 80° F would cause & maximum error of
0.2 percent in the recovery factor at Mach numbers from 0.3 to 1.0.

Errors in temperature-difference measurements. - Periodic checks
at zero air flow were made to determine if the difference between the
total temperature and the local adiabatic blade temperatures was zero.
These checks eliminated the possibility of constant temperature-
difference errors. In addition, such an error would cause a variation
of recovery factor with Mach number; such a variation was not observed.

The accuracy of small temperature-difference measurement is
primarily dependent upon the sensibility of the potentiometer and is
affected little by the absolute calibration of the thermocouple wire
because the variation in electromotive force per degree Fahrenheit for
different batches of wire is so small that temperature-difference
errors become gignificant at large temperature differences only. The
potentiometer had a sensibility of 0.002 millivolts, which resulted in
a maximum estimated error in the temperature-difference measurements of
0.07° F. This estimated error would have a negligible effect on the
recovery factors obtained at high Mach numbers and would cause a
maximum error of only £0.9 percent at a Mach mumber of 0.3.

Errors in pressure measurement. - Errors in pressure measurement
would affect the evaluation of the local recovery factor because the
static-temperature values used in the calculation of recovery factors
were based on the total- and static-pressure measurements. The static
pressures were measured differentially with the total pressure measured
in a duct upstream of the blade. Water manometers were used for the
differential measurements and the estimated accuracy of the




NACA RM E51G10 ALt

pressure-difference measurements was 0.2 inch of water. Six total-
pressure probes were installed in the duct upstream of the blade and
the readings from the probes agreed within 0.1 inch of mercury. The
recovery factors obtained at different locations on the blade were
congistent, indicating that there were no faulty static-pressure
readings because of burrs or other faults in the pressure orifices.

Error due to conduction of heat in the blade. - Conduction of heat
in the blade was reduced to a minimum by fabricating the blade from a
material having an extremely low thermal conductivity, and heat-flow
paths were interrupted by removal of material from the blade interior
as shown in figure 2. In addition, recovery-factor data were not used
from regions of the blade such as the leading and trailing edges where
it was thought that conduction might interfere with accuracy. No
conduction occurred in the spanwise direction as shown by the thermo-
couples used for indicating heat flow in this direction. Consistent
recovery factors obtained at adjacent locations along the blade gave
further evidence that there was no transfer of heat between the
ad jacent stations.

PRELTMINARY INVESTIGATION ON EFFECT OF ATR HUMIDITY

The air used in the determination of the local recovery factors
for the symmetrical Lucite blade had a relatively high moisture content.
As mentioned previously, this condition could possibly cause an error
in the calculation of the local recovery factors. A preliminary inves-
tigation was therefore conducted to determine if humidity would cause
an error in the determination of recovery factors when the thermocouple
probe shown in figure 3 is used. The recovery factors obtained for the
probe for air at two dew points are shown in figure 6. If moisture
condensation were to affect the evaluation of the recovery factor, it
would be noticeable at the right of the vertical line at a Mach number of
0.822 in figure 6. At this Mach number, the static air temperature is
the same ag the dew point for the higher dew-point air. Because no
divergence occurred between the data above a Mach mumber of 0.822 for
air at two dew points, it can be concluded that humidity had no effect
on the determination of recovery factors.

The Iucite blade investigation was conducted over a period of time
and as a result there was a considerable variation in the humidity of
the air used. No discrepancy occurred in the local recovery factors
obtained at different times, indicating no effect of umidity in this
investigation also. In no case, for the ILucite blade investigation,
was the humidity high enough that the static temperature was less than
the dew point for Mach numbers less than 0.733 and there was no reason
to believe that humidity caused any error at higher Mach numbers.
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RESULTS AND DISCUSSION OF BLADE RECOVERY-FACTOR
INVESTIGATION .
Effects of Reynolds Number and Boundary-Layer Transition

The local recovery factors obtained at positions 1 to 6 on the
Lucite blade (fig. 2(b)) are shown plotted against the local Reynolds
number for four small ranges of Mach number in figure 7 and for each of
the six locations on the blade surface in figure 8. The characteristic
dimension in the Reynolds number was the distance from the stagnation
point to the position on the blade where the local recovery factor was
determined. The velocity and the density were measured at the same
location. There was no apparent effect of Reynolds number shown in the
plots in figure 7.

As mentioned previously, it is shown in reference 7 that for an
axial probe the recoverg factor increased in the Reynolds number range
from approximately 5x10% to 16X10° presumable because the boundary-
layer flow changed from laminar to turbulent. Such an effect was not
observed in the data shown in figure 7. The transition from laminar to
turbulent boundary-layer flow, however, would undoubtedly be different for
various bodies because transition is influenced by a number of factors
in addition to Reynolds number; for example, pressure gradient (refer-
ence 11), surface curvature (reference 12), and gas-to-surface tempera-
ture ratio (reference 13). For recovery-factor investigations, the
temperature-ratio effect would be practically nonexistent, and little
quantitative information is available concerning the effect of surface
curvature. Transition for turbine blades probably takes place when a
pressure minimum occurs on the surface, that is, when the Euler number
is equal to zero (reference 11).

