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:E: /ié.An experimental investigation of the effects of
‘S roughness on compressor blade performance 1n cascade at high
3 Reynolds numbers was performed. A sevéﬂ%;lglade cascade of
NACA 64-2905 blades with a chord of 2 inJand aﬁ%spect ratio
\ of 1 was tested in a linear cascade. The blades were mounted
_: with a stagger angle of 31 deg and an angle of attack of 15
\:: deg. sthegzpacing between blades was 1.33 in;cbeé'which gave a
% solidity of 1.5. -

;‘ This study was divided into two parts, firse'to
\.f determine the importance of the location of roughness on
“ blade performance; and Se_condg to determine how the degree of
2 G roughness affects blade performance. The velocity and
E.‘ turbulence intensity profiles of the flow region downstream
;':' of the center blade and the non-dimensional total pressure
i LLEWM kAt

) loss parameterk—«xy were used to evaluate blade performance.
E; Hot wire anemometery was-used td measurexthe veloc1ty and
\3 turbulence intensity profiles downstream of the blade. The’
——

measured exit velocity and static pressure were used to
S derive the exit total pressure,

j Roughness located near the leading edge of the blade
. caused the greatest impact on am(anav the veloc1ty and turb-
:, ulence intensity profiles. Changes in the magnitude of the’
-{: roughness did not affect the‘blade performance until a
.‘ "5 threshold was exceeded, then t—*hég performance decreased
.\_ . rapidly.
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I. INTRODUCTION

BACKGROUND

The wide operating range of todays military aircraft
engine has lead to a flow regime characterized by a high
Reynolds number in the last few stages of the high pressure
ratio compressor. In this regime the loss in performance is
thought to be a function of roughness alone. This is in
comparison to the low Reynolds number flow where the
efficiency is a function of the Reynolds number and not as
heavily dependent on roughness. The lack of good cascade
data for use in specifing blade surface finishes inorder to
minimize the loss in total pressure across the blade row has
lead to increased research in this area. One performance
parameter that of particular use to the compressor designer
js the total pressure loss coeficient (Ref.l5).

In recent years the Air Force Institute of Technology
in conjunction with the Air Force Wright Aeronautical
Labortories, AFWAL/POTC, has been studying the effects of
roughness on compressor blades at a high Reynolds number.
This study was initiated in order to characterize the
effects of roughness on the performance of axial flow
compressor blades in cascade. The ultimate goal would be to
find a technically quantifiable surface finish that will
optimize the thrust specific fuel consumption (TSFC) and the
maintenance time of the gas turbine engine. With this

accomplished the Air Force could save millions of dollars in

et ML S
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reduced operating costs.

The research began in 1981 with the design and
construction of a cascade test facility at the Air Force
Instute of Technology's School of Engineering (Ref.2). The
following year a study of the roughness effects of
compressor exit guide vanes at a high angle of attack was
conducted. This study showed that there was minimal effect
of roughness on the blades because of a large separated flow
region on the suction surface of the blade. The losses from
the separation greatly over shadowed any losses due to the

roughness (Ref.6).

OBJECTIVE AND SCOPE

The basic objectives of this investigation are as
follows:
- l. Locate the region on the blade
where roughness affects the loss

in total pressure the greatest.

2, Evaluate how the total pressure
loss coeficient varies with
changes in the magnitude of the

roughness.
The approach used to evaluate the effects that

roughness has on blade performance was to build a cascade of

roughened blades then perform a wake survey to evaluate
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blade total pressure loss in non-dimensional form. In

addition to the total pressure loss coeficient the velocity
and turbulence intensity profiles of the blade wake will be
compared.

The surface roughness parameters chosen for this
investigation are the arithmatic averege roughness, Ra, the
average maximum peak to valley roughness, Rtm, and the
average maximum peak to mean roughness, Rpm (see Appendix A

for roughness definitions).
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II. EXPERIMENTAL APPARATUS AND PROCEDURE

CASCADE TEST FACILITY

The cascade test facility (CTF) at the Air Force
Institute of Technology School of Engineering was used for
this investigation. This apparatus, which was described in
detail by Allison (Ref.2), consists of an air supply coupled
to a diffuser and stilling chamber with provisions for
mounting a 2 in by 8 in test section. The air supply for the
CTF consists of a 40 horsepower centrifugal blower with a
name plate rating of 3000 cubic feet per minute at 26 onces
of head. The blower brings cool air from outside and mixes
it with warm recirculated air in order to control the test
section temperature. The air is then filtered using an
electrostatic cleaner to remove particles that would be
Adetrimental to a hot wire anemometer sensor. A flow
straightening system consisting of two fiber filters and a
honeycomb is located in the stilling chamber. The air is
then delivered to the test section with turbulence
intensities of less than 2%, and a Reynolds number per foot

in excess of two million.

