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The effects of surface roughness on the aerodynamic performance of a turbine vane are
investigated for three Mach number distributions, one of which results in transonic flow.
Four turbine vanes, each with the same shape and exterior dimensions, are employed
with different rough surfaces. The nonuniform, irregular, three-dimensional roughness on
the tested vanes is employed to match the roughness which exists on operating turbine
vanes subject to extended operating times with significant particulate deposition on the
surfaces. Wake profiles are measured for two different positions downstream the vane
trailing edge. The contributions of varying surface roughness to aerodynamic losses,
Mach number profiles, normalized kinetic energy profiles, Integrated Aerodynamics
Losses (IAL), area-averaged loss coefficients, and mass-averaged loss coefficients are
quantified. Total pressure losses, Mach number deficits, and deficits of kinetic energy all
increase at each profile location within the wake as the size of equivalent sandgrain
roughness increases, provided the roughness on the surfaces is uniform. Corresponding
Integrated Aerodynamic Loss IAL magnitudes increase either as Mach numbers along the
airfoil are higher, or as the size of surface roughness increases. Data are also provided
which illustrate the larger loss magnitudes which are present with flow turning and
cambered airfoils, than with symmetric airfoils. Also described are wake broadening,
profile asymmetry, and effects of increased turbulent diffusion, variable surface rough-
ness, and streamwise development.
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1 Introduction

Turbomachinery efficiency and operational behavior are influ-
enced in important ways by the surface roughness of the turbine
vanes and blades. This paper presents experimental results which
illustrate the effects of roughness on the aerodynamic losses pro-
duced by cambered turbine vanes, both with and without different
types of surface roughness, operating over a range of flow condi-
tions which match those used in industrial applications.

The influence of surface roughness on adjacent flow behavior
has been of interest for researchers for almost 100 years. The use
of equivalent sandgrain roughness size k, to characterize and
quantify rough surfaces was first proposed and utilized by Ni-
kuradse [1] and Schlichting [2]. This quantity represents the size
of sand grains which give the same skin friction coefficients in
internal passages as the roughness being evaluated. This measure
of roughness size continues to be used widely in empirical corre-
lation equations (which are based on experimental data) to repre-
sent rough surface behavior, and for closure models employed in a
variety of numerical prediction codes. Later re-evaluation and ad-
ditional advances in the use of equivalent sandgrain roughness are
made by many researchers, including Coleman et al. [3], Sigal and
Danberg [4,5], Van Rjj et al. [6] and Zhang et al. [7].

In a paper published in 1975, Bammert and Sandstede [8] de-
scribe the influences of different manufacturing tolerances and
turbine airfoil surface roughness characteristics on the overall per-
formance of turbines. Particular attention is devoted to the effects
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of these parameters on efficiency, relative mass flow, enthalpy
drop, and outlet flow angle. Later work by the same authors [9]
considers the effects of the surface roughness on the boundary
layer development along blades arranged in a stationary cascade.
Momentum thicknesses are as much as three times values mea-
sured on smooth airfoils in regions of decelerating flow. Kind et
al. [10] investigate the effects of partial roughness coverage of
blade surfaces by measuring pressure distributions, profile losses,
and the flow deviations produced by a planar turbine cascade.
Different roughness heights, and different roughness element
spacings are considered. According to the authors, the largest pro-
file loss increases are produced by roughness located on the suc-
tion surface. Bogard et al. [11] analyze the surface roughness
characteristics of turbine vanes that have undergone a significant
number of hours of operation. Flat plate surfaces with cone
shaped elements are used to simulate the roughness which is
present on these vane surfaces. According to the authors, the ef-
fects of surface roughness and high free-stream turbulence are
additive along flat plates, and can produce heat transfer rate in-
creases that are as much as 100% greater than smooth surface
values. Abuaf et al. [12] quantify heat transfer and aerodynamics
performance characteristics of turbine airfoils with different sur-
face finish treatments. Experimental results show that tumbling
and polishing reduce the average roughness size and improve
overall performance. The authors also employ a Reynolds analogy
to determine skin friction coefficients, drag forces, and aerody-
namic efficiencies from airfoil surface heat transfer data. Leipold
et al. [13] employ a compressor cascade to investigate the influ-
ences of surface roughness at different inlet flow angles and Rey-
nolds numbers. The investigators indicate that surface roughness
has no effect upon the presence or location of laminar separation,
and that the roughness alters turbulent boundary layer separation
at high Reynolds numbers.
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The investigation by Sitaram et al. [14] attempts to reduce
losses by reducing the laminar separation bubble on the suction
surface of a turbine rotor blade by means of a two-dimensional
roughness element. Experimental data on wake pressure defects,
velocity, flow angle, and wake decay characteristics are obtained.
They conclude that blade static pressure distributions are little
altered by surface roughness on suction surfaces. Combined ef-
fects of surface roughness, freestream turbulence and Reynolds
number on heat transfer and laminar-turbulent transition are inves-
tigated by Stripf et al. [15]. Their results show a strong influence
of roughness on the onset of transition even for the smallest
roughness Reynolds numbers. Roberts and Yaras [16] also present
experimental results showing that transition inception location re-
mains sensitive to surface roughness with increasing freestream
turbulence.

Boyle and Senyitko [17] compare total pressure losses for
smooth and rough vanes over a range of Reynolds and Mach
numbers for three turbulence levels. Their work concentrates on
loss differences between the rough and smooth vanes, and on
approaches to predicting surface roughness effects. They indicate
that, at high Reynolds numbers, roughness nearly doubles loss
levels compared to ones which exist for the lowest Reynolds num-
ber employed. The effects of surface roughness on the aerody-
namic performance of symmetric airfoils are investigated by
Zhang et al. [18] with different inlet turbulence intensity levels.
Their results show that effects of changing the size of surface
roughness on the Integrated Aerodynamic Losses (IAL) are sub-
stantial, whereas the effects of different inlet turbulence intensity
levels are generally relatively small. In another study, Zhang et al.
[19] present experimental data on wake turbulence structure also
measured downstream of symmetric airfoils with different surface
roughness and inlet turbulence intensity levels. These authors in-
dicate that all wake profile quantities broaden and vortex shedding
frequencies decrease as either the level of surface roughness or the
turbulence intensity increases. Note that significant flow turning
from a cambered airfoil is not present in these two investigations
by Zhang et al. [18,19].

