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Introduction

The effects related to the blade surface roughness are a well-
known issue for the turbomachinery designer, in particular, when
dealing with the estimation of the components’ performance.

The influence of surface finishing on the behavior of the adja-
cent flow is an aspect studied by researchers for nearly a century.
The basis of these studies are the works of Nikuradse [1] and
Schlichting [2], which approached the roughness-related issue in
rough pipes and flat plates. On the bases of these pioneering works,
many researchers have continued to study both experimen-tally
and numerically the effects of surface roughness on the tur-
bomachineries performance. A vast amount of literature on the
subject is available to the turbomachinery community, likely due to
many aspects that are involved with it [3,4]. Once the equiva-lent
sand grain methodology proposed by Schlichting [5] was accepted,
from an experimental point of view, many efforts were made to
characterize surface finishing. The goal was to find an empirical
correlation to convert the metrics roughness (R, R, and so on) into
a sand grain (k) one, to employ this parameter for
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comparison purposes, and to fine tune closure models of numeri-
cal codes. Much progress was made in this direction, but unfortu-
nately, because of the huge variety of surface typologies
(nowadays, also analyzed by three-dimensional techniques), there
is no unique correlation which solves this issue. It is worthwhile
noticing that the conversion factor to obtain the sand grain rough-
ness parameter can vary up to a factor of five, depending on the
correlation adopted [3]. Some criteria use the standard metrics
roughness such as the one proposed by Speidel [6] and Hummel et
al. [7]. Other authors have tried to characterize the shape of the
rough element and to extract a roughness density parameter to be
used in their correlation. Among these, the ones proposed by Dirl-
ing [8], Sigal and Danberg [9], van Rij et al. [10], and Waigh and
Kind [11] are some of the most often used.

Many other works concerned with experimental tests were per-
formed in cascade rigs as well as in multistage environments. The
goal was to provide detailed information on the effects that rough-
ness has on the components’ performance. Zhang et al. [12] stud-
ied the influence of surface roughness on the aerodynamic losses of
a turbine vane, analyzing the effects of different rough surfaces
(uniform and variable) and Mach number distributions. They found
that losses increase with increasing exit Mach number and
quantitative and qualitative different flow characteristics by vary-
ing roughness. Im et al. [13] investigated the effect of leading



edge roughness and Reynolds number on compressor profile loss.
They found a high impact of rough blade on performance, even if
2% only of the blade pressure and suction side were rugged. This
was mainly due to the influence of the rough surface on the suc-
tion side laminar separation bubble: the losses were reduced at
lower Reynolds numbers and increased at the higher ones.
Vazquez and Torre [14] and Hodson and Howell [15] studied the
effect of surface roughness on the efficiency of a low pressure
turbine. Their results suggested that in cruise conditions (high
altitude), the effect of “as-cast” rough airfoils did not affect the
efficiency.

The research has been active from the numerical point of view
too. Many efforts were made to take into account the roughness
with an appropriate wall boundary condition for the turbulence
closure. In the work of Boyle [16], a numerical investigation of the
effects of incidence and surface roughness was carried out, using
the roughness model proposed by Cebeci and Chang. The
performance of a two-stage turbine over a wide range of operating
conditions was computed. A good agreement was found between
computations and measurements in terms of turbine efficiency for
both the smooth and the rough blades. A numerical and experi-
mental investigation of the effects of roughness in compressor
blades was carried out by Mesbah et al. [17]. They compared the
results obtained with three different turbulence models, kL, k—o,
and Spalart—Allmaras, with the measurements in terms of blade
load distributions and losses. A good agreement was only found for
the smooth blade. Boyle and Senyitko [18] reported an experi-
mental and numerical analysis of surface roughness effects on a
turbine vane, for four exit Mach numbers and three turbulence
intensities. In their work, several metrics-to-sand grain roughness
correlations were compared. Moreover, a comparison between the
results obtained with the Cebeci and Chang [19] and the Wilcox
roughness models were presented. Good results were obtained
using the Cebeci model coupled with Mayle’s [20] transition
model, compared to the poor predictions obtained with Wilcox’s
model.