TEST SECTION

The test section, as deplicted in Fig. 1, was a cascade
containing seven NACA 64-A905 blades with a chord of 2 in
and an aspect ratio of 1. The blades were mounted with a

stagger angle of 31 deg and an angle of attack of 15 degq.
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This produced a nominal turning angle of 22 deg. The spacing
between the blades was 1.33 in which gave a solidity ‘of 1.5.

The cascade of blades was followed by a 13 in long
adjustable channel that could be used either as a constant
area or a diffusing channel. The top and bottom end walls of
the channel are fitted with static pressure ports that are
used in aligning the exit channel with the free stream
direction. When the end walls were parallel to the free
stream direction, the static oressure at the respective
static ports on the top and bottom end walls were in
agreement and the inlet velocity profile was uniform. In
addition there are static pressure ports in the side walls
of the channel to measure the local static pressure at each
traverse location. The inlet duct to the cascade is also
fitted with static pressure ports that are used to calculate
the inlet velocity and check the profile during alignment of

the exit channel.

INSTRUMENTATION

The CTF was instrumented with four pressure
transducers, two thermocouples, a hot wire anemometer and
numerous manometers. The pressure transducers were used to
measure stilling chamber (test section inlet) total, inlet
static, exit static, and ambient pressures. The
thermocouples were used to measure stilling chamber total
and control room ambient temperatures. The hot wire

anemometer was used to measure both the X and Y components
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of the velocity and turbulence (fluxuating velocity) in the

region downstream from the blades. The hot wire system

»

l‘ (‘I‘ .

consisted of a TSI Model 1241-10 hot film X-sensor in

£ 4

“‘.J. "'* 4

R

conjuction with two TSI Model 1050 constant temperature

anemometers. Manometers were used to monitor the static

0
/

E pressure on the top and bottom end walls of the exit channel
: to insure that this channel was proverly aligned with the
free stream,
(Ve
3
HOT FILM SENSOR CALIBRATION
) The hot film sensors were calibrated using a
_'(' temperature compensation procedure that is described briefly
:j as follows. First the operating resistance of the sensor was
- G determined for temperature range of intrest assuming an over
f- heat ratio of 1.5 as recommended by TSI (Ref.1l6). Once the
poperating resistance was determined the anemometers were
o set-up and calibration data were recorded at various
'2' velocities and temperatures in the expected test range.
_\ Usually four temperatures and ten velocities were recorded
in the expected range. The following data were recorded at
’ each calibration point: 1) calibrator total pressure, 2)
calibrator total temperature, 3) exit static pressure
(ambient), and 4) voltage outputs from each channel of the
anemometer. This data provided the necessary information to
s, determine the velocity, adiabatic wall temperature, heat
_. 4‘ transfer rate and mean boundary layer properties of the hot
:-i . film sensor. From this information the Reynolds number
N
7
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({based on the diameter of the hot film sensor and mean
boundry layer properties) and the Nusselt number could be
determined. The calibration curve for the sensor is a plot
of the Reynolds number raised to the 0.51 power (Ref.4)
versus the product of the Nusselt number with the ratio of
the mean boundary layer temperature and free stream static
temperatures raised to an exponent that would collapse the
calabration data for the various velocities and temperatures
into a straight line as seen in Fig.2. The exponent used to
collapse the data, Xo, was found by assuming a value and
running the data through a least squares curve fitting
routine until a good fit of the data was obtained. The
exponent was usually found to be approximately 0.03 in the
range of velocities for this study. Once the exponent, Xo,
was found, the data were plotted and the slope and Y
intercept of the linear calibration curve were found and
stored for future use. In order to use the calibration curve
the voltage from the bridge circuit of the anemometer must
be converted to a Nusselt number then multiplied by the
appropriate temperature ratio raised to the Xo power before
reading the Reynolds number from Fig.2. The velocity is then
determined from the Reynolds number obtained from Fig.2
using the appropriate mean boundary layer properties of the
flow in the test section where the hot film sensor is
located. The above procedure was programed into the HP 3052
Data Acquistion System in order to reduce the time required

to calibrate the hot film sensors.
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SN EXIT PLANE TRAVERSER ]
The CTPF includes a computer controled X-Y axis i
,3 traverser that positioned the hot film sensor in the desired i
33 location in the region behind the blades to within 0.002 in ?
o in the X and 0.001 in in the Y directions. The traverser i
‘;i mount was integrated with the test section design so that 1
g its X-axis could be aligned with the free stream direction j
| for the flow leaving the compressor blade cascade (See
% Fig.l). Once aligned the entire flow field behind the 5
cascade could be probed with the hot film sensor. 4
ey After some initial testing on a smooth blade, a l
:3 standard data window was established behind the center ;
\ blade. This Jata window is comprised of five traverses in '
: o the Y-direction at 1 inch intervals starting 0.25 in behind |
jﬁ the trailing edge of the center blade. Each traverse 1
;‘ contained 133 points located at 0.01 in intervals beginning
) 0.6 in below the center blade (Fig.3). The lenyth of each ?
ﬁ traverse was 1.33 in which corresponded to a single blade 1
_i spacing. N
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BLADEZ POUGHNESS CONFIGURATIONS