The present investigation is different from the investigations of
Zhang et al. [7,18,19] because a cambered turbine vane is used
which produces substantial flow turning, and matches a vane con-
figuration employed in an industrial application. Considered are
the effects of surface roughness on aerodynamic losses down-
stream of the vane for three different Mach number distributions,
one of which results in transonic flow (and matches flow condi-
tions in an industrial application). One smooth vane is employed,
along with two other vanes with three-dimensional roughness dis-
tributed uniformly over entire vane surfaces. A fourth vane is also
employed with roughness of different sizes distributed over the
vane surface (i.e., a variable rough surface) whose arrangement is
based on observations of roughened turbine vanes from industrial
applications. All four turbine vanes have the same shape and ex-
terior dimensions. These aspects of the present approach make the
present investigation unique and different from other investiga-
tions of turbine airfoil aerodynamic losses. As such, the data pro-
vide useful information to designers of turbomachinery compo-
nents for evaluation of turbine efficiency, and to individuals
developing models for CFD predictions. Wake profile data are
presented for two different locations downstream the vane trailing
edge, which illustrate the influences of varying surface roughness
and vane Mach number on local aerodynamic losses, local Mach
numbers, local kinetic energy, Integrated Aerodynamics Losses
(TAL), area-averaged loss coefficients, and mass-averaged loss co-
efficients. Included are comparisons with results from several
other recent investigations [10,17,20-22].

2 Experimental Apparatus and Procedures

2.1 Transonic Wind Tunnel (TWT). The University of Utah
Transonic Wind Tunnel (TWT) is used for the study because it
produces Mach numbers, pressure variations, Reynolds numbers,
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Table 1 Operating conditions
Exit Mach number M, 0.35 0.50 0.71
Exit Reynolds number* 0.5x10°  0.7x10° 0.95x10°
Inlet Reynolds number* 0.2x10°  0.3x10° 0.4x10°
Inlet Mach number 0.15 0.19 0.23
Inlet Total Pressure (kPa) 94 98 106
Inlet Turbulence Intensity  1.6% 1.2% 1.1%
Inlet Relative humidity 15-20% 15-20% 15-20%

passage mass flow rates, and scaled physical dimensions which
match values along airfoils in operating aero-engines and in gas
turbines used for utility power generation. The TWT blow-down
type facility consists of two main parts: (i) compressor and storage
tanks, and (ii) wind tunnel. The wind tunnel consists of five major
sub-sections: (i) flow rate and pressure level management appara-
tus, (ii) plenum tank, (iii) inlet ducting and test section, (iv) ple-
num, exit ducting, and ejector, and (v) control panel. Detailed
descriptions are provided by Jackson et al. [23] and Furukawa and
Ligrani [24].

A Gardner-Denver Co. model RL-1155-CB compressor is used
to pressurize the array of eight tanks whose total capacity volume
is 11.9 m3. A VanAir VAS93039 model D16-5 Deliquescent des-
iccant dryer, a Pall Corp. SEHG-4882-207 oil filter, and two Per-
manent Filter Corp. No. 13846 particulate filters are located just
downstream of the compressor to remove particulates and mois-
ture from the air. A Fisher pressure regulator with a 6 X4 EWT
design sliding gate valve, a Fisher type 667 diaphragm actuator, a
3582 series valve positioner, and a Powers 535 1/4 DIN process
controller are used to regulate the pressure in the test section as
the storage tanks discharge. A plenum tank, a 30.48 cm inner di-
ameter pipe, a circular-to-square transition duct, a nozzle, and the
test section then follow. The test section is connected to a large
92.71 cm by 91.44 cm by 91.44 cm plenum with a square plastic
flange at its outlet. The plenum diffuses high speed air from the
test section exit into a reservoir of low velocity air. This plenum is
then connected to two ducts which are subsequently connected to
the atmosphere.

Experimental parameters for the three different operating con-
ditions employed in this study are tabulated in Table 1.

2.2 Test Section. The present test section is designed to
match Reynolds numbers, Mach numbers, pressure gradients, pas-
sage mass flow rates, boundary layer development, streamline cur-
vature, airfoil camber, and physical dimensions of turbine vanes in
operating industrial engines. A schematic diagram of the test sec-
tion with the cambered vane is shown in Fig. 1, along with the x-y
coordinate system used for wake profile measurements. The inlet
of the test section is 12.70 cm by 12.70 cm. The side and bottom
walls of the test section are made of steel, and top wall is made up
of acrylic. As shown in Fig. 1, two zinc-selenide windows are also
placed on both of the sidewalls, so that the entire airfoil surface is
accessible to optical, surface temperature measurement schemes
such as infrared thermography.

Appropriate cascade flow conditions are maintained, in part, by
a pair of adjustable bleed ducts which are located on the two side
walls, as shown in Fig. 1. The flow rate of each bleed duct is
regulated using an adjustable ball valve. Following these, the test
section walls have the same pressure side and suction side con-
tours as the test vane. The exit area and exit flow direction from
the cascade test section can be altered by changing the angles of
the two exit tailboards, which are also shown in Fig. 1. Thus, (i)
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1. Nozzle 2. inlet Presstﬂfe Probe and Thermocouple
3. Test Blade 4. Bleeding system

5. Exit Pressure Probe and Thermocouple

8. Zinc-Selenide Window 7. Tailboard 8. Exit Plenum

Fig. 1 Schematic diagram of the test section, including wake
coordinate system

changing the total pressure at the test section inlet using the pres-
sure regulator/sliding gate valve arrangement; (ii) changing the
angular positions of the two tailboards; and (iii) adjusting the ball
valves of the bleeding system are employed to alter the Mach
number distribution along the vane in the test section, for a par-
ticular vane and test section configuration. By adjusting these
items, appropriate Mach number distributions along the test vane
are obtained, which are discussed later in the paper.