The ratio of total pressure to local static pressure and the Euler
number are plotted against the distance from the stagnation point for
various inlet Mach numbers in figures 9 and 10. The slopes of the lines
from figure 9 were used to determine the Euler numbers in figure 10.

For all values of inlet Mach number, an Euler number of zero is obtained
near the leading edge on the suction surface of the blade, but zero Euler
number is never obtained on the pressure surface (fig. 10). This indi-
cates that on the greater portion of the suction surface turbulent
boundary-layer flow occurs and that on the pressure surface laminar
boundary-layer flow occurs; consequently, the recovery factors should be
lower on the pressure surface than on the suction surface. This trend

is exhibited in figure 8. Stations 5 and 6 are on the pressure surface
and the recovery factors for these two stations are lower than for the
other four stations,which are on the suction surface. The recovery fact- -
ors for stations 5 and 6 are above the theoretical value of 0.84 for lami-
nar flow in air probably because the stations are located on a portion of
the blade that is in the transition range, regardless of the fact that a
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steadily decreasing pressure exists on this surface of the blade. Relia-
ble recovery factors at locations nearer the stagnation point on this
surface could not be obtained because of the low Mach numbers over that
portion of the blade. Reynolds numbers over the range investigated
apparently had little or no effect on transition.

Effect of Pressure Gradient

Throughout the tests to determine the local recovery factors on
the Lucite blade, the pressure gradient at a given station was varied
from low to high values by varying the inlet Mach number. In addition,
because of the configuration of the Lucite blade and the walls of the
tunnel, the pressure gradient at a given station was different from the
pressure gradient at any other station. The pressure-gradient variation
is represented by the Euler number variation with distance from the
stagnation point in figure 10. The variation in pressure gradient
between stations on the blade did not cause a variation in recovery
factor between stations (fig. 8). The only variation in local recovery
factor between stations along the blade was believed due to transition
from laminar to turbulent boundary-layer flow as previously discussed.
Mach number, which influences pressure gradient (fig. 10), appears to
have little or no effect on the recovery factors at any station on the
blade (fig. 7); therefore, it can be concluded that there was no
apparent effect of pressure gradient on the recovery factor.

Correlation of Recovery-Factor Data

The local recovery factors obtained for all six stations on the
Lucite blade are plotted in figure 11 for a range of Mach numbers from
0.3 to 1.0. The least square of the data was taken and the equation
for the mean line was found to be

A= 0.890 + 0.009M (7)

The recovery factors according to equation (7) varied from 0.893 to 0.899
for the range of Mach numbers investigated.

In reference 9, an approximate equation for turbulent boundary-
layer recovery factors was derived, which represented more accurately
computed results within 1 percent. In the analysis of reference 9 the
boundary-layer velocity profile was approximated by a power law. For
a boundary-layer profile parameter of 7 and a Prandtl number of 0.705
(obtained from reference 14 for an air temperature of 80° F), subsonic
turbulent boundary-layer recovery factors were calculated; these fact-
ors are plotted in figure 1ll1. The theoretical results are from 1.5 to
2.3 percent lower than the experimental line representing data obtained
in this investigation for the Mach number range from 0.3 to 1.0. In




14 NACA RM E51G10

both the investigation of reference 9 and the present investigation,
very little variation of the recovery factor with Mach number was
found.

The maximum scatter in the data of this investigation for all
stations on the blade was slightly less than +4 percent. This scatter
was probably due to incomplete temperature equilibrium when the data
points were recorded. Attempts were made in all runs to obtain equili-
brium or steady-state conditions before recording data points; however,
the low thermal conductivity of the blade which was necessary to reduce
heat conduction also caused the temperature response of the blade to
be very slow. In addition, the temperature differences in recovery-
factor investigations are so small that it is often difficult to
determine when equilibrium is obtained. It is believed that the scat-
ter of data was random and a mean line through the data should be close
to a true value.

USE OF RECOVERY FACTOR IN CALCULATTION
OF EFFECTIVE GAS TEMPERATURE

The greatest error involved in the calculation of the effective
gas temperature for a turbine blade in most cases will be in the
measurement or calculation of the total gas temperature relative to
the blade. The effective temperature is so near to the relative total
temperature that reasonable errors in recovery factor are negligible.

The procedures that can be used for calculating the effective gas
temperature for both static cascades and gas-turbine engines will be
explained in the following paragraphs.