The effects of surface roughness were studied in two
parts in order to determine the importance of location and
degree of roughness. In the first part a strip of roughness
was applied at discrete locations. The strip was 1/2 inch
wide and its leading edge was located at 1/4 inch intervals
along the chord (Fig.4). The second part of the study used
blades with roughness applied from the leading edge to the
1/4 chord on the suction surface (Fig.4a). At this location
the magnitude of the roughness was varied from 0.5
micro-meters Ra for the unroughened blades to 27 micro-
meters Ra for the roughened blades. In both parts of the
study, roughness was only applied to the suction surface of
the blade where the boundary layer and wake region are
thought to be greatly impacted by small changes in surface
’roughness.

The blades were cast from epoxy and then the surface
was roughened to the desired finish. The roughening was
accomplished by one of two methods. The first method was to
coat the blade, or a portion there of, with a very thin
layer of adhesive and blow on a fine grit. The other method
used was to sand blast the blade to produce cavities in the
surface. When applying the roughness extreme care had to be
excersized as not to alter the shape of the blade. The
majority of the blade configurations investigated were
roughened by the first method as a wider range of roughness

could be created.

11
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-
$ To measure the Ra, Rtm and Rom values for the roughened
blades a profilometer manufactured by Rank Taylor Hobson was
LR
o
= used with the parameter and recorder modules attached. The
3 blades were measured for Ra, Rtm and Rpm at various
g locations on the blade and an average of these measurements
5
7 was used to characterize the roughness for this
~ 4
N4 investigation.

S

:.:" DATA ACQUISITION AND_ PROCESSING

R R The acquisition and processing of the data were
o, accomplished using a Hewlet-Packard(HP) 3052A Automatic Data
:2 Acquisition System which is integral to the CTF. The data
.EJ acguisition system consisted of a HP 9845B Computer which
&N controlled a HP 3455A Digital Voltmeter, a HP 3437A System
‘E::: Vol tmeter, a HP 3495A Scanner, and two HP 9895 Disk Drives.
‘i.: Also integral to the system were a HP 9874A Digitizer, a HP
, 9871A Daisy Wheel Printer, and a HP 9872S Plotter for input
;é and output of data. The various software packages designed
:i for the system allowed for the maximun utilization of the
: @ systems capability. The data acquisition software allow the
‘:: ) experimenter to specify the number and location of the data
a2,

$%. 12




L A s g g B T T T ———.
- - . - - . - . AL - - . . L hd " * =~

DI I S R A MACH AR N e W TR TR T LA B
DN D NN

-‘\s'
o
AN
0N
b
¥ e N points to be taken., The computer would then direct the
B traverser to move the hot film sensor to the desired
location. Once the sensor was in place the scanner would
step the voltmeter through the various channels and record
v the voltage outputs from the various transducers. The
. vol tages were then stored on magnetic storage disk as "raw"
data. The "raw" data were later reduced into usable form as
o pressures, temperatures, and velocities and recorded on
P magnetic storage disk as "engineering" data for use in
)
~ evaluating various performance parameters.
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ITII. DATA REDUCTION

The parameters used in evaluating the effect of
roughness on blade performance were the exit velocity
profile, non-dimensionalized total pressure loss coeficient,
and the turbulence intensity profile of the blade’s wake.
The total pressure loss across the cascade was evaluated
from the pressure and velocity data obtained from the survey
across one blade spacing centered on the center blade in the

cascade.