2.3 Test Vanes and Surface Roughness. Table 2 gives geo-
metric parameters of the test vanes. The coordinates of this test
vane profile were provided by personnel at Pratt and Whitney
Canada Corporation, along with appropriate operating conditions
which are used in industrial environments.

Four different vanes, all with the same exterior dimensions but
with different surface roughness characteristics, are used. One
vane has a smooth surface, two other vanes have uniform rough
surfaces, and one vane has variable roughness on the pressure
side. The roughness applied simulates the actual roughness which
develops on operating turbine airfoils, over long operating times,
due to particulate deposition and to spallation of thermal barrier
coatings (TBCs). The roughness is applied by bonding nickel par-
ticles, manufactured by Praxair Surface Technologies, Inc., to the
test vane surfaces. The bonding is implemented using a layer of
Cotronics Corp. Duralco 132 aluminum-filled, high thermo-
conductivity epoxy. This epoxy and the roughness particles are
applied to an indented region located across the central span of
each airfoil. This approach is used to give the same exterior di-
mensions to the surfaces of all four test vanes, regardless of
whether their surfaces are smooth or rough.

A schematic diagram of test turbine vane with uniform rough
surfaces is shown in Fig. 2(a). The vane with the uniform smaller-

Table 2 Test vane geometric parameters

True Chord ¢ 7.27cm
Axial Chord ¢x 4.85 cm
Pitch p 6.35 cm
Span 12.7 cm
Flow turning angle 62.75°
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Fig. 2 Test section vanes with rough surfaces. (a) Vane with
uniform roughness. (b) Vane with variable roughness on pres-
sure side.

sized roughness elements has Praxair T1166F particles, which
range in size from 20 to 53 um. The vane with the uniform larger-
sized roughness elements has Praxair NI-914 particles, which
range in size from 88 to 149 um. The vane with variable rough-
ness is shown in Fig. 2(b). Four types of different Nickel based
powders are used on the pressure side of a test vane, while the
suction side is left smooth. Detailed information regarding the
nickel powders and surface coverage for the variable rough vane
is given in Table 3.

The arrangement of variable rough surface is based on obser-
vations of roughened turbine vanes from industrial applications.
From these observations, the suction side is more or less uniform
in roughness, and remains at or very close to the “as-cast” condi-
tion, even after very long operating times. Pressure side rough-
ness, on the other hand, is more variable. Local roughness mag-
nitudes are often the same as on suction side roughness at the
leading edge. Local roughness sizes then vary linearly to the full
roughness size, which are typically reached at about 40% of the
distance along the pressure surface. Thus, differences in surface
roughness characteristics between the suction and the pressured
sides can be very significant due to the different flow and operat-
ing conditions encountered. There is also a considerable scatter in
the roughness patterns both in qualitative and quantitative terms
that are present on vanes and blades from operating engines. The
configuration of variable roughness investigated is one typical
configuration, as shown by the data presented in Fig. 2(b) and in
Table 3.

Table 3 Nickel based powders used on the test vane with vari-
able surface roughness on the pressure side

Percentage of the surface distance Powder Size
on the PS Side (starting from LE) Name (pm)
0-10% 0
10% - 20% NI-105 5-45
20% - 30% T1166F 20-53
30% - 40% NI-107 45-106
40% - 100% NI-914 88-149
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2.4 Pressure and Temperature Measurements. As tests are
conducted, Validyne Model DP15-46 pressure transducers (with
diaphragms rated at 13.8, 34.5, or 344.7 kPa), and calibrated
copper-constantan thermocouples are used to sense pressures and
temperatures at different locations throughout the facility. A
United Sensor PLC-8-KL pitot-static probe with an attached, cali-
brated Watlow standard type-K copper-constantan thermocouple,
and a four-hole conical-tipped pressure probe also with a similar
thermocouple are used to sense total pressure, static pressure, and
recovery temperature at the inlet and exit of the test section, re-
spectively, during each blow down. Mach numbers, sonic veloci-
ties, total temperatures, and static temperatures are determined
from these data. The four-hole probe has a tip which is 1.27 mm
in diameter, and a stem which is 3.18 mm in diameter. Each port
has a diameter of 0.25 mm. The overall response time of the pres-
sure measuring system is about 0.2 s. The conical probe is aligned
using two yaw ports placed on either side of the probe. The probe
is located downstream of the vane. The position in the streamwise
direction is adjustable. As a blow down is underway, it is tra-
versed across a full pitch using a two-axis traversing sled with two
Superior Electric synchronous stepper motors, connected to a Su-
perior Electric programmable motion controller and a Superior
Electric driver. Commands for the operation of the motion con-
troller are provided by LABVIEW 7.0 software and pass though a
serial port after they originate in a Dell Precision 530 PC work-
station. Each profile is measured through the wake from minus
y/cx locations to positive y/cx locations, and then repeated as the
probe is traversed in the opposite direction. The resulting data are
subsequently averaged at each wake measurement location.

Voltages from the carrier demodulators and thermocouples are
read sequentially using Hewlett-Packard HP44222T and
HP44222A relay multiplexer card assemblies, installed in a
Hewlett-Packard HP3497A low-speed Data Acquisition/ Control
Unit. This system provides thermocouple compensation electroni-
cally such that voltages for type T thermocouples are given rela-
tive to 0 °C. The voltage outputs from this unit are acquired by
the Dell Precision 530 PC workstation through its USB port, using
LABVIEW 7.0 software and a GPIB-USB-B adaptor made by Na-
tional Instruments.