In this paper, the effects of roughness on the performance of a
high-pressure steam turbine stage are investigated. In the first part
of the paper, an experimental campaign conducted in a linear cas-
cade rig is presented. The goal of the present investigation is the
analysis of the combined effect of Reynolds number and surface
roughness variation on blade profile losses. The total pressure loss
of a vane for reaction steam turbine drums was measured with

five different roughness values and in a wide range of Reynolds
numbers of practical interest. The results are discussed in depth,
focusing on the transitional regime of the measured flow and on the
choice of the metrics-to-sand grain roughness conversion fac-tor.
In the second part, details of the numerical approach are given. The
roughness model is described together with the transi-tion/
turbulence model used for the computations, and their valida-tion
using a flat-plate flow is shown. The accuracy of such models is
then tested against measurements, thus allowing for their fine-
tuning and proving their reliability. Finally, three-dimensional
unsteady CFD analyses are carried out on a high-pressure stage, in
order to investigate the influence of roughness on the losses over
the entire stage operating envelope. The time-averaged total pres-
sure losses at midspan are compared with the profile loss coeffi-
cient computed using Craig and Cox correlation and the cascade
measurements. Unsteady effects that may affect the influence of
the roughness, such as the incoming wakes on the rotor blade, are
taken into account, and the impact of transition-related aspects on
the losses is discussed.

Experimental Measurements

Test Rig. The experimental investigation was carried out in the
blow-down facility for linear cascades located at the Laboratorio di
Fluidodinamica delle Macchine at Politecnico di Milano. This is a
transonic wind tunnel with a test section of 80 mm height and 470
mm wide, fed by 6000 kg of pressurized air stocked at 200 bar. For
the aim of the present research, the cascade was com-posed of nine
blades (Fig. 1). Several repetitions (5-10) of the same test were
performed to have a wider statistic analysis and reduce
measurement uncertainty. The periodicity condition was achieved
by means of a movable tailboard located downstream of the
cascade: the differences in flow field measured downstream of the
central passages were found to be within the measurements ac-
curacy. The blade geometry represents a typical stator employed in
reaction stages of high/intermediate pressure steam turbines. The
blades were scaled up, in order to obtain the best compromise
between Reynolds number range (based on chord and exit velocity)
and cascade aspect ratio (about AR = 1.3).

The Reynolds number variation was obtained by pressurizing
the test section in the range from 1 to 3.5 bar, by means of a vari-
able sonic throat located at the outlet section of the wind tunnel. To
guarantee an independent fine-tuning of both Reynolds and
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Mach numbers, an 8 in. butterfly valve and a 2 in. regulation valve
were installed. The whole range of Reynolds numbers from 0.7 x
10°to 2.5 x 10°—characteristic of typical steam turbines blades of
different sizes—was covered by means of 10-20 points for each
surface roughness considered. Data reported here have been
collected at the same expansion ratio—i.e., at a downstream
isentropic Mach number of approximately 0.5—irrespective of the
Reynolds number. The cascade inlet flow angle was set in order to
have nominal incidence on the blade. A summary of experimental
conditions and cascade data are reported in Tables 1 and 2.