EXIT VELOCITY

The exit velocity as measured by the hot wire
anemometer experienced small changes in magnitude with
changes in temperature ‘and humidity of the outside air
supply to the CTF. The changes were first noticed as shifts
in the velocity profiles of two tests of the same blade
configurations on different days. The shift was later
noticed when the exit total pressure calculated from the
measured exit velocity was greater than the measured total
pressure in the stilling chamber. The shift in velocity is
thought to come primarily from a change in resistance of the
hot wire probe support with a change in temperature, and a
change in heat transfer rate with a change in humidity.
Tests run using a single sensor probe support, which had a
lower resistance than the double sensor support primarily

used (0.05 vs. 0.16 ohms), did not show the same size shifts
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that had previously occured when the double sensor probe
support had been used. The 40 deg temperature increase in
the probe support’s environment that occured when the sensor
was moved from the calibration (control) room to the test
section would cause an increase in the resistance of the
probe support as the temperature increased. Preliminary
experiments run to define how the resistance of the probe
support changed with temperature were unsuccessful. The
humidity problem has been studied by Larsen and Busch
(Ref.7) with the conclusions that humidity increases the
heat transfer rate between 0.5% and 2%, corresponding to an
increase in apparent velocity between 1 and 5% but no
quanitative relationships were found.

In order to correct the hot film velocity data a
continuity check was performed. If the calculated mass flow
entering the cascade based on pressure data differed from
the mass flow leaving the cascade based on the hot wire
data, a correction factor was avplied to the exit velocity
data to force continuity through the cascade. The mass flow
rate exiting the cascade was evaluated by numericaly

integrating the following relation:
rh, = [pvady (1)
.= Je

Where m, is the exit mass flow rate, P is the local density
evaluated using the ideal gas law, V, is the exit velocity as

measured by the hot wire and dy is the differential exit
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area assuming unit width. The inlet mass flow rate was

evaluated using:

, |
o |
- m =PV A (2)

L§3 Where m, is the inlet mass flow rate, p is the local inlet

:;:‘:'Z density, A, is the inlet area and V, is the average inlet

e velocity evaluated as follows with the known inlet total and

-‘-\'

f; static pressures and total temperature.

o V, = \/ZCPTT[l —(—g—) ] (3)

N T

"

L If the derived exit mass flow raté did not eguate to

~ G the inlet mass flow rate a scale factor was applied to the

¥§ hot wire velocity data as follows to force the equality.

> )

N Vi =5V (4)

o

.“.

\‘.

N Where V,” is the corrected exit velocity, s is the scale

- factor that equates the exit mass flow rate to the inlet

fﬁ: mass flow rate, and V, is the exit velocity as measured by

o the hot wire. The scale factor s was evaluated by a

’ numerical trial and error scheme and was found to vary from

hY
2>

K24 0.90 to 0.95.

O

>
> b TOTAL PRESSURE LOSS |

>
’ The total pressure loss across the cascade was
o
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calculated from the measured inlet total pressure and the
exit total pressure as calculated from the exit static
pressure and velocity. The total pressure at each data point
behind the cascade was calculated using the following

isentropic compressibility relation:
(5)

where V,” is the corrected exit velocity, B 1is the static
pressure as measured by the wall static pressure ports, and

T. is the total temperature as measured in the stilling

S
chamber, The total temperature of the flow was assumed

constant through the test section.

‘:> The overall exit total pressure was calculated from a
mass-averaging of the total pressure of the individual data
points in a single traverse. The mass-averaging was

accomplished with the following relation:

(6)

where'g is the mass-averaged value of the total pressure, P,
is the total pressure at a single data point in the traverse
being evaluated, ¢ is the local density evaluated using the
e ideal gas law, and dA is the differential exit area. The

double intejrals over the exit area were reduced to a single
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integral by assuming no variations in the span wise

direction of the blade. For unit width of the bldde, the

equation then reduces to:

_ ,,,’%P\/zlly
- [Pvz'cly

'P; (7)

The integrals were numerically evaluated using the
trapezoidal rule with dy being the step size in the
Y-direction (0.01 in).

Having calculated the exit total pressure, the loss in
total pressure across the cascade can be evaluated using:

AR =R,-F, @

-,

The total pressure loss can be non-dimensionalized by the
inlet dynamic head to give @, the desired performance
parameter.

___apR
2 Py (9)

whete/O is the inlet density evaluated using the ideal gas
law and VvV, is the inlet velocity evaluated in equation 3.
The total pressure loss was calculated for each traverse and
an average of all five traverses were taken as the total

pressure loss parameter in this study. It is realized that
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mixing losses occur in the wake but the error of the

instrumentation was greater than any mixing losses and an
average loss parameter was thought to be a better

representation of the blade losses,

TURBULENCE INTENSITY

The definition of turbulence intensity for this
investigation is the ratio of the RMS velocity (AC output of
the anemometer as indicated by a TRUE RMS voltmeter) to the
stream wise component of the local mean velocity (DC output

from the anemometer).