2.5 Longitudinal Turbulence Intensity Measurements. A
single, horizontal-type platinum-plated tungsten hot-wire sensor,
with a diameter of 12.7 um and a length of 2.54 mm, is employed
to measure the time varying longitudinal component of velocity at
the inlet of the test section. The time-averaged longitudinal veloc-
ity, and longitudinal turbulence intensity are then determined from
these measurements. The measurement location is one axial chord
length upstream of the vane leading edge. The hot-wire probe is
driven by a Disa 55M10 constant-temperature hot-wire anemom-
eter bridge with an overheat ratio of 1.6. The analog signal from
this bridge is then processed using a Dantec 56N20 signal condi-
tioner with a low-pass, anti-aliasing filter set to 100 kHz. The
time-varying output voltage signal is then sampled at a 200 kHz
rate using a DATEL PCI441D I/O board installed in the Dell
Precision 530 PC workstation. During each measurement,
2,000,000 voltage values are sampled over a time period of 10 s.
Data are acquired using LABVIEW 7.0 software and then processed
further using MATLAB 6.1 software. The entire measurement sys-
tem, including the hot-wire sensor, is calibrated in the free-stream
of the TWT. A Kiel type pressure probe, wall static taps, and a
copper-constantan thermocouple are used to measure and deter-
mine the total pressure, static pressure, recovery temperature, and
velocity at the inlet of the test section as the calibration is con-
ducted.

2.6 Experimental Uncertainties. Uncertainty estimates are
based on 95% confidence levels, and determined using procedures
described by Kline and McClintock [25] and by Moffat [26].
Mach number uncertainty is 0.002. Uncertainty of temperatures is
0.15°C. Pressure uncertainty is 0.25 kPa. Uncertainties of
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Fig. 3 Mach number distributions along the test vane

Cp,M,/M,,, and KE are 0.0013 (0.07), 0.0023 (0.96), and
0.03(0.90), respectively, where typical nominal values of these
quantities are given in parenthesis. IAL uncertainty is
0.04 N/cm(0.800 N/cm). Magnitudes of TAL, determined from
replicate runs, are always within AL uncertainty ranges.

3 Experimental Results and Discussion

3.1 Test Section Flow Characteristics and Mach Number
Distributions. During each blow-down test, the total pressure,
Reynolds number, and turbulence level at the test section inlet are
maintained in a continuous and steady fashion for 45 s long time
intervals. Such characteristics are not only due to the TWT design,
but also to the excellent performance characteristics of the TWT
mainstream air pressure regulator and its controller. The total
pressure and static pressure show excellent spatial uniformity at
the inlet of the test section. Here, total pressure and static pressure
values vary by less than 0.5% of mean values as measurements
are made at five different pitchwise locations. Magnitudes of inlet
turbulence intensity, based on longitudinal velocity fluctuations,
are 1.1% for M.,=0.71, 1.2% for M.,=0.50, and 1.6% for M,
=0.35. The measurement location for these values is one chord
length upstream of the vane leading edge.

Table 1 gives experimental conditions for the three different
operating conditions which are employed in this study. Figure 3
shows the Mach number distributions along the turbine vane pres-
sure side and along the vane suction side for each of these three
operating conditions. Each different operating condition is pro-
duced by setting a different stagnation pressure at the test section
inlet using the TWT mainstream air pressure regulator. Note that
the exact same positions of the tailboards and the same flow set-
tings on the bleeding system (shown in Fig. 1) are used for each
flow condition. The data shown in Fig. 3 are based upon measure-
ments of total pressure at the test section inlet, and vane mid-span
static pressures. These are measured using two different airfoils
which are constructed especially for this task: (i) A smooth vane
(ks/cx=0), and (ii) a vane with uniform roughness (k,/cx
=0.00108). Each of these vanes has five pressure taps on the
pressure side, and five pressure taps on the suction side, as well as
one pressure tap located on the leading edge at the vane midspan.
As shown in Fig. 3, one Mach number distribution employed in
this study is transonic on the vane suction side and subsonic on
the pressure side, and the other two operating conditions are com-
pletely subsonic. Note that a strong adverse pressure gradient is
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Fig. 4 Distributions of acceleration parameter K

present on the suction side of the vane when Bx/cx>0.80 for
M.=0.71. Figure 3 also shows that the Mach number distribu-
tions on pressure and suction sides for all three exit Mach num-
bers are in excellent agreement with data from operating gas tur-
bine engine environments.

Figure 3 also shows that the Mach number distributions for the
roughened vane with k;/cx=0.00108 and the smooth vane are in
excellent agreement for two of the experimental conditions corre-
sponding to M.,=0.71 and M.=0.35. This means that: (i) the
roughness has little effect on the airfoil Mach number and surface
static pressure distributions, and (ii) the contour shapes of the
smooth vane and uniformly roughened vane with k;/cx=0.00108
are the same. This first result is consistent with data from Bam-
mert and Sandstede [9] and Kind et al. [10], who also show that
roughness has only small effects on the turbine airfoil pressure
distributions. Note that the trailing edge area is not accessible for
measurement because static pressure tap tubes cannot be installed
in the portion of the vane with such a small trailing edge diameter.
However, numerical predictions by Zhang et al. [7] show that
static pressures are only slightly different near the trailing edges
of symmetric airfoils with smooth and uniformly roughened
surfaces.

Figure 4 presents distributions of acceleration parameter K. For
each flow condition, considerably higher acceleration parameters
are present on the pressure side (K>2 X 107%). The resulting ac-
celeration is expected to produce thinning of the turbulent bound-
ary layers accompanied by a suppression of boundary layer turbu-
lence.