Detailed measurements of the flow field downstream of the cas-
cade have been performed by traversing at midspan a miniaturized
five-hole probe (head of 1.8 mm) at a distance of 50% of the blade
axial chord. The five-hole probe measurement grid was defined by
50 points spaced equally (approximately 1 mm) along a single
blade passage. The five-hole probe was pre-aligned to the down-
stream pitchwise mass averaged flow angle evaluated at atmos-
pheric back pressure condition. The central hole of the downstream
probe was connected to a very high accuracy differ-ential pressure
transducer. It was directly coupled on the reference side to the
upstream total pressure line supplied by a three-hole probe located
one axial chord upstream of the cascade. Since the maximum local
flow angle variation downstream of the blades in all the tests with
respect to the probe pre-alignment was = 1 deg, the total pressure
coefficient of the five-hole probe was always null (ie., the
correction to be applied on the pressure reading of the central hole
to obtain the local flow total pressure is null). This means that the
central hole pressure reading was coincident with the local actual
total pressure of the flow. In these operating con-ditions, the
uncertainty of the local total pressure drop measure-ment is
dramatically reduced, since only the differential pressure
transducer uncertainty is involved in the measurement chain, thus
excluding the uncertainty involved in the whole probe calibration
process. Moreover, previous research on the effect of Reynolds
number variation on the calibration coefficients of the five-hole
probe type used here evidenced a null influence in the Reynolds
and angular range experienced in the present measurements cam-
paign. As a result, the uncertainty in the measurement of the profile
pressure loss coefficient Y ranges approximately from 0.11 x 1072
(confidence level of 95%) when the cascade downstream pressure
was set at atmosphere (Re ~ 0.75 x 10°), to 0.035 x 1072 when
the cascade downstream pressure was set at 3.5 bar (Re ~ 2.4 x
10°). The total pressure loss evaluation repeatability for a given
Reynolds number and surface roughness was always found to be
lower than 50% of the correspondent measurement uncertainty.
More details about the experimental facility and the measurement
technique can be found in Refs. [21] and [22].

The surface roughness variation was obtained by a progressive
machining of the blades, by means of shot-peening using micro-
spheres of different diameters. Thus, five roughness values rang-
ing from k,/C = 0.4 x 10™*t0 2.5 x 10™* were considered in the
frame of the present work. The smallest one can be considered
equivalent to the finish of a smooth blade. The conversion factor
between metrics R, and equivalent sand grain roughness k, was
defined, as suggested by Speidel [6] and Schlichting [2], by

Ry
ke =
256

ey

More details about the roughness and the shot-peening procedure
are reported in Table 3.

Table2 Cascade data

Aspect ratio 1.3
Flow deflection 73 deg
Zweifel number 0.70

Finally, in order to complete the boundary conditions required
for CFD computations, total temperature, flow angle, and turbu-
lence intensity (estimated Tu ~ 1%) at the cascade inlet were also
measured.

Results. The experimental results were available in terms of
blade loading and mass averaged total pressure loss coefficient Y,
defined as

Py —Pp

y—-"1_"2
Pp — Py

(@3]

The campaign was mainly focused on the investigation of the
surface roughness effects on the profile losses; hence, the meas-
urements were performed at cascade midspan. The blade loading
was measured for the smooth blade only, which is before shot-
peening.

Experimental results are summarized in Fig. 2, where the loss
coefficient is reported as a function of Reynolds number for all the
investigated k;/C. In this plot, as well as for the other succes-sive
plots, losses are normalized with respect to the value at Re, = 1 x
10° and k,/C = 1.6 x 10~*. The shape of the curve for lower k,/C
suggests that the campaign was carried out in a range of Reynolds
number for which the boundary layer over the blade surface is
laminar for a large part of the suction side. In fact, the trend is very
close to the Re % curve, which represents the loss trend of a
laminar boundary layer.

Looking at the other curves, increasing the surface roughness
shifts the critical Reynolds (Re,,) toward smaller values. Here,
Re, ., is defined as the value at which the loss curves start to differ
from the laminar trend. The sudden increase in the profile loss is
due to boundary layer laminar-to-turbulent transition, and the
shape of this increase depends on the combined effect of Re, ., and
ks/C: lower roughnesses lead to a mild increase and vice versa.
This scenario suggests that most of the data lie in a region where
the boundary layer is mainly transitional. For the highest
roughnesses only, the fully rough regime is reached for the highest
Reynolds number. These considerations are similar to the results
found by Boyle and Senyitko [18] in their cascade test rig by vary-
ing surface roughness. In their study, wide regions of laminar flow
were found too, in particular, for the smooth blade case. More-
over, these results are in line with the statement of Bons [3],
whereby in a clean/quiet wind tunnel it is possible to obtain a
transition Reynolds number of about 3 x 10°.

