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This paper describes a numerical investigation on the performance deteriorations of a low
speed, single-stage axial turbine due to use of rough blades. Numerical calculations have been
carried out with a commercial CFD code, CFX-Tascflow, by using a modified wall function to
implement rough surfaces on the stator vane and rotor blade. To assess the stage performance
variations corresponding to 5 equivalent sand-grain roughness heights from a transitionally

rough regime to a fully rough regime, stage work coefficient and total to static efficiency were

chosen. Numerical results showed that both work coefficient and stage efficiency reduced as
roughness height increased. Higher surface roughness induced higher blade loading both on the
stator and rotor which in turn resulted in higher deviation angles and corresponding work

coefficient reductions. Although, deviation angle changes were small, a simple sensitivity analy-
sis suggested that their contributions on work coefficient reductions were substantial. Higher
profile loss coefficients were predicted by higher roughness heights, especially on the suction
surface of the stator and rotor. Furthermore sensitivity analysis similar to the above, suggested
that additional profile loss generations due to roughness were accountable for efficiency reduc-

tions.
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Nomenclature

¢ . Speed D . Pressure

cp» . Pressure coefficient Q : Torque

ks . Sand-grain roughness height Re : Reynolds number

k* ! Roughness Reynolds number s * Entropy

w . Mass flow rate T ' Temperature

U : Rotor tip speed
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. Kinematic viscosity
. Flow coefficient

. Density

. Loss coefficient

> Work coefficient

. Rotating speed

E2=2MD BT

Superscripts
* ! Smooth case
* % . One dimensional

Subscripts

abs . Absolute value

rel : Relative value

. Stator inlet

. Stator outlet (rotor inlet)
. Rotor outlet

. Static condition

. Total condition

-~ YW N -

1. Introduction

Blade surfaces in the turbine stage experience

significant performance degradation during oper- -

ation. Deposition of foreign dust, thermal erosion,
collision or pitting of particles, result in increase
of surface roughness of stator or rotor blades and
such a grown surface roughness adversely affects
stage performance such as stage efficiency, work
coefficient, or rate of heat transfer. Many previous
experimental studies have focused on these per-
formance deteriorations. Bammert et al. (1980) re-
ported that rough surfaced cascade blades pro-
mote transition to turbulent flow and increase
friction coefficients, which result in a efficiency
drop of 7~ 14 percent. In addition, Boyton et al.
(1993) tested a fully setup system and found that
stage efficiency improves by 2 percent when the
rough coating of turbine rotor blades is polished.
Consequently, surface roughness causes substan-
tial deterioration of turbine stage efficiency. Bammert
et al.(1980) also reported that increase in profile
loss due to roughness at the suction side was 2~3
times higher than that of the pressure side. Kind
et al. (1998) differentiated the roughness effect on
different locations of the rotor and stator in a
turbine cascade and found that roughness on the

suction surface caused substantial increase in pro-
file loss compared to the pressure surface. Most
of these researches were carried out by experi-
mentation. However, experimenting with surface
roughness is known to be difficult to execute and
more database for turbine performance is re-
quired.

Therefore, numerical investigation on the rough-
ness effect has also been initiated recently. Kind et

- al.(1998) also carried out inviscid calculations

using a vortex panel method with source distri-
butions to represent boundary layer displacement
effect, and results coincided with their measured
data.” Guo et al.(1998) used a three-dimension-
al CFD code to predict local Mach number and
heat transfer coefficients over airfoil surfaces and
end-walls of a transonic gas-turbine nozzle guide
vane. They modified the law of the wall for cal-
culations on rough surfaces and their results con-
formed to the overall trend of the measured data.
Boyle et al.(2003) also tried a numerical method
with a quasi-3D Navier-Stokes code for a rough
linear turbine cascade and showed the relation-
ship between the profile loss and the Reynolds
number. Most recently, Shabbir et al. (2004) modi-
fied Spalding’s formula to predict skin friction
of rough surface and validated their code by com-
paring their results with measured rough cascade
data by Bammert et al.(1972). Recently, some
commercial CFD codes such as TASCflow, Flow
3D have appended capabilities for rough surfaces
by modifying the law of the wall (AEA-Tech-
nology, 1999 ; Souders et al., 2002).