3.2 Comparison With Results From Ames and Plesniak.
To verify experimental data obtained and procedures employed, a
comparison is made with results from Ames and Plesniak [27]. To
do this, a total loss coefficient w is determined, which is defined
using

wzpoi_Poe (1)
P oi P se

The Ames and Plesniak data are taken approximately 0.3 axial
chord lengths downstream of a smooth vane with M., =0.27. The
vane used by Ames and Plesniak is two times the size of vanes
from present study, and has an exit angle of 72.4 deg, compared to
an exit angle of 62.75 deg for the present investigation. The
present data used for comparison are obtained for M =0.35 at a
measurement location of 0.25 axial chord length downstream of
the trailing edge of a smooth vane. Figure 5 shows that the two
sets of data have similar magnitudes and similar qualitative distri-
butions. The small quantitative differences are due to slightly dif-
ferent vane configurations, flow conditions, and measurement lo-
cations relative to the vane trailing edges. Overall, the agreement
between the two data sets provides verification of procedures and
results from the present study. Note that no significant freestream
losses are present in either study at these experimental conditions
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Fig. 5 Comparison of smooth vane wake total pressure loss
coefficient profile with similar data from Ames and Plesniak
[27]

because they entail the use of low inlet turbulence intensities and
relatively low subsonic Mach numbers.

3.3 Rough Surfaces Measurement and Characterization.
Magnitudes of equivalent sandgrain roughness are determined for
all surfaces under investigation using procedures described by Van
Rij et al. [6]. The first step in this process is determination of
detailed surface contour coordinates using a Wyko high-resolution
Optical Surface Profilometer. Figure 6(a) shows an enlarged im-
age of a portion of the test rough surface which is comprised of
nickel powder T1166F, obtained from such optical profilometry
data. The image of a rough surface from the pressure side of a
turbine vane from a utility power engine is shown in Fig. 6(b).
This particular sample is obtained from a location on the surface
which is located close to the trailing edge area, which is rough-
ened due to surface particulate deposition. The qualitative and
quantitative similarity of the two images is apparent, including the
distributions, irregularity, nonuniformity, and three-dimensional
nature of the roughness elements. Equivalent sand grain rough-
ness size of this real turbine vane surface is about 62.3 um, which
is close to 52.59 um, the size for the test surface with Nickel
powder T1166F. Table 4 also shows the similarity of other surface
roughness statistics from the utility power engine turbine vane to
test surfaces comprised of Nickel powders T1166F and NI-914.

The second step in the procedure is numerical determination of
a modified version of the Sigal and Danberg roughness parameter
A [4-6]. According to van Rij et al. [6], the modified version of
A, is defined using

w5 2
s/\s,

where S is the reference area, or the area of the smooth base
surface before adding on the roughness, Sy is the total frontal area
over the rough surface, and S; is the windward wetted surface area
of all of the roughness elements on the surface. S/Sy is then a
roughness density parameter, and S/S, is a roughness shape
parameter.

In the third part of the procedure, with A, known, the ratio of
equivalent sandgrain roughness size to mean roughness height,
ky/k, is determined using a correlation for three-dimensional, ir-
regular roughness with irregular geometry and arrangement. Ac-
cording to van Rij et al. [6], k,/k is given by
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Fig. 6 Three-dimensional Wyko profilometry traces of por-
tions of the rough surfaces. (a) Simulated rough surface with
small-sized roughness elements. (b) Rough surface from the
pressure side of a turbine vane with particulate deposition from
a utility power engine.
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The mean roughness height k is estimated as the distance between
the maximum point of the ensemble-average of all of the rough-
ness peaks in any roughness sample, and a base height. Determi-
nation of this base location is based on analytic procedures which
are also given by Van Rij et al. [6].

With this approach, magnitudes of equivalent sand grain rough-

=~

3)

> |

ness size for the three-dimensional, irregular roughness of the
present study are determined. Resulting values are given in Table
4, where each is based on an average of measurements from eight
separate profilometry scans of each surface.

3.4 Local Aerodynamic Performance. Here, the effects of
surface roughness and exit Mach number on the local wake pro-
files are presented and discussed. To provide an appropriate stan-
dard of comparison, each profile is measured over one complete
exit pitch spacing (or one complete exit vane spacing). In addi-
tion, the inlet total pressure is always kept constant as different
vanes are employed for the same operating condition.

Figures 7 and 8 show the effects of surface roughness on nor-
malized local total pressure losses C,, normalized local Mach
numbers M,/M, ., and normalized local kinetic energy KE for
M=0.71. These data are measured in the wake at 0.25 chord
lengths and one axial chord length downstream of vanes, respec-
tively. The different profiles provide information on local wake
deficits of total pressure, Mach number, and kinetic energy. Data
are given for a smooth vane, and vanes with uniform small-sized
roughness  (k,/cx=0.00108), uniform large-sized roughness
(ky/cx=0.00258), and variable roughness. The inlet total pressure
is kept constant at 106 kPa to maintain the same operating
condition.

The wake profiles shown in Figs. 7 and 8 are asymmetric. Suc-
tion side wakes (at negative y/cx) are thicker than the pressure
side wakes (at positive y/cx). The asymmetry in the wake is due
to loading on the vane surface, and the past history of the flow. In
addition, the growth and development of boundary layers on the
suction and pressure sides are different. On the suction side,
where local freestream velocities are higher, the boundary layers
continue to become thicker up to the trailing edge. The thicker
boundary layers then separate from the suction surface of the
vane, which affects wake behavior immediately downstream of
the trailing edge. In contrast, on the pressure side, boundary layers
decrease in thickness in the back section of the vane contour as a
result of locally higher flow acceleration. Bammert and Sandstede
[9] report data showing the boundary layer on the suction side is
considerably thicker than on the pressure side. According to them,
wake profile losses are determined more by suction side events by
a factor about 2.5-3.5 times compared to events originating near
the pressure side.