Similar considerations on the transitional nature of these experi-
ments can be inferred from Figs. 3 and 4. Profile losses are shown
as a function of k,/C and Re; 4 in Figs. 3 and 4. In both plots, each
curve is associated with a different Reynolds number value: for the
sake of clarity only, the most significant Reynolds numbers are
reported. In Fig. 3, the plot shows a region of low and quite
constant losses for the lowest roughnesses (laminar boundary
layer). A steep increase in the loss coefficient is found when both

Table 3 Shot-peening microspheres features

Table1 Cascade experimental conditions ks/C Diameter (mm) Material
Total pressure 1-3.5 bar 0.4x107* 0.21-0.3 Ceramic
Total temperature 250-295K 0.8x107* 0.21-0.3 Ceramic
Isentropic exit Mach 0.50 0.9x107* 0.21-0.3 Ceramic
Reynolds number 07%x10°t02.5x10° 1.6x107* 0.4 Steel
Turbulence intensity ~1% 25%x107* 0.4 Steel
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Fig. 2 Experimental total pressure loss coefficient

ks/C and Re; are increased, corresponding to the trigger of bound-
ary layer transition. Then, a substantial loss independence from the
Reynolds number is observed. These trends are similar to the ones
found by Speidel [23] by means of an experimental cam-paign
carried out in a linear cascade, and rediscussed by Schlicht-ing [5].
In that case, the discussion was mainly focused on the impact of
blade pressure distribution on boundary layer transition for
different roughness values. As found in the present work, the
results pointed out wide regions of laminar flow over the blade in
cascade conditions. Figure 4 allows an estimation of the Reynolds
whereby the transition is induced by roughness of about

Res i, or = 130. This value is in good agreement with the one pro-
posed by Feindt [24] and suggests that the conversion factor from
R, to ks of 2.56 used is reasonable for the present case.

Computational Framework

The Flow Solver. The TRAF code [25] was used in the present
work. The wunsteady, three-dimensional, Reynolds-averaged
Navier—Stokes equations are written in conservative form in a
curvilinear, body-fitted coordinate system and solved for density,
absolute momentum components, and total energy. A dual-time-
stepping method [26,27] is used to perform time-accurate
calculations.

Transition and Turbulence Modeling. Wilcox’s classic low-
Reynolds number k—» model [28], widely used in turbomachinery
calculations, is applied in combination with the laminar kinetic
energy (LKE) model, which enables to take into account the pre-
transitional rise of the fluctuating kinetic energy [29,30].
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Fig. 4 Experimental total pressure loss coefficient as a func-
tion of Re, 4, for several Reynolds numbers

The laminar and turbulent kinetic energy equation can be writ-
ten as follows:

Dky kg )
Dk 0 Ok
=P - — | +R 4
Di k=B kw+<9xj |:(V+0kVT)axj:| + (C))
where ”=0.09 and
R =Cy(1 — e V%) aky )

is a function used to transfer energy from k; to k, = max(R,
—Cy4,0) is a transition parameter based on the wall-normal-
distance Reynolds number Ry, C;=1.0, C3=38, and C4=10. The
production term of the LKE is P; = 1,82, where § is the shear rate
and vy is the “laminar eddy-viscosity,” which is modeled as
follows:

v = Civ/kida

with C| = 1. For details on the implementation, see Refs. [30] and
[31].
The inlet conditions for £ and w are obtained from the pre-

scribed values of free-stream turbulence intensity k., :23 Tu? u*.,

and turbulence length scale w,, = kléz /l1. The inlet condition
for k; is as follows: kyso = ko (see Ref. [29] for more details). All
the computations were carried out using this three-equation
k¢ — k — @ model.

(6)

Surface Roughness Model. According to Wilcox [28,32] at
the wall k,, = 0 and the value of w is modified in order to account
for the effects of surface roughness

4iq . kf<Ss
IR+ (40 — IR)ePK) k>S5

v*Z
Wy = —S8R; Sk = { (7N
12

W

where v* is the friction velocity, k7 = kv* /v is the roughness
height in wall units, and ig = 100/ .