However, most of the precedent studies regard-
ing roughness effects have been carried out with
a cascade. Few researches regarding roughness
effects on a fully rotating system have been re-
ported and few measured data is available. There-
fore we simulated flows in a low speed, single-
stage axial flow turbine stage with and without
roughness on the stator and rotor surfaces to pre-
dict performance deterioration. Themain objec-
tive of this study is to estimate amounts of per-
formance deterioration due to change in surface
roughness on the stator and rotor and investigate
the main source of roughness effect on perform-
ance reduction.
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2. Roughness Modeling in CFD

It is well known that surface roughness has
little influence on the velocity profiles in a la-
minar flow. But in a turbulent flow, even a small
amount of roughness will break up the thin vis-
cous inner layer and greatly increase wall fric-
tion and momentum and heat transfers (White,
1991). The logarithmic overlap layer begins to
deviate from that of the smooth wall by amount of
Aw* as appeared in Eq. (1). The Au* is usually
modeled as a function of the roughness Reynolds
number, £ defined in Egs. (2) and (3).

1

u+=m1n y*+5.0—Au’t (1)

1
Au+—0_41 In(14+0.3%%) (2)
k+= ksu* (3)

v

There are three roughness regimes corresponding
to £t (Nikuradse, 1933).

k<5 . hydraulically smooth wall
5<k*<70 : transitional-roughness regime
k*>70 fully rough flow

The main idea of implementing roughness ef-
fects into TASCflow is to use a modified wall
function, e.g. Eq. (1), instead of the conventional
one (AEA Technology, 1999). Some precedent
researches showed this simple modification could
reasonably predict the velocity profile (Souders
et al., 2002) and friction coefficient near the rough
wall (Kang et al., 2003). Due to this effectiveness,
many commercial CFD codes adopt this type of
roughness modeling. It should be noted that tur-
bulence transition cannot be predicted with this
modeling. However turbulence transition occurs
at the fore part of the blade (Yun et al., 2004) and
early transition has little effects on the main flow.
Therefore transition effects were not taken into
account into this calculation. In this study, CFX-
TASCflow is used for numerical analysis for a
turbine stage with rough stator and rotor blades.
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3. Validation of Roughness Modeling

The roughness modeling in TASCflow is as-
sessed by comparing the numerical results of a
rough NACA 65-0610 airfoil with available mea-
sured data by Bammert (1972). Fig. | shows com-
putational grid of the airfoil. To match the experi-
mental condition, stagger angle and flow angle
are set to be 48 deg and 52.5 deg, respectively.
Solidity is set to be 1.0. Inlet total pressure, which
is given as the inlet boundary condition with flow
angle, is evaluated from the Reynolds number of
4.3X10°. Also static pressure condition is spec-
ified at the outlet boundary condition. Five dif-
ferent normalized roughness heights, ks/[=0.23 X
1073,0.56 X107, 1.56 X 107%,3.22X 107® and 5.56 X
1073 are given to simulate roughness effects.

Figures 2 and 3 show distributions of mass
averaged loss coefficient and turning angle at the
exit of the airfoil. The result show that as the
roughness height increases, both loss and devia-
tion angle increase. Higher total pressure loss re-
gion appears at the trailing edge of the suction
surface while the pressure surface scarcely affected,
which is not presented in this paper. As a result,
higher pressure difference between the pressure
and suction sides occurs at the trailing edge and
it leads to a less turning of the working fluid.
Similar calculations were carried out by Shabbir
et al.(2004). They also tried to predict rough-
ness effects by modifying wall function with

Fig. 1 Computational grid of NACA 65-1210
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Spalding’s formula and similar trend appeared
both in the turning angle and loss coefficient dis-
tributions. Both results show that when the rough-
ness height is high enough to be in the fully rough
regime (in this study, when k,// is over 3.22X
107%), their change ratios of loss and turning angle
become less sensitive to the surface roughness.
Comparing our calculation results with Bammert’s
experimental results and Shabbir’s numerical re-
sults, it can be said that roughness modeling in
TASCflow reasonably predicted the roughness
effects.

Although both results show the correct trends
for loss and deviation, the experimental data show
a more pronounced roughness effect. The major
reason of these differences is that numerical re-
sults do not predict flow separation near the trail-
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ing edge that appeared in the experimental results
(Bammert, 1973). But prediction of separation is
sensitive to turbulence modeling, Reynolds num-
ber and so on. Therefore the current roughness
modeling is not fully responsible for the underes-
timated results. And also Shabbir (2003) pointed
out that the aspect ratio of the experimental cas-
cade is not sufficiently high enough to avoid
three dimensional effects and the cascade with 4
passages is not necessarily periodic.