Figure 7 shows that total pressure losses, Mach number deficits,
and deficits of kinetic energy all increase at each y/cx location
within the wake as k,/cx increases, provided the roughness on the
surfaces is uniform. The boundary layers along the vane surfaces
are thickened as k;/cx increases, which is accompanied by higher
magnitudes of Reynolds stress tensor components, higher magni-
tudes of local turbulent transport, and higher surface skin friction
coefficients. The broader wakes with increased roughness size in
Fig. 7 are then the result of: (i) different boundary layer develop-
ment with various roughness, (earlier laminar-turbulent transition
might be caused by surface roughness, as discussed by Stripf et al.
[15] and Roberts and Yaras [16].); (ii) augmentations mixing and
turbulent transport in the boundary layers which develop along the

Table 4 Characteristics of rough surfaces investigated

Surface A, ky'k k(um)  k(um) ky/cx
Smooth 3020.7 0026 3.50 .0094 0
Rough Surface with Nickel Powder T1166F 20.1 1.889 2792 52.59 00108
Rough Surface with Nickel Powder NI-914 15.4 1.959 64.03 125.19 00258
Variable Rough Surface See Fig. 2b

Turbine vane from a utility power engine 43.5 1.641 40.82 62.30 .00129
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Fig. 7 Profiles measured at 0.25 axial chord length down-
stream of the test vane for M,,=0.71. (a) Normalized local total
pressure losses. (b) Normalized local Mach numbers. (¢) Nor-
malized local kinetic energy.

roughened vanes; (iii) thicker boundary layers at the trailing edges
of the roughened vanes; and (iv) increased turbulent diffusion in
the transverse direction within the wake as it advects downstream.

Compared with the results in Fig. 7, the profiles in Fig. 8 (mea-
sured one chord length downstream of the vane) are broader (i.e.,
spread over a wider range of y/cx), with lower peak values. This
is mostly a result of transverse turbulent diffusion of streamwise
momentum as the wake advects from 0.25 to one axial chord
length downstream. Figures 7 and 8 additionally show that in-
creased thickening of the wake is especially apparent as surface
roughness size becomes larger. This is especially apparent and
more substantial within the wake at negative y/cx values, or
downstream of the suction sides of the vanes. In contrast, the
effects of surface roughness are much less apparent for positive
y/cx values, or downstream of the pressure sides of the vanes.
This is especially evident in Fig. 8 since profiles for all three k,/cx
values (0, 0.00108, 0.00258), as well as for the variable roughness
vane, are similar for y/cx>0.05. This is partially due to the dif-
ferent growth of boundary layers on the pressure and suction sides
for different amounts of surface roughness.

Figures 7 and 8 also include measurements made downstream
of the vane with variable roughness shown in Fig. 2(b). In most
cases, variable surface roughness profile points in Figs. 7 and 8 lie
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Fig. 8 Profiles measured at one axial chord length down-
stream of the test vane for M,,=0.71. (a) Normalized local total
pressure losses. (b) Normalized local Mach numbers. (c¢) Nor-
malized local kinetic energy.

between the profiles measured with k;/cx=0, and k/cx
=0.00108 for y/cx>-0.1. This is partially due to different rates
of boundary layer development as different levels of roughness
are encountered along the vane pressure surface. This gives dif-
ferent magnitudes of boundary layer mixing and losses, and a
different wake initial condition near the vane trailing edge, com-
pared to vanes with uniformly roughened surfaces. These changes
produced on the vane pressure side appear to have some influence
on initial wake behavior downstream of the vane suction side. As
a result, suction side wake profiles at y/cx <0 downstream of the
vane with a variable rough surface are widened. Thus, suction side
wake profiles in Figs. 7 and 8 are also widened somewhat for the
vane with variable roughness, even though this vane has a smooth
suction side. Overall, the wakes are pushed toward smaller y/cx
values as they are advected downstream (i.e., towards the vane
suction side), regardless of the level, uniformity, or variability of
the roughness along the surfaces of the vanes.

Figures 9 and 10 show the effects of surface roughness on C,
profiles in the wake which are measured one axial chord length
downstream of test vanes at M.,=0.50 and 0.35, respectively.
From these two figures, the asymmetry, widening and broadening
wake with roughness are quite similar to results which are given
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Fig. 9 Normalized local total pressure loss profiles measured
at one axial chord length downstream of the test vane for M,
=0.50

in Fig. 8(a). For example, as the level of surface roughness in-
creases, losses increase substantially at negative y/cx values (i.e.,
downstream of vane suction sides), whereas smaller variations
with changing surface roughness are evident at positive y/cx val-
ues (i.e., downstream of vane pressure sides). Comparing results
in Figs. 10, 9, and 8(a) shows that peak values of total pressure
loss coefficients increase dramatically as M., increases. For ex-
ample, peak values are approximately 0.03 at M.,=0.35, 0.06 at
M=0.50, and 0.15 at M.,=0.71. The wakes also become wider
as M., increases. Wider C, profiles are a result of higher advec-
tion speeds, as well as increased diffusion within the wake. The
change of the Mach number distribution along the vane for differ-
ent M., also affects the pressure gradient imposed on the bound-
ary layer. At higher exit Mach numbers, greater losses are created
due to higher rates of turbulence mixing with higher stain rates.
Compressibility, which becomes more important at higher exit
Mach numbers, also produces additional alterations to the charac-
ter and development of boundary layers.

Figures 9 and 10 also show wake shifting towards more nega-
tive y/cx values with streamwise development. This becomes
more substantial as the level of surface roughness increases, or as
the exit Mach number decreases. For example, the data in Fig. 9
for M.=0.50 indicate that the roughened vanes with k/cx
=0.00108 and k,/cx=0.00258 have flow deviation angles esti-
mated to be 0.7 and 1.5 deg, respectively. Figure 10 for M.
=0.35 shows that roughness produces even larger deviation angles
of approximately 1.3 and 2.9 deg for k,/cx=0.00108 and k,/cx
=0.00258, respectively. Deviation angles thus appear to increase
as M., decreases or as kg/cx increases. Larger flow deviations are
more apparent at lower exit Mach numbers probably because of
earlier flow separation near the suction side trailing edge.
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Fig. 10 Normalized local total pressure loss profiles measured
at one axial chord length downstream of the test vane for M,
=0.35
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Fig. 11 Comparison of normalized integrated aerodynamic
loss as dependent upon the normalized equivalent sand grain
roughness size

3.5 Integrated Aerodynamic Losses. Dimensional magni-
tudes of Integrated Aerodynamic Loss, IAL, are determined by
integrating profiles of (P,;—P,,) with respect to y in the transverse
flow direction across the wake for one single vane spacing, from
-pl2 to p/2.

pl2
IAL = f (Pni - Poe)dy (4)
-pl2

In the present study, IAL magnitudes are mostly the result of two
phenomena. These are: (i) the losses resulting from formation of
the boundary layers along the vane surfaces, and (ii) the flow
separation, recirculation zone, and wake mixing losses that are
initially present just downstream of the vanes.