Flat-Plate Validation. The model validation was carried out
on a uniformly roughened flat plate of length L with zero pressure
gradient. The computational domain extends 0.3L upstream of the
plate leading edge. The gap between the upper and the bottom
wall is 0.3L. A mesh of 241 streamwise x 121 nodes expanding
from the wall to free-stream is adopted for all the cases. The fluid
is treated as incompressible, with a density of 1.2kg/m> and a



Table 4 Rough flat-plate cases

Case ks/L kf range Regime

1 1x107* 21-35 Transitional

2 25%x107* 60-100 Transitional-rough
3 5% 107 125215 Fully rough

4 10x 10~ 267-450 Fully rough

5 15%10°* 422-745 Fully rough

molecular viscosity of 1.8 x 107 Pa s, resulting in a plate Reyn-
olds number Re; =5 x 10°.

Five different surface roughnesses were selected for which the
boundary layer status ranges from transitional to fully rough re-
gime [5,33] (Table 4). The computation of rough-wall flows may
be extremely demanding in terms of grid density: as a matter of
fact the higher the roughness height is the higher the boundary
layer thickness is, resulting in steeper flow gradients near the wall
with respect to the smooth-wall case.

This is confirmed by many authors, who demonstrated that Wil-
cox’s roughness model requires a very fine near-wall mesh resolu-
tion [33-35], due to the fact that the wall boundary condition for
the turbulence kinetic energy is k,, = 0. As shown in Fig. 5 for the
smooth wall, the turbulent kinetic energy k' rapidly decreases
going toward the surface due to the presence of the viscous sub-
layer, and nearly vanishes for y| ~ 1. The roughness suppresses
the laminar sublayer, and much smaller values of the y; are man-
datory in order to accurately resolve the near-wall behavior of the
turbulence kinetic energy.

For this reason, a grid sensitivity analysis was carried out in
which the grid spacing of the first node from the wall (y;) was pro-
gressively halved. The results are presented in Fig. 6 in terms of
drag coefficient Cp = jL C¢dx, which includes the effects of the
laminar part of the boundary layer, and skin friction coefficient at x
= 0.5 L for the case k,/L =5 X 10%, with respect to a grid refine-
ment index y;/y..t (Where y..¢is the finest spacing). Five grid spac-
ings were used corresponding to y; measured at x =L ranging
from 1.55 to 0.05. In order to minimize round-off error linked to
the use of very small spacings, double-precision results are
presented.

The computed skin friction coefficients for the rough cases of
Table 4 are compared with the Mills and Hang [36] correlation
formula for fully rough regime (Fig. 7)
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Fig. 5 Flat-plate near-wall behavior of the turbulent kinetic
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Fig. 6 Flat-plate environment: convergence of the skin friction
and drag coefficients (ks/L =5 x 107%)

Results of Fig. 7 show a good agreement for the transitional case
too (case 1).

Numerical Results

Cascade Environment. The experimental data obtained for the
cascade were used to fine tune the roughness model previously
validated on a flat plate. The goal of the calibration was to
improve the model’s capability of predicting roughness-
transitional flows, thus allowing to eventually use this model for
predicting the impact of roughness in an actual stage
environment.

Three-dimensional viscous steady runs were performed in order
to match the experimental measurements. According to the mesh
requirements found during the model validation, a 340 x 64 x 72
O-type grid (Fig. 8) with a y™ ~ 0.1 was used.

A first comparison between experiments and computations con-
cerns the blade loading of the smooth blade. Figure 9 shows a sub-
stantial agreement between the test rig environment and
computational one.