TI = \Ans

V" mean

(10)

Turbulence intensity would not normally be negative but

because of the configuration of the X-sensor probe used to

measure the components of the velocity the two sensors allow
the orientation of the fluctuations to be determined. As a
result, positive value of the turbulence intensity indicates
that the fluctuations are occuring in a plane rotated in a
positive direction about the Z axes from the positive X2
plane, and ,conversely, a negative Y turbulence intensity

indecates a negative rotation from the positive XZ plane

(Ref.17).
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AR IV. RESULTS AND DISCUSSION

N

CE-': The objectives of the study were to determine the

EI::EI importance of position and magnitude of roughness on the
loss in total pressure across a cascade of compressor

‘: blades. Eight blade configurations were tested in the AFIT

*';?Ij CTF with sand type roughness applied at various locations

268 along the chord and with varying magnitudes. The cascade

E;‘« used for this study did not use boundary layer removal
'::E: therefore the cascade could not be considered two
_‘ dimentional according to Erwin and Emery (Ref.5). The

} results being presented are good for making comparisons

::",:j‘ ) between smooth and rough blades but should not be considered

c-‘.‘ @ design cascade data.

:f'z The non-dimensional total pressure loss coeficient, &,

:5 as defined below, was used as the primary means of
',._, evaluating the blade total pressure losses.

\: R, -R

D = % T.lov,? (11)

_;3 In addition, the velocity and turbulence intensity profiles

: of the blade’ s wake were studied to evaluate the effect that
X roughness had on the wake. The surface roughness was

\f'. evaluated using a profilometer to measure Ra, Rtm, and Rpm

;"' values of the surface roughness (see Appendix A for

YA s definitions of the above roughness parameters).

5
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LOCATION EFFECTS

Five blade configurations with roughness on portions of
the suction surface were tested to determine the importance
of the roughness location on the loss of total pressure
across the blade. Initially two blades were tested; one with
roughness from the leading edge to the 1/4 chord (Conf#2)
with an Ra value of ‘26.9 micro-meter, the other
configuration with roughness from the mid-chord to the

trailing edge (Conf#3) with an Ra value of 44.1 micro-meters

Figs.5asb. The loss in total pressure across the blade, as

A: Conf#2

Figure 5: Roughness Confiqurations 2 and 3

measured by @, increased from 0.0963 for the blade with the
roughness near the trailing edge to 0.1037 for the blade
with the roughness begining at the leading edge. The blade
with the roughness begining at the leading edge thus
experienced an 11% greater loss in & based on G of the
smooth blades. The increase in & occurred even though the
magnitude of the roughness was less on the blade
configuration with the roughness beginning at the leading

edge compared to the blade with the roughness near the

21
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trailing edge. These tests showed that roujhness located

near the leading edge, on the suction surface, is cgritical
to the performance of the blade. Furthz2r testing showed that
by moving the roughness location away from the leading edge
even small percentages of the chord caused a decreases in®.
Table I shows the decrease in © that accompanies the
movement of the roughness away from the leading edge. For
these tests blade confiéurations 5,7,588 were used which
consisted of a 1/2 in band of 20 micro-meter Ra roughness
aﬁplied to the suction surface of the blade. The leading
edge of the strip of roughness was initially at the blade’s
leading edge (Conf.5) Fig.6a but was progressively moved
away from the blade’s leading edge in 1/8 chord intervals

(Confs.7&8) Figs.bb&c.

R: Conf#S B: Confé? C: Confé8

Figure 6: Roughness Configurations 5, 7 and 8

Moving the strip 1/8 chord from the leading edge decreased
G from 0.0973 for the blade with the roughness begining at
the leading edge (Conf#5) to 0.0918. Moving the roughness

back another 1/8 chord decreased O to 0.0870.

A cause for the high loss in total pressure when
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3::; f- roughness begins at the leading edge of the blade is that
" o the size of the roughness is large in comparison to the
is:: boundary layer thickness. On this premise, when the peaks
::: of the roughness extend through the laminar sublayer of the
A boundary layer, a significant increase in the boundary layer
'. growth results. As the boundary layer grows along the blade,
; the peaks of the roughness become submerged in the boundary
N layer and their effects on the boundary layer decrease.
,::'Z Similar effects have been seen on a flat plates where the
;: coeficient of skin friction decreased as the roughness was
. moved away from the leading edge (Ref.ll). Schlichting
:E points out that the reduction in the coeficient of skin
S:D friction is due to a reduction in the size of the roughness
X G in comparison to the local boundary layer thickness.