4. Numerical Simulations of an
Axial Turbine Stage

Table 1 gives brief specifications of an axial
turbine stage for this study. The turbine stage was
designed and experimented by Yoon (2002). The
maximum rotating speed is 1600 rpm and the
maximum shaft power is 15 kW. At the design
point, the inlet flow velocity is 20 m/s.

Steady state calculations have been carried out
with a commercial CFD code, CFX-TASCflow,
which is a FVM based solver for the Navier-
Stokes equation using a flexible multi-block grid
system and several sophisticated modeling tools,
especially for rotating machinery and combustion
applications. To support parallel computation ca-
pability of TASCflow, a cluster computer with 8
AMD MP 2400+ CPUs was used. Approximate-
ly 3 hours were taken to get a converged solution
for each case. The maximum residual convergence
criterion for mass and momentum equations was
set to be 107°,

Figure 4 shows computational grids comprised

Table 1 Specification of turbine stage

Stator Rotor

Axial chord [mm] 96.01 41.04

Hub diameter [mm] 562.8 560.0

Tip diameter [mm] 700.0 697.2

Number of vanes/blades 38 70

Solidity 1.87 1.53

Inlet angle [deg] 0 62.3

Exit angle [deg] 71.3 74.6
Re. based on chord 41X10° | 22%10°
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of one stator vane and two rotor blades. Tip clear-
ances are not considered. Both the stator and
rotor domains consist of 5 grid blocks, respec-

tively. The number of total grids is approximately
600,000.
There are some suggestions for near-wall grid

i)

7
%,
200
DU
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spacing when the wall is rough. Wilcox (1993)
suggested using a relatively large grid element size
adjacent to a boundary. “Large” means covering
the region of rapid variation in turbulence’ vari-
ables and relying on the wall function to set the
proper average values in this region. TASCflow
also suggests a similar near-wall grid spacing
method for the rough wall (AEA-Technology,
1999). For this reason, great care was taken to
construct near wall grid structure. In this study,
the first grid size near the wall is set to be an order
of the roughness height (approximately 0.1 mm)
to satisfy the y* value at the first grid from the
wall to be between 11 and 20.

For the boundary conditions, total pressure
and total temperature at the operating condition
were specified at the inlet and mass flow rate was
specified for the outlet boundary condition. The
frozen-rotor method was used for the interface
treatment between the stator and rotor stages. The
frozen-rotor method is generally dependent on a
relative position of the stator and rotor, several

(b)

Fig. 5 Roughness Reynolds number distributions (a) ks=106 um and (b) £s=400 ym
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calculations have been carried out and we found
that relative positions have little influence on the
result. The high Reynolds &-w turbulence model
was used with the turbulence intensity of 5% and
the eddy viscosity ratio to fluid viscosity of 10 at
the inlet.

In TASCflow, equivalent sand-grain roughness
height option is available for the rough wall bound-
ary condition. 5 roughness heights were used in
this study, £s=0 (smooth), 106 #m and 156 um
for the transitionally rough regimes, 236 #m and
400 pm for the fully rough regimes. See Yun et al.
{2004) for evaluation of roughness heights for
each roughness regime. In this study, to differen-
tiate an individual roughness effect of the stator
and the rotor, three different calculations were
carried out for each roughness height ; roughness
only on the stator surface, only on the rotor sur-
face and on both the stator and rotor surfaces.
Fig. 5 Shows distributions of roughness Reynolds
number, evaluated from Eq. (3) for the case of
(a) As=106 y#m and (b) ks=400 u#m roughness
height on the stator and rotor surface. When k=
106 pm, the overall roughness Reynolds number
is less than 70 which is transitionally rough re-
gime. Also for the 2s=400 pm, the overall rough-
ness Reynolds number is beyond 70 and it is in
the fully rough regime. It confirms that roughness
height on the stator and rotor and spacing first
grid are reasonably given.