The model calibration was started from the measurements at
ks/C = 1.6 x 10~*, for which laminar, transitional, and fully rough
flow regimes are successively encountered at increasing exit
Reynolds numbers. A parametric study was carried out in order to
calibrate the numerical transition by varying the model constant C1
(see Eq. (6)). This parameter controls the LKE pro-duction,
playing a role of crucial importance in determining the Re, ., that
triggers the transition, and the consequent loss increase. The
analysis led to the correlation reported in the following equation:

Cx10°

MH, kg/L=1x10"*
MH, kg/L=2.5x10"*

a  Comp., kS/L=1><10'4
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Fig. 7 Flat-plate environment: computed skin friction coeffi-
cients compared with the correlation of Mills and Hang [36]
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Fig. 8 Cascade two-dimensional O-type grid

Cr=fi(kF) = max{o.&2tanh[(kj/18.13)2/3]} )

Such a tuning was extended to all the tested surface roughnesses,
and the results are summarized in Fig. 10. The comparison shows
a generally good agreement; in particular, the Re., and the subse-
quent increasing of losses are well predicted. The computations
confirm wide region of laminar flow for Re, < Re, . For higher
values, the boundary layer undergoes the laminar-to-turbulent
transition and the extension of the turbulent portion grows with the
Reynolds number. Thus, a quasi-fully rough regime can be
considered to be reached at higher Re,, in particular, for the higher
values of k.

Looking at Fig. 10, two considerations can be raised. The first
one concerns the transitional flow region. Fixing the value of the
Reynolds number, the increase of losses while increasing k,/C
depends on two phenomena which act at the same time: the first
concerns the augmentation in losses due to the rough surface, while
the second one is linked to the boundary layer transition. The
combination of these two aspects yields a sudden increase in the
profile loss, up to 1.5-2 times depending on the case. The
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Fig. 9 Smooth blade experimental and computational isen-
tropic Mach distribution
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Fig. 10 Total pressure loss coefficient: experimental (open
symbol) and CFD (filled symbol and solid line) results

second consideration concerns the turbulent region. The effect of
transition on losses is negligible and only the roughness variation is
accountable for loss increases. That is, this augmentation has to be
comparable to the one estimated in a fully rough regime. CFD
results predict a ratio between the loss coefficient Y (at highest Re,
and k,/C) and the one for the smooth surface in fully turbu-lent
condition Ygnoom Of about 1.58. This result is in very good
agreement with the value of ¥/Ygnoom = 1.55 obtained with the
correlation of Craig and Cox [37], which is widely used for turbo-
machinery applications. Similar results are found by using the
correlations proposed by Aungier [38].

Real Stage Environment

The proposed numerical framework was successively used to
carry out a comprehensive CFD analysis of a high-pressure steam
turbine stage. The goal was to investigate the influence of rough-
ness on the losses over the whole stage envelope.

With respect to the cascade measurements, the actual stage
environment adds some important aspects that may affect the pro-
file losses: potential effect from upstream/downstream rows, higher
free-stream turbulence intensity, and wakes from the previ-ous
rows. All these perturbations can affect the boundary layer
laminar-to-turbulent transition and influence how the rough sur-
face affects the losses.

The stage investigated was composed of prismatic rows. The
blade geometry used during the experimental campaign was
employed for both the stator and the rotor rows. The inlet bound-
ary conditions measured during cascade tests were adopted for the

/—

Stator Rotor

\\\

\-

Fig. 11 Stage meridional view



computations (Py, T, and Tu), while the back pressure was changed,
in order to have an exit Mach number of about 0.50 for both the
rows (Table 1). The stator inlet flow angle was chosen to have
nominal incidence on the blade, while the value of the rota-tional
speed assures the same incidence on the rotor row. For the blades
axial gap, a typical value employed in a real machine lay-out was
selected (about 0.4 stator C,). The meridional channel geometry
has a constant mean radius, and it is slightly conical in order to
ensure the same axial velocity in both the rows (Fig. 11). In this
way, the midspan sections of the two blades work at the same
conditions as for the cascade tests. Moreover, an aspect ratio of
about AR = 3.2 and a radius ratio of about RR = 1.3 were cho-sen in
order to ensure a two-dimensional flow in these sections. All the
runs were performed at the same expansion ratio, while the
Reynolds number varies within the range investigated experi-
mentally. Moreover, the same five values of surface roughness
tested were considered.