:" The effects of the location of roughness on the wake
.' down stream of the blade can be seen by inspection of the
,ﬁ_: velocity and turbulence intensity profiles in this region.
E" The measured velocity and turbulence intensity data for the
.-:: X and Y directions have been resolved into vectors with
O magnitude and direction., The vectors were then plotted using
é\ the point at which the data were taken as the origin and
':::3' drawing a vector in the appropriate direction. The solid
2 line vectors are the velocity vectors and the dotted line
E; vectors are the turbulence intensity vectors. The magnitude
: of the vectors can be determined by measuring the length of
_ :"\ the vector using the down stream position scale as a measure
:% . of length and applying the appropriate scale factor. The
3

24
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scale factors for the velocity and turbulence intensity

vectors are 540 ft/sec/in and 20 percent/in respectively. As
can be seen in the set of the velocity and turbulence
intensity profiles for the smooth blade (Conf.l),
Figs.7,8,9,10,&11, both the velocity and turbulence
intensity profiles are fairly uniform in the free stream but
exibit large changes in magnitude and direction in the blade
wake tedion. The velocity profile exibits a small narrow
decrement accompanied by high levels of turbulence as seen
in the traverse located 1/8 chord from the blade’s trailing
edge (Fig.7). As the traverse location moves down stream
(Figs.8,9,10,&11) the velocity decrement becomes wider and
shallower accompanied by decrease‘of.the levels of
turbulence but this is accompanied by a spreading of the
turbulence into the free stream. Al1ll the blade
configurations tested exibited the same trends as the smooth
blades but with changes in the relative sizes of the
velocity decrement and turbulence levels. The following
dicussion of the effects of the location and magnitude of
roughness on the blade’s wake will only deal with the
traverse located 1/8 chord behind the trailing edge of the
blade with the understanding that events similar to those of
the smooth blades also occur downstream of the roughened
blades. In order to verify that these trends do occur the
reader is refered to Appendix B which contains a complete

set of the velocity and turbulence intensity profiles for

each configuration tested.
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i
'f_'-:_': The velocity and turbulence intensity profiles for the |
_7 blade configurations where the roughness started at the I
, leading edge and was moved away in 1/8 chord intervals
(Conf$5,7,88) showed a large change in the blade’s wake from *
i
-~ that of the smooth blade but did not show any differance I
:i{j between themselves, This is seen by the large increase in ]
-. the depth of the velocity decrement and the increase in the -'J:
magnitude of the turbulence levels when Figs.12,13,514 are
.- compared to Fij.7. When Figs.12,13,&14 are compared to each
;3 other no significant differance can be seen. The velocity ;
, and turbulence intensity profiles for the blade I
E configuration that has roughness begining at the leading |
\ edge and extending to the 1/4 chord (Conf#2) and the one
0 with roughness from the mid chord to the trailing edge
(Conf#3), Figs.15&16 respectively, show a large change in
5 the blade’s wake. When these profiles are compared Conf#2
exibits a larger velocity decrement than conf#3 but a
“ smaller leval of turbulence. A possible cause for the
\‘ increase in turbulance intensity, when roughness is applied
from the mid-chord to the trailing edge of the blade, is the
' position at which the boundary layer becomes separated. When
::3 the boundary layer experiences roughness after the mid-chord
? it may immediately separate due to a unstabilizing effect of
, the roughness on the boundary layer in a unfavorable
4"" pressure region. The separated flow over the blade would

= account for the high turbulence intensity levels, If the

boundary layer experiences roughness before the mid-chord,

s 4 o o
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in a region where the flow is accelerating around the blade,
the boundary layer may not separate immediately due to the
favorable pressure gradient but remain attached a along the
blade. The closer to the leading edge that the boundary
layer becomes detached, the greater the separation region
thus the larger the turbulence levels particularly if it is

unstable.,

ROUGHNESS MAGNITUDE EFFECTS

Four blade configurations with roughness apnlied to the
first 1/4 chord were tested to determine the effects of
varying the magnitude of roughness on the loss in total
pressure across the cascade of compressor blades. The
results of these tests are vresented in Table II but can be
seen best in graphical form. Figures 17,18,&19 are plots of
the increase in non-dimensional total pressure loss that
accompanied an increase in roughness as weasurced hy Ra, Tt
ani Toam roughness parameters. Even though the size of the
values for the roughness parameters change from one plot to
the next the relative trend remains the same as can be seen
in Figs.17,18,&19. The sand type roughness used in this
study created such a uniform randomness that the method of
evaluating roughness did not affect the trend. For this
reason the following discusion will only deal with Ra values
of roughness. Rtm and Rpm values of roughness could have

just as easily been used and would have led to the same

conclusions.
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RO The change in total pressure loss across the cascade as

measured by @ can easily be seen in Fig.17. As the roughness 'I
magnitude varies from 0.5 micro-meter Ra for the smooth
blade (Conf#l) to 26 .9 micro-meter Ra for the roughest
leading edge configuration (Conf#2) & changed from 0.0775 to
0.1037. For small values of Ra the change in © was
negligible, as the Ra value of the roughness increased the

non-dimensional total pressure loss, &, showed an increase.