5. Results and Discussions

5.1 Distributions of work coefficients and
pressure coefficients
Stage work coefficient, ¥ is define as follows.

Y=l )
Torque is evaluated by integrating multiplication
of shear and pressure forces acting on the solid
wall and their corresponding position. The tur-
bine Euler equation shows that the value of tor-
que is equivalent to the total enthalpy transfer ac-
ross the rotor stage. Fig. 6 shows relative changes
of the work coefficients corresponding to the rough-
ness heights. There are two regions on x-axis cor-
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responding to the roughness Reynolds number.
As the roughness height increases, the amount of
work reduction also increases. Also it can be seen
that roughness on the stator surface is more in-
fluential and more sensitive to the work reduc-
tion. Work reduction due to the rough stator is
approximately much higher than that of the rough
rotor. It is also found that sum of work reduction
due to the rough stator (dashed line) and that of
the rough rotor {(dash-dot line) is approximately
equivalent to that of both the stator and rotor
roughened (solid line). As the work coefficient is
associated with blade loading and flow angle,
Figs. 7 and 8 show distributions of pressure co-
efficients at the mid-span of the stator and rotor.
Egs. (5) and (6) define the pressure coefficient of
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the stator and rotor respectively. Also Figs. 9 and
10 show deviation angles of the stator and rotor.

__ b—h

Cos Dez,abs — Ds2 (5)
DD

Cor Di3,ret— Ds3 (6)

In Fig. 7, there are little changes at the pressure
surface of the stator. However, noticeable changes
appear near the trailing edge of the suction sur-
face. Higher roughness decreases the pressure co-
efficient at the suction surface. This causes higher
pressure difference between the pressure and suc-
tion sides near the trailing edge which induces
higher deviation angle of the stator as shown in
Fig. 9. This result well agrees with the results of
some previous studies (Kind et al., 1998 ; Guo et
al., 1998) . Their results showed that total pressure
loss highly increases especially at the suction
surface and it affects corresponding pressure co-
efficient. Similar trend appears in the pressure
coefficients on the rotor surface. It is somewhat
complicated because of upstream effects. But as of
the stator pressure coefficients, roughness on the
rotor surface decreases the static pressure at the
suction surface while that of the pressure surface
is scarcely affected. In a similar manner, pressure
difference between two sides at the rotor gradual-
ly increases as the roughness height increases and
it also results in a higher deviation angle of the
rotor. It is interesting that deviation angle of the
rotor gradually increases as the roughness height
on the stator surface increases. It is caused by
change in the upstream flow angle at the stator
outlet. Its contribution will be discussed in the
following one-dimensional analysis. These rough-
ness effects on the deviation angle changes are
schematically illustrated in Fig. 11.

As mentioned before, the roughness effects on
the pressure coefficients and corresponding devi-
ation angle changes are small. Nevertheless, their
effects on the work coefficient of the turbine stage
are quite considerable. Therefore, following sim-
ple sensitivity analysis is described to quantify the
deviation angle effects on the work coefficient. The
well known Euler turbine equation with a veloc-
ity triangle in Fig. 11 gives a following equation.
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Stator inlet
G

Smooth

Fig. 11 Schematic velocity triangle changes due to
roughness

~ y=¢(tan &x—tan f) —1 (7
Differential form of the Eq. (7) is

dy=(tan @;—tan Bs) 6¢
— ¢ sec? adds— ¢ sec? Bzddr

Also from the velocity triangle, following rela-
tions are derived.

de=—dds, dBs=do, 9

Substitution Eq. (9) into Eq.(8) and neglecting
the flow coefficient perturbation term leads to the

(8)

following equation.

Sy =¢ sec? mdds— ¢ sec? B:dSr (10)

For infinitesimal changes, Eq. (10) can be written
as follows.

AyP**=—¢* sec®? f Abs— ¢* sec® fSAS, (11)

Where Ads=0s—0s and Adr=38,—6F. These
incremental terms are evaluated with area avera-
ged values. Eq. (11) shows that reduction of the
work coefficient is proportional to the changes in
the deviation angles.

Table 2 shows contributions of these two terms
to the reduction of the work coefficient. Summa-
tions of these two terms are approximately equiv-
alent to the actual work coefficient reductions in
Fig. 6. Therefore, it can be said that this sensitiv-
ity analysis reasonably predicts contributions of
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Table 2 Sensitivity analysis of work coefficient
reductions

K AYss | AYS: | Ay ) AY
(height) AR AR AR
—0.031{—0.001|—0.032}—0.027

Rotor |30 (106 z#m) | 0.000|—0.009|—0.009|—0.009

All —0.031|—0.010{—0.042|—0.035

Stator —0.038| —0.002| —0.040| —0.032

Rotor |50 (156 um) | 0.000|—0.011|—0.011|—0.011

All —0.038{—0.012(—0.050{—0.041
—0.047{—0.003|—0.050{—0.037
80 (236 ¢m) | 0.000|—~0.012|—0.012|—0.012
All —0.047|—0.015{—0.061{—0.047