Static Cascades

Little difficulty is encountered in calculating the effective gas
temperature in static cascades. The pressure or Mach number distribu-
tion around the turbine blade must be determined either experimentally
or analytically and then from a measured total temperature the local
effective-gas-temperature distribution can be calculated by means of
equation (4) or equation (5). It is recommended that the value of
the recovery factor be taken as 0.89. For a ratio of specific heats
equal to 1.4, the variation of the effective gas temperature with Mach
number can be obtained from the nondimensional temperature plot in
figure 5.

The simplest method of determining the pressure distribution around
a turbine blade in a cascade is by means of static-pressure measurements
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on the blade surface. The total pressure is usually assumed to remain
constant along the blade chord for subsonic flow. If static pressure
measurements are unavailable, the pressure distribution around the
blade can be calculated by means of the stream-filament theory given
in references 15 and 16 for reaction and impulse blades, respectively.

Turbine Stator Blades

The method for calculating the effective gas temperature for
turbine stator blades is essentially the same as for static cascades
except that the total-temperature profile upstream of the blades is
nonuniform. The velocity profile is probably nonuniform also, but
this profile is of secondary importance compared with the temperature.
It is therefore necessary to survey the total temperatures upstream of
the stator blade before calculating the effective gas temperatures by
the method outlined in the preceding section.

Turbine Rotor Blades

The calculation of the effective gas temperature for turbine rotor
blades can only be an approximation because of the difficulty in
determining the total temperature relative to the rotor blade. The
method of determining the average relative total temperature is out-
lined in reference 17. Briefly, the method consists in measuring the
temperature of the gas in the engine tail pipe and calculating the
static temperature at the stator outlet by means of a heat balance on
the engine. The total temperature relative to the turbine blades is
obtained after the gas velocity relative to the turbine blades is
calculated by means of velocity vectors. The variation in gas tempera-
ture along the span of a turbine blade in an engine may be several
hundred degrees; therefore, a relation between the average gas tempera-
ture and the temperature profile is also needed in order to determine the
local effective temperature. Probably the only way that this relation
can be obtained is by means of gas-temperature surveys, preferably
from the temperature profile on an uncooled rotor blade in the engine.

After determining the relative total-temperature distribution
along the blade span, the approximate pressure distribution around the
blade can be determined by means of the stream-filament theory (refer-
ences 15 and 16), but the inaccuracies in the determination of the
relative total gas temperature are probably such that an accurate
determination of the pressure distribution is unwarranted. For most
rotor blades the local Mach numbers will probably range between 0.7 and
1.0. According to figure 5, for a recovery factor of 0.89, if the
effective gas temperature is taken as 98.6 percent of the relative
total temperature, the maximum error in the calculation of the
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effective gas temperature for the Mach number range from 0.7 to 1.0 and
a relative total gas temperature of 1960° R would be 8.5° R. This error
ig far less than the errors encountered in the measurement of a gas
temperature in a high-velocity gas stream. Therefore, only the approxi-
mate pressure or Mach number distribution around a turbine blade 1is
required in order to calculate the effective gas temperature to the
accuracy normally required in heat-transfer calculations for cooled
gas-turbine blades.

Because of inaccuracies encountered in the determination of total
gas temperatures in high-velocity high-temperature gas streams and the
small effects of inaccuracies in the recovery factor on the determina-
tion of effective gas temperatures, it is believed that further
research on the experimental determination of recovery factors for
gubsonic flow over gas-turbine blades is unnecessary.

SUMMARY OF RESULTS

The results of this investigation on the determination and use of
the local recovery factor for determining the effective gas temperature
may be summarized as follows:

1. The local recovery factors determined for a ILucite blade that
had a pressure distribution similar to that of a reaction-type turbine
blade were essentially independent of Mach number, Reynolds number,
pressure gradient, and position on the blade except for regions where
the boundary-layer flow was thought to be in the transition range from
laminar to turbulent.

2. The values of the recovery factor obtained were somewhat higher
than indicated by theory for turbulent boundary-layer flow but were
within the range of values obtained by other investigators on bodies
of various shapes.

3. An analysis of possible errors involved in the determination of
recovery factors indicated that the random scatter obtained in the experi-
mental data was probably caused by temperature equilibrium not being
completely obtained for all runs.

4. Variations in the value of the recovery factor and errors in
the measured pressure or calculated Mach number distribution around
turbine blades result in a small error in the calculation of effective
gas temperature; however, the greatest uncertainty in the calculation
of effective gas temperature in a gas-turbine engine is the determina-
tion of the total temperature of the gas relative to the turbine blade. ‘

Tewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics

Cleveland, Ohio
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Figure 1. - Apparatus used for determination of Lucite-blade recovery factors.
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(a) Instrumentation.

Figure 2. - Lucite blade.
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Figure 3. - Probe used for determination of effect of humidity on recovery factors.