IAL magnitudes are determined from profiles that are measured
25% of one axial chord length, and one axial chord length down-
stream of the turbine vane. Such IAL magnitudes are presented in
Fig. 11 as dependent upon the normalized equivalent sandgrain
roughness size for three exit Mach numbers. The overall trends of
the data in this figure illustrate the dominating influences, first, of
the Mach number distribution along the airfoil (as designated by
exit Mach number), and second, of the surface roughness (as char-
acterized by normalized equivalent sandgrain roughness size). For
each value of k;/cx, dramatic and important IAL magnitude in-
creases are present as higher Mach numbers are present along the
airfoil. This is mostly due to higher advection speeds, increased
diffusion, and probably earlier laminar to turbulent boundary layer
transition of the boundary layers at higher Mach numbers, noting
that Reynolds numbers and Mach numbers are not independent in
the present study. IAL magnitudes also increase almost linearly as
ky/cx increases for each profile measurement location and for
each value of exit Mach number. The IAL differences obtained at
each M, for lcx and 0.25¢x are relatively small compared to
overall IAL loss magnitudes. This is a result of how momentum
and turbulence kinetic energy are conserved through the wake.
Near the vane trailing edge, most turbulence in the wake is ini-
tially produced in the separated and recirculating flow zones,
which give the initial condition for wake profile development, as
well as initial values of turbulence at the beginning of the wake.
As the wake continues to develop downstream, turbulence decays
with streamwise distance because turbulence production is less
than diffusion and advection. As a result, the shape of momentum
deficit changes mostly due to the transverse diffusion of momen-
tum. Overall magnitudes of total pressure deficits and momentum
deficits then do not change greatly as the wake is advected in the
streamwise direction because not much mean streamwise momen-
tum is converted into turbulence by local shear and turbulence
production. Such trends in the present data are consistent with
results presented by Mee et al. [28], who suggest that most en-
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Fig. 12 Comparison of normalized integrated aerodynamic
loss magnitudes as dependent upon exit Mach number, and
measured one chord length downstream of the airfoils

tropy increases take places close to the trailing edge of the airfoils.
Additional mixing losses are then only a small fraction of overall
loss magnitudes.

IAL data are normalized using the test section passage pitch p
and test section inlet stagnation pressure P, in Fig. 12, which
shows how JAL data vary with exit Mach number for different
values of k,/cx. IAL values increase as the exit Mach number
increases for each value of k;/cx. Note that dramatic increases in
IAL magnitudes are observed as the exit Mach number increases
from 0.50 to 0.71. This is due in part to the flow diffusion zone
which is present for Bx/cx>0.80 on the suction side of the M,
=0.71 vane. The overall data trend is consistent with results from
Zhang and Ligrani [20], whose data for a symmetric airfoil are
included in Fig. 12 and show similar qualitative trends. When
compared at the same exit Mach number, the present normalized
IAL data for cambered test vanes are then much higher than data
obtained downstream of straight symmetric airfoils without flow
turning. This is due to different flow diffusion-separation zones,
and different flow development over the symmetric and cambered
airfoils from different pressure gradients and different amounts of
streamline curvature which are imposed on airfoil boundary lay-
ers. Such imposed pressure gradients are a result of airfoil shape,
the imposed Mach number distribution, and streamline curvature
and flow turning in the flow outside of the boundary layers. Over-
all, these results show that greater losses are present with flow
turning and cambered airfoils.

One data point is included in Fig. 12 for the vane with variable
roughness. As mentioned, different wake behavior is tied to dif-
ferent rates of boundary layer development (especially on the
vane pressure side), different magnitudes of boundary layer mix-
ing and losses, and a different wake initial condition near the vane
trailing edge (on both pressure and suction sides), compared to
vanes with uniformly roughened surfaces. As a result, the corre-
sponding normalized IAL value in Fig. 12 is between values for
the k;/cx=0.00108 and k,/cx=0.00258 uniformly roughened
vanes for an exit Mach number of 0.71.

3.6 Comparisons With Loss Data From Other Research
Groups. Different loss coefficient definitions are generally em-
ployed by different research groups. Of these, Boyle and Senyiko
[17] and Boyle et al. [21] employ an area averaged loss coeffi-
cient, Yy, in their analysis, which is defined using an equation of
the form
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Fig. 13 Comparison of area averaged loss coefficient with
Boyle and Senyitko [17], and Boyle et al. [21]

P, —P
YA= oi oe, A (5)
Pai - Pse.A

Here, P,, 4 and P, 4 are area averaged exit total pressure and
static pressure, respectively. These are determined using equations
given by

pl2
Poe,A = f Pned(y/p) (6)
—pl2
and
pl2
P,\'e,A = f Psed(y/p) (7)
-pl2

respectively. Boyle and Senyiko [17] employ vanes with 5.18 cm
axial chord length and 75 deg flow turning angle. Their data are
based on measurements made 0.35 of an axial chord length down-
stream of their vane. In the same experimental facility, Boyle et al.
[21] employ vanes with 4.445 c¢m axial chord length and approxi-
mately 80 deg flow turning angle in their investigation. Figure 13
shows comparisons of their data with results from the present
study over a range of exit Mach numbers and different k,/cx
values. These data indicate that higher Y, losses are generally
observed as either exit Mach number or surface roughness in-
creases. Of particular interest is the dramatic increase in present
Y, magnitudes that occurs as the exit Mach number increases
from 0.5 to 0.7 for the airfoils with k,/cx magnitudes of 0 and
0.0108. Note that Y, magnitudes from smooth vanes from Boyle
and Senyiko [17] and Boyle et al. [21] are somewhat different
from each other because of different vane configurations and dif-
ferent operating conditions in the two investigations. Such differ-
ences also partially account for some of the differences between
these data and results from the present investigation. In other
cases, the present results show agreement with some of the results
from Refs. [17,21].