Stator

Stator

Rotor

Stator —0.059|—0.004|—0.063| —0.045
Rotor (149 (400 ym)| 0.000|—0.013{—0.013|—0.012
All —0.060(—0.016|—0.076| —0.055

these two terms to the reduction of the work
coefficient. Table 2 shows that the transitionally
rough (ks=106 gm) and fully rough stator (ks=
400 pm) decreases the work coefficient by 3.1%
and 5.9%, respectively. Influence of the rough ro-
tor is smaller than that of the rough stator. The
transitionally rough and fully rough rotor de-
creases the work coefficient by 0.9 and 1.3%,
respectively. The higher exit flow angle of the
stator makes the stator deviation angle more sen-
sitive to the work coefficient reduction. And a
summation of the work coefficient reductions of
the rough stator and rough rotor is approximate-
ly equivalent to that of totally roughened stage.
For ks=106 um, the work reduction of the to-
tally roughened stage is approximately 4.2% and
it is 7.6% for ks=400 pm.

Even though there are small changes in the de-
viation angles due to the roughness, this sensitiv-
ity analysis shows that their effects on the work
coefficient are significant. The rate of the work
coefficient reduction decreases as the roughness
height increases. Because, as mentioned before,
the rate of increase in the deviation angle de-
creases as the roughness height increases.

5.2 Distributions of efficiency and loss co-
efficient
Total to static efficiency is defined as follows,
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Qu - (12)

n= P2
vy Ter(1— (Pos/ ) 7))

Figure 12 shows distributions of the efficiency
reductions corresponding to roughness Reynolds
number. As of the work reductions, the roughness
on the stator surface has a more contribution to
the efficiency reductions. Efficiency reductions are
more sensitive in the transitionally rough regime.
In the fully rough regime, the efficiency reduction
slope becomes gentler. The efficiency reduction
due to the rough stator is approximately two times
higher than that of the rough rotor for all rough-
ness Reynolds numbers and their sum is approxi-
mately equivalent to that of the totally rough
stage. It is well known that surface roughness
thickens boundary layer and promotes transition
to the turbulent flow. Therefore investigation of
the total pressure loss coefficients is required to
account for the efficiency reduction. Eqgs. {(13) and
(14) defines the loss coefficients of the stator and
rotor respectively.

— ptl,abs _ﬁtz,abs
Es Ptl.abs - l)sa ( 1 3)
— Ptz, rel _pts, rel
& Dtr,abs™ Ds3 (14)

Figure 13 shows distributions of the loss co-
efficients of the stator. As the roughness height of
the stator increases, the loss coefficient also in-
creases. In Fig. 9, as deviation angle of the stator
slightly changes as the rotor roughness increases,
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—migim-=  Rough rofor
010F g  Roughstator& rotor
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Fig. 12 Distributions of efficiency reductions
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incidence loss at the following rotor row de-
creases. As a result, the rough rotor slightly re-
duces the loss coefficients of the stator. The loss
coefficients at the rotor outlet show a similar
trend in Fig. 14. Roughness of the rotor surface is
the main source of the loss generation in the rotor
stage. Comparing Figs. 13 and 14, the amount of
loss generation in the stator is approximately 20%
higher than that of the rotor. It is interesting that
the stator roughness hardly contributes to the
rotor loss generations. .

For each roughness height, summations of ad-
ditional loss of the rough stator and the rough
rotor are approximately equivalent to that of the
totally roughened stage. As shown in Fig. 12, the
variations of efficiency shows similar trend with
that of the loss coefficient. A summation of the