Three-dimensional viscous unsteady runs were performed,
employing a full-annulus approach. Due to the high computational
costs of the unsteady runs, stator and rotor blades have the same
blade count, resulting in a periodicity domain of 1:1. The number
of time-steps was selected after a sensitivity analysis carried out
using three different values: 25, 50, and 100. Fifty time-steps per
blade passing period ensured the independence of the solutions
from time-steps. The O-type grid used for the cascade computa-
tions was adopted for the two-row discretization (Fig. 8). A sum-
mary of computational data of the stage is reported in Table 5.

The total pressure loss coefficients at the midspan section of both
the stator and the rotor rows were calculated from the time-averaged
solution. The data were collected in order to compare the results
with the ones obtained for the cascade. The analysis of the results
leads to different conclusions for the two rows. Employing the same
boundary conditions of the cascade tests, the stator still works in a
cascadelike environment. The boundary layer shows a laminar
behavior for large part of the suction side even at the higher values
of the Reynolds number, in particular, for the lower values of k/C.
Then, as it happens for the cascade flow, a transitional behavior is
found for the higher surface rough-ness and Reynolds number
values. For the investigated case, with a subsonic exit flow, the
presence of a blade row, which generates a potential field
downstream, has a negligible effect on the genera-tion of profile
losses. As far as the rotor is concerned, the trend of profile losses
depicts a different scenario. The periodic impact of the wakes near
the leading edge region of the rotor promotes the boundary layer
transition. Most of the suction side surface is affected by turbulent
flow, which results in a higher loss level compared to the steady
state cascade environment with attached boundary layer. This
behavior is independent of the surface finish-ing of the blade, and
starts from the lowest Reynolds investigated. The results of the
computations are summarized in Fig. 12, where the rotor profile
losses are reported as a function of Re, for all the five roughnesses
(filled symbol and solid line). In all the cases, the loss trend with
respect to Reynolds is very close to the Re™®? curve, which
represents the loss trend of a turbulent boundary layer. This is the
reason why the loss level is about twice the one found with the
cascade experimental campaign (Y,¢ is the same for the two cases).
The figure shows how increasing k,/C has the main effect of
moving the loss curve toward higher values. More-over, it modifies
the value of the threshold Reynolds (Rey,) at  which the curve
leaves the turbulent trend: the higher the rough-ness, the lower the
Rey, value. Once the Rey, is overcome,

Table 5 Stage data

Axial gap 0.4 Cyx
Aspect ratio 32
Radius ratio 1.3

Periodicity domain 1:1

ky/C

s
2.5x107
1.6x10%
0.9x10™*
0.8x10*
0.4x10*

P ttded

smooth

Fig. 12 Time-averaged CFD (filled symbols) and Craig and Cox
correlation (open symbols) loss coefficient as a function of Re,
(rotor row)

increasing Re, leads the losses trend toward the fully rough re-
gime. With respect to the cascade results, the ratio between Y (at
highest Re, and k/C) and Ysmoom is slightly lower, about 1.45. In
the same plot, the loss coefficients calculated by means of the
Craig and Cox correlation (open symbol) are reported. The com-
parison with the CFD shows a generally good agreement. As for
the cascade tests, the correlation predicts an increase of losses in
fully rough regime of ¥/Ygnoom =~ 1.55. In this case, the computa-
tions slightly under predict the roughness effect. Analyzing the
plot, a slight shift in the absolute value is seen for all the Reynolds
and surface finishing computed. In particular, when comparing to
Craig and Cox’s predictions, the calculations compute a higher loss
at the lower k,/C, and underestimate it at higher ones. But the main
difference is in the estimation of Rey, and, as a consequence, of the
Reynolds number at which the fully rough regime starts. Figure 13
shows the time-averaged profile losses as a function of ks/C for
different Reynolds numbers. In light of the previous dis-cussion
both the CFD (black filled symbol and solid line) and the Craig and
Cox (red open symbol) results show a turbulent nature. In this case,
the loss trend does not present the typical “knee” of the transition
region, but follows a quite linear trend, in accord-ance with
Speidel’s [23] results. From this point of view, the com-parison
between the CFD and the correlative approach is encouraging. In
fact, despite the difference in the absolute values, the slope of the
curves is in good agreement with the experiments too.