LS NRINY - | W A L L PR -y JULIIL I PR

N When the ¢ values for the blade configuration with a leading

edge roughness of 2.7 micro-meters Ra (Conf#6) is compaired
to that of a blade configuration with a leading edge
roughness of 19.8 micro-meters Ra (Conf$#5) a 27% increase in
. total pressure loss is experienced. The percent increase is
0 based on the difference between @ for the two tests in
comparison to & for the smooth blades (Conf#l). A further
increase in roughness to a Ra value of 26.9 micro-meters
brings an additional 8.3% increase in non-dimensional total

§ pressure loss.
: The increase in & with roughness is thought to be
caused by the peaks of the roughness extending through the
‘ boundary layer and causing a significant increase in the
: growth of the boundary layer. On this premise, when the Ra
value of the roughness was small the peaks of the roughness
did not extend through the boundary layer, thus the
insignificant change in & with roughness as seen in Fig.l7.
-."\ As the magnitude of the roughness on the blade increases,

I:. the peaks begin to extend through the laminar sublayer of




I P o _

"A " "l

o |
a .
PN

aa
[

fff the boundary layer and the loss in total pressure starts to

r
LR

increase. The data seems to indicate that there should be

. 0 - - .
o LD

some Ra value of roughness at which point the peaks just
start to penetrate the laminar sublayer of the boundary
layer. At this point the blade’s surface transitions from a
hydrodynamicly smooth surface, where the roughness is
submerged in the boundary layer and the performance is not a
function of the roughness, to a hydrodynamicaly rough
surface, where the peaks of the roughness extend through the
boundary layer and large losses in performance are
experienced with changes of roughness. This transition point
could not be investigated due to the lack of sand of the
necessary size. Similar affects of roughness on the total
0 pressure loss of compressor blades was found in a study by
Schaffler. Schaffler found that the polytropic efficiency of
a compressor decreased as the magnitude of roughness

increased past a critical value. At this point the surface

of the blades transitioned from a hydrodynamically smooth to
a hydrodynamically rough surface (Ref.1l0).

Wwhen the velocity and turbulence intensity profiles are
examined for configurations 1,6,5,&82 (Figs. 20,21,22,&23), an

enlarging of the wake region is noticed. These

configurations correspond to blades with roughness located
from the leading edge to the 1/4 chord with Ra values of
0.5, 2.7, 19.8 and 26.9 micro-meters respectively. When the

profiles of the first traverse of Conf#l (Fig.20) are

s

compared to those of Conf#6 (Fig.21l) no significant
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differences can be noticed. The velocity decrement in both
cases have the same general shape, characterized by the
steep gradient on the pressure side of the wake (upper
portion of the velocity decrement) and the gentle gradient
on the suction side (lower vortion of the velocity
decrement). The depth of the velocity decrement and the
magnitude and direction of the turbulence intensity vectors
are also the same,., When confiqurations 5 and 2 (Figs. 22&23)
"are comparea to configurations 1 and 6 a large difference in
their wake regions is noticed. Configurations 5 and 2, with
their larger magnitudes of roughness (19.8 and 26.9
micro-meters Ra respectively as compvaried to 0.5 and 2.11
micro-meters Ra for configurations 1 and 6), exibit a deeper
velocity decrement with larger gradiants on the sides than
configurations 1 and 6. The turbulence intensity vectors for
9onfigurations 5 and 2 also show an increase in magnitude
over configurations 1 and 6.

The velocity and turbulence intensity profiles suggest
that as the roughness level increases there is an
insignificant change in the flow over to the blade until a
threshold is acheived. Once this threshold is passed a
significant increase in the boundary layer growth occurs and

a loss of performance is experienced.

REPEATABILITY

During the testing of the various blade configqurations

great care was taken to insure constant test conditions

48
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during a run, It was found practically impossible to
duplicate test conditions from run to run because of changes
in the weather that affected the air supply’s humidity and
temperature. These changes in the air supply primarily
affected the hot wire system by increasing the heat transfer
from the sensor and the resistance of the probe support.
These changes caused a uniform shift in the measured
velocity data from 3 to 7 percent. This increase in the hot
wire velocity data caused the calculated exit mass flow rate
to be greater than the inlet mass flow rate as derived from
the inlet static and total pressure data. The pressure
transducers having been very stable over the course of the
study were assumed correct and the inlet mass flow
calculated from the pressure data was therefore assumed
correct. To correct the calculated exit mass flow a scaling
factor was applied to the hot wire velocity data that caused
the derived exit mass flow to equal that of the inlet.