NACA RM E51G10

Calculated recovery factors

I
A
oA

.88 —=]

=:::::
B

.84

I
@

Pressure Temperature
(in. Hg) (°F)
.80 |
A 0 0]
B 5ok 0
c -.1 0] ]
D 0 SElE
E 0 -.1
.76 F . -1 —
l G 1 g
ST/
.68 1
0 O .4 .6 .8 1.0
Mach number
Figure 4. - Effect of errors in pressure and temperature measurements

on calculated recovery factors. True recovery factor, 0.89; total
pressure, 30 inches mercury absolute; total temperature, 540° R;

ratio of specific heats, 1.4.

23




24

Tl

T'

205 ,
Local
recovery
. factor
0=
.04 70/ /

Z
//i/////.BO

.02

%%

NACA RM ES51G10

/

/.75

@

NN N

ac
7

%
P
//

@
N¢]

Z

©

0

<99

o

AR

/
‘V//% = —|
/ l
___-i-.iiéééé%éé%'—__—A———’—— I
0 e .4 .6 <8 1150
Mach number
Figure 5. - Curves for determining the effective gas temperature

for a range of Mach numbers and recovery factors. Ratio of
specific heats, 1.4.




Recovery factor

T

Dew point
(°R)

0 415.0

O 470.5

T

B P

O]
o+ O
o183 e 2
o o R}—*’gﬁf_’rr Static tempera- Static tempera-
| ture > 470.5° R ture < 470.5° R

.6 ol .8 e 1L (©)
Mach number

Figure 6. - Effect of air humidity on recovery factor for thermocouple probe. Air inlet

temperature, 534° R.

OTDISH Wd VOVN

14



26 NACA RM E51G10

1LS0!
Stations
o 1 v 4 %
o2 o5
a3 > 6
ois)
(a) Local Mach number range, 0.9 to 1.1.
1.0
& A oY
: 3 yh :
O
@
&
> .8
s -
2 (b) Local Mach number range, 0.7 to 0.9.
O
1} 1.0
o
i
[3}) Av4 A A A %
2 4
A
)
(¢) Local Mach number range, 0.5 to 0.7.
1.0
y o o) (h@ n oM Al A A
S ?E >OoA A O"
G 5 5
10 2 4 6 8 10 2 4 6 8 107
Local Reynolds number

(d) Local Mach number range, 0.3 to 0.5. .ﬂ@:

Figure T. - Effect of local Reynolds number on local recovery factor for Lucite blade
over range of local liiach numberse




NACA RM E51G10 27
120
Stations
3 ®
o0 % o 1) ol vi
8 o2 o5
a3 > 6
.8
(a) Station 1.
150
O o po[@ o
- ~THT - FiﬂJ
.8
(b) Station 2.
1.0
o 3 A | A AaN Ak
- A 2
0]
Gy
- By o8
~
(0]
3 (c) Station 3.
& 1.0
~
o
8 "V hva W% Jtv
e ¥
.8
(d) Station 4.
1.0
K> {"\O
.8
(e) Station 5.
1.0
D> >
.8
10° 2 4 6 8 10° 2 4 6 8 107

Local Reynolds number
(£f) Station 6.

Figure 8. - Effect of blade-surface location on local recovery factor for Lucite
blade for range of local Reynolds numbers.




82

\ Inlet
Mach

(K number
@ 0,129
O 161
O

Pressure ratio, p'/p

\Ek \\
= ~
\ \
o T /ﬁé"’/
—
.8 ¢:6 .4 o2 0 o2 o4 .6
Suction surface x/1 Pressure surface
Figure 9. - Pressure-ratio distribution around Lucite blade.

T~

OTHTSH WY VOVN




Euler number

S
Inlet /
4 Mach
number !
0.129 /
————— .161 i
——o—— e /
5)
7
ol
o
y
2 Az //
’ 7
/
Vit
\ A /
~ B
3. = ~ /;
7
=S | .
\\ = ~ ~ \\ 44
\- \\ \\: 7}/
~ ~ A=
S RS —=-~
%_ X \_
0 —
—r
~all | |
1E5(0) 5.8 <6 .4 A 0 A .4 .6 o)
Suction surface x/1 Pressure surface

Figure 10. - Euler number distribution around Lucite blade.

OTOTSHE WY VOVN

62



30

Local recovery

factor

=
O

@

NACA RM ES51G10

[ I T I T I
— Station —— A = 0.890 + 0.009M
(equation of data "least
o fié squared")
— A 2 Turbulent-boundary-layer
v 3 equation for Pr = 0.705,
o 4 (reference 9)
— <O 5
> 6
&
b e ] — - e - —‘y% - =
1
0 <2 4 .6 .8 i)

Local Mach number

Figure 11. - Effect of local Mach number on local recovery factor.

NACA-Langley