CFD

C&C\

Y/ Yref

0.8x10°
1.2x108
1.6x108
2.0x10°
2.4x10°

bteed

1 L L 1 )

05 1.0 15 2.0 25
kg/Cx10*

0.0

Fig. 13 Time-averaged CFD (filled symbols) and Craig and Cox
correlation (open symbols) loss coefficient as a function of
ks/ C (rotor row)



Summary and Conclusions

The study of the influence of surface roughness on a high-
pressure steam turbine stage was the scope of the present work.

The results of an experimental campaign, conducted in a cas-
cade test rig, were the basis for the calibration of the roughness
model used in the successive calculations. The measurements
were performed for five surface roughnesses and in a range of
Reynolds number of industrial interest. The results were available
in terms of blade loading and total pressure loss coefficient. The
analysis of the data highlighted the effect of roughness on bound-
ary layer transition, and the associated profile losses increase. The
computed losses as a function of Re, 4, confirmed that the metrics-
to-sand grain roughness conversion factor was reasonably
selected.

Three-dimensional steady state CFD computations were per-
formed in the cascade environment. The k, — k — o turbulence
model used for the computations was calibrated in order to
account for roughness effects in the transitional flow regime. The
results of the computations have shown the generally good agree-
ment with respect to the experimental measurements, in particu-
lar, the Re, ., and the associated loss increase were well predicted.

Finally, three-dimensional unsteady computations were per-
formed in a stage environment. The layout of the stage was
selected in order to reproduce the cascade test conditions to com-
pare the results with the cascade measurements. As for the experi-
ments, the same five surface roughnesses and Reynolds number
range were investigated. The results were also compared with the
profile losses predicted by the Craig and Cox correlation, leading
to two different conclusions. Similarly to the cascade environ-
ment, the stator row works in a transitional flow regime. While a
different behavior is observed in the rotor row, where the incom-
ing wakes trigger an early boundary layer transition, modifying
the flow regime with respect to the cascade environment.

The results found in this work aim to have a general character.
Their discussion has pointed out many aspects concerning the
losses generation associated with a rough surface. Understanding
these mechanisms has put the basis for tuning the roughness
model used for the computations and for improving its prediction
reliability. The stage environment computations highlighted that
the effect of surface roughness is quite different from the one re-
producible by cascade tests: the upcoming wakes on the rotor
blade strongly affect the transition-related aspects and the losses
associated with them. As a result, the stage environment analysis
would recommend to use the best allowed surface finishing to
design the blade.
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Nomenclature
AR = aspect ratio=H/C
C = chord

Cy = skin friction coefficient, Cy = 1, /((1/2)pu?)
H = blade height
k = turbulent kinetic energy
ky = laminar kinetic energy
ks = equivalent sand grain roughness height
k¥ = roughness height in wall units, k} = kv* /v
{r = turbulence length scale, /1t = k'/2/w
M = Mach number
P = pressure
r = radius
R, = peak-to-valley roughness

=
I

, = wall-normal-distance Reynolds number, Vky/v
Re = Reynolds number, Re = u,(C/v)
Rey, = roughness Reynolds number, Re;, = Rek,/C
RR = radius ratio = rp/rhup
= mean shear rate § =
T = temperature
Tu = turbulence intensity, Tu = +/(2/3)k/u
u = velocity magnitude
* = friction velocity, v = \/Tw/p
cartesian coordinates
= distance from the surface in wall units, y* = yv* /v
Y = total pressure loss
Z,, = Zweifel number

PAYAY

=
+<
I

Greek Symbols
-1

0q = shear layer vorticity thickness, dq = us /2(0u/dy)
v = kinematic fluid viscosity

p = density

1,, = wall shear stress

w = specific turbulence-dissipation rate

Subscripts
cr = critical
¢ = laminar
ref = reference value
s = static
smooth = smooth surface
t = total

T = turbulent

th = threshold

w = wall value

1 = cascade inlet
2 = cascade exit
oo = free-stream

Acronyms

CFD = computational fluid dynamics
FT = fully turbulent
LKE = laminar kinetic energy
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