To estimate the total error of the system duplicate
tests were run on configurations 1 & 8 and comparied for
repeatability. After the mass flow correction factor was
applied to the measured velocity the average performance
parameter, &, was within 3% for diplicate tests of the same
blade configuration as was the velocity data. The turbulance
intensity data differed by no more than 5% between the

duplicate tests.
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V. CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

The effect 0of roughness on the performance of
compressor blades was studied in a seven blade cascade of
NACA 64-2A905 blades. The cascade used did not use boundary
layer removal therefore could not be considered two
dimensional according to Erwin and Emery (Ref.5). The
results of this investigation showed that roughness has
significant affect on the loss of total pressure across the
cascade of blades but the data presented in this report
should not be considered hard fast design data.

Roughness affects the loss in total pressure across the
compressor blades as follows:

l. The greatest loss in total pressure occured with
roughness located near the leading edge of the blade.

2. The loss in total pressure across the blade is
dependent on the degree of roughness only after a threshold

level of roughness is exceeded.,

RECOMMENDA TIONS

A better understanding of how roughness affects the
loss in total pressure across compressor blades could be
accomplished if the boundary laver thickness of the blade
were evaluated and compared to the size of the roughness.
One possible method for evaluating the boundary layer

thickness would be to physicaly measure it with a hot wire
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'-j‘."-- anemometer. Before evaluating the boundary layer thickness a

new test section should be made that employs continuous
boundary layer removal along the side walls of the cascade.
Without boundary layer removal the cascade can not be
considered two dimensional according to the NACA report 1016
({Ref.5). In addition to the continuation of the present
investigation, a study of the effects that humidity have on
the heat transfer rate of hot film sensors and the effects
of a temperature change on the resistance of the hot wire

probe support should be initiated.
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APPENDIX A: ROUGHNESS DEFFINITIONS
ey
Surface roughness is defined as the finer
irregularities in the repetitive or random deviations from
an intended surface contour (Ref.l13). These random
deviations which look like a series of peaks and valleys are
most commonly characterized in terms of "Arithmetic Average

Roughness, Ra" as defined below.
Yr i}a
x
Y

‘jb Ra =T lyldx

Figure 24: Arithmetic Average Roughness

Arithmetic Average Roughness does not completly
characterize the surface for there could be several surfaces
with equal Ra but have different appearances and different

hydrodynamic characteristics Fig.2S.

4
(a) .gv@.w‘,c‘_‘:.j'_ Re,

(b) Ra,

1
©) =v=!=v-»va=-{ Ra,

Figure 25: Three different surfaces of equal Ra (Ref.l3)
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:j: - For this reason two other roughness parameters will be

{ defined Average Maximum Peak to Valley, Rtm; and Average

)

. Maximum Peak to Mean, Rpm.

2

;:J The Rtm roughness parameter characterizes the surface :

g .- i
” by measuring the maximum distance between peaks and valleys

.:'; over several measuring lengths and then averages these 3
N . . :
N maximums for the total traverse Fig.26. ‘

i ! Rmax, : : '

.;._' ‘ m:".‘.(a""’."l' Rmaz, :t“:' ! |

o

0 |

M | |

N , i | d
N t L : - L oo L |

- Assessmer: Lergtn J

.j Rtm = Rmax, « Rmau,_»ﬁr;axJ - Rmax, + Rmax, (13)

X ]

b ]

L& . . R

.~1 Figure 26: Derivation of Rtm Roughness (Ref.l4) 3

;il The Rtm roughness parameter defines the maximum average

o

{{ .peak to valley distance, which is important when studing the §
o hydrodynamic character of a surface, but does not '

Ff distinguish between a surface primarilly of valleys or peaks 1

ot 1

) as in Fig 25bsc. A third roughness parameter, Average i
. Maximum Peak to Mean Roughness, Rpm is defined in Fig.27 !
T4

-‘_: ) )
5 similar to Rtm but only measuring the peaks of the )
'J‘: 4
7 roughness. I

.::: - :
;;; . A 't length ( 1 4) 3

N ﬂpmn_gn . + Rp. + Rp, + Rp. + Rp.
AN
2

Figure 27: Derivation of Rpm roughness {
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With the three roughness parameters Ra, Rtm,and Rpm the
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surface’s hydrodynamic characteristcs can be adequately

defined.
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APPENDIX B: Velocity and Turbulence Intensity Profiles
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the velocity and turbulence intensity profiles down stream of the blade. The
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impact on ¢ and the velocity and turbulence intensity profiles. Changes
in the magnitude of the roughness did not affect the blade performance
until a threshold was exceeded then the performance decreased rapidily.

UNCLASS IF IED

SECURITY CLASSIFICATION OF THIS PAGE

..........................
.......




R 4
iy Joiad

'

¥ Al b