0.20
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Table 3 Sensitivity analysis of efficiency reductions
k* A7e, Ave, A7, Az, AV Ay
(height) 7 7" 7" 7 7* 7*
Stator —0.025 —0.001 —0.001 0.000 —0.027 —0.028
Rotor 30 (106 ym) 0.001 —0.015 0.000 —0.001 —0.015 —0.017
All —0.024 —0.016 —0.001 —0.001 —0.042 —0.044
Stator —0.032 —0.002 —0.002 0.000 —0.036 —0.035
Rotor 50 (156 gm) 0.002 —0.019 0.000 —0.001 —0.018 —0.022
All —0.030 —0.021 —0.002 —0.001 —0.054 —0.055
Stator —0.041 —0.003 —0.002 0.000 —0.046 —0.044
Rotor 80 (236 um) 0.003 —0.025 0.000 —0.001 —0.023 —0.028
All —0.037 —0.027 —0.002 —0.001 -0.068 —0.070
Stator —0.054 —0.003 —0.002 0.000 —0.059 —0.058
Rotor 149 (400 pm) 0.004 —0.034 0.000 —0.002 —0.032 —0.037
All —0.049 —0.037 —0.002 —0.002 —0.090 -0.091
efficiency drop of the rough stator and that of the
rough rotor is almost the same with that of totally
roughened stage. 1000
Similar sensitivity analysis has been carried out |7 099
. o . 0.991
to quantify contributions of loss coefficients to the 0.987
efficiency reduction. The total to static efficiency g-ggg
can be redefined with suggested loss coefficients 0974
@ 0.969
as follows. 0.965
7 ___2¢(1_5s_§r) (tan (Zz_tan,ga)—l (15)
s #*sec’ B3+2tan @ —1
The linearized form of Eq.(15) for the infini-
tesimal changes is Eq. (16) (a)
A
A’?t—s: _ngés_Z%ASr
2¢ sec C(B—2A 1.000
_24 sz( ) Ads (16) H 0.996
, 0.991
2¢ sec +2¢ tan 0987
B 0978
0974
where A=¢(tan a;—tan ) —1, B=¢*=sec? fs+ J goes
2¢tan @—1, C=(1—&—&;).
The first two terms of the right-hand side of

Eq. (17) are contributions of the loss coefficient
and next two terms are those of the deviation
angle changes. Table 3 summarizes these effects
on the efficiency reductions. It reveals clearly that
the dominant source of the efficiency reduction is
the additional loss generations. In the previous

(b)

Fig. 15 Distributions of normalized entropy at the

mid-span of (a) smooth and (b) fully rough
(ks=400 um) stage
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section, as shown in Table 2, although deviation
angle changes are dominant source of the work
reduction, they have negligible effects on the effi-
ciency reductions. It shows that summation of
the efficiency reductions of the rough stator and
rough rotor approximately equals the efficiency
reduction of the totally rough stage. And it also
shows that summation of these four discrete terms
is almost equivalent to the actual efficiency re-
duction indicated in the last column.

Figure 15 illustrates normalized entropy defin-
ed in Egs. (17) and (18) at the mid-span which
shows loss distributions in the stator and rotor
stages at a time.

As=cp 1n< %:‘1)—1? m(%) (17)
E=exp(—As/R) (18)

This figure shows that most of the additional
loss comes from the profile loss generated in the
boundary layer. At the rough stator stage, large
amount of loss is generated near the trailing edge
of the stator suction surface compared to the smooth
stator stage. For this reason, the wake region
occupies a large portion of the flow field near the
rough stator outlet. Moreover, the additional pro-
file loss generated in the stator flows downstream.
Comparing the rotor with the rough stator to
that of the smooth stator, £ even in the core flow
of the rotor with the rough stator has lower value
(higher loss). Likewise, in the rotor stage, large
amount of profile loss is generated near the trail-
ing edge of the suction surface and the wake
region propagates farther before mixing with the
core flow.

6. Conclusions

Numerical calculations of through flows for a
low speed, single stage axial turbine with different
roughness have been carried out. The conclusions
from these calculations are as follows.

(1) Roughness on the blade surfaces does not
have severe effects on the blade surface pressure
distribution and corresponding deviation angle
changes of the stator and rotor. However, one
dimensional sensitivity analysis suggested that
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small changes in deviation angles have significant
effects on the stage work coefficient. It should be
noted that even though change in the deviation
angle of the rough stator is smaller than that of

" the rough rotor, its influence on the work coeffi-

cient is higher than that of the rough rotor.

(2) Work coefficient reductions of the rough
stator and rough rotor are separated correspond-
ing to location of the surface roughness. Their
summations equal the work reduction of the to-
tally rough stage for each roughness height.

(3) Blade surface roughness severely deterio-
rates stage efficiency. Additional loss due to sur-
face roughness is the dominant term that reduces
stage efficiency. An entropy contour shows that
most of the additional loss resulted from in-
creased profile loss which is due to thickened
boundary layers.

(4) Summation of drops in efficiency level of
the rough stator and rough rotor approximately
equals that of the totally rough stage. Similar
trends appear in the loss distribution. It is evi-
dence that additional loss generation is the most
influential over efficiency reduction.
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