Kind et al. [10] employ a mass averaged loss coefficient, Y, in
their turbine cascade investigation, which is defined using

Poi - Pue,m (8)
em

Y,=

where p,, ,, and g, , are mass-averaged exit total pressure, and
mass-averaged dynamic pressure, respectively. These two param-
eters are defined with equations that are given by
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pl2
f puP . dy
/2

P

Poe,m = (9)
PoclecD
and
pl2
f puq.dy
—pl2
o= (10)
Poslhecp

respectively. Data from Kind et al. [10] are presented and com-
pared with some data from the present investigation in Fig. 14.
Their data are measured 0.4 of an axial chord length downstream
of their airfoil. In Fig. 14, Y, loss coefficient data are given as
they vary with normalized mean roughness height k/c since
sandgrain roughness height, k,, is not available from Kind et al.
[10]. Y, loss coefficient results from the present study as well as
from Kind et al. [10] increase as the normalized mean roughness
height becomes larger. Similar magnitudes of Y, for the two stud-
ies are evident for k/c=0 (i.e., smooth vane surfaces). However,
differences are evident between the two data sets when k/c>0,
which are most likely due to different surface roughness charac-
teristics. For example, the Kind et al. [10] roughness with k/c¢ of
0.002, may be comprised of roughness elements with different
density compared to ones employed in the present study. Such
roughness could thus give different Y, loss coefficient magnitudes
even though mean roughness heights may be comparable.

4 Summary and Conclusions

The effects of surface roughness on the aerodynamic perfor-
mance of a turbine vane are investigated for three Mach number
distributions, one of which results in transonic flow. All three
Mach number distributions and the vane configuration match ar-
rangements employed in industrial applications. One smooth vane
is employed, along with two other vanes with three-dimensional
roughness distributed uniformly over entire vane surfaces. A
fourth vane is also employed with roughness of different sizes
distributed over the vane surface (i.e., a variable rough surface)
whose arrangement is based on observations of roughened turbine
vanes from industrial applications. All four turbine vanes have the
same shape and exterior dimensions. This is verified for the
smooth vane and the vane with uniform k,/cx=0.00108 roughness
since the same Mach number distribution is present with each.

The nonuniform, irregular, three-dimensional roughness on the
tested vanes is employed to match the roughness which exists on
operating turbine vanes and blades subject to extended operating
times with significant particulate deposition on the surfaces. This
is verified by detailed three-dimensional optical profilometry
traces and rough surface statistics (such as equivalent sandgrain
roughness size) which are similar for the roughness from a power
engine turbine blade and the test surfaces employed in this study.

Journal of Fluids Engineering

Total pressure losses, Mach number deficits, and deficits of ki-
netic energy all increase at each y/cx location within the wake as
kg/cx increases, regardless of the level, uniformity, or variability
of the roughness along the surfaces of the vanes. The wakes also
become broader with increased roughness size or with increased
exit Mach number M., due to higher advection velocities, aug-
mentations of mixing and turbulent transport, thicker boundary
layers, earlier laminar-turbulent transition and increased turbulent
diffusion. Peak values of total pressure loss coefficients also in-
crease dramatically as M., increases. In general, these profiles are
asymmetric because the effects of surface roughness are much less
apparent for positive y/cx values, downstream of the pressure
sides of the vanes. This is due to different loading, different
boundary layer growth, and different susceptibility to flow sepa-
ration on the different vane surfaces, which also causes the suction
side wakes (at negative y/cx) to be thicker than the pressure side
wakes (at positive y/cx). Overall, the wakes are pushed toward
smaller y/cx values as they are advected downstream (i.e., to-
wards the vane suction side), regardless of the level, uniformity, or
variability of the roughness along the surfaces of the vanes. Aside
from this, the data from a vane with variable surface roughness
show different quantitative and qualitative trends compared to
profiles measured downstream of vanes with roughness spread
uniformly over the surfaces. This is partially due to different rates
of boundary layer development as different levels of roughness
are encountered along the vane pressure surface.

For each value of k,/cx, dramatic and important IAL magnitude
increases are present as higher Mach numbers are present along
the airfoil. AL magnitudes also increase almost linearly as k,/cx
increases for each profile measurement location and for each
value of exit Mach number. When the exit Mach number is 0.71,
the normalized TAL value for the variable roughened vane is be-
tween values for the k;/cx=0.00108 and k,/cx=0.00258 uni-
formly roughened vanes. In contrast, the IAL differences obtain-
ed at each M, for lcx and 0.25c¢x are relatively small compared
to overall IAL loss magnitudes. This is because not much mean
streamwise momentum is converted into turbulence by local shear
and turbulence production as the wake is advected in the stream-
wise direction. When compared at the same exit Mach number,
the present normalized AL data for cambered test vanes are much
higher than data obtained downstream of straight symmetric air-
foils without flow turning. Overall, this means that greater losses
are present with flow turning and cambered airfoils, than with
symmetric airfoils.

Magnitudes of area-averaged loss coefficients Y, generally in-
crease as either exit Mach number or equivalent sandgrain rough-
ness size increases. The increases in Y, magnitudes are especially
substantial as the exit Mach number increases from 0.5 to 0.7 for
the smooth vane and the uniformly roughened vane with k,/cx
=0.0108. Mass-averaged loss coefficients ¥, show similar trends,
since they also increase as normalized mean roughness height
becomes larger for a particular value of vane exit Mach number.
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