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Quantitative Computational Fluid
Dynamics Analyses of Particle
Deposition in a Heavy-Duty
Subsonic Axial CompressorAQ3 29

30 Solid particle ingestion is one of the principal degradation mechanisms in the compressor
and turbine sections of gas turbines. In particular, in industrial applications, the micro-
particles not captured by the air filtration system can cause deposits on blading and, con-
sequently, result in a decrease in compressor performance. In the literature, there are
some studies related to the fouling phenomena in transonic compressors, but in industrial
applications (heavy-duty compressors, pump stations, etc.), the subsonic compressors are
widespread. It is highly important for the manufacturer to gather information about the
fouling phenomenon related to this type of compressor. This paper presents three-
dimensional (3D) numerical simulations of the microparticle ingestion (0.15–1.50 lm) in
a multistage (i.e., eight stage) subsonic axial compressor, carried out by means of a com-
mercial computational fluid dynamic code. Particles of this size can follow the main air
flow with relatively little slip, while being impacted by flow turbulence. It is of great inter-
est to the industry to determine which zones of the compressor blades are impacted by
these small particles. Particle trajectory simulations use a stochastic Lagrangian track-
ing method that solves the equations of motion separately from the continuous phase. The
adopted computational strategy allows the evaluation of particle deposition in a multi-
stage axial compressor thanks to the use of a mixing plane approach to model the rotor/
stator interaction. The compressor numerical model and the discrete phase model are set
up and validated against the experimental and numerical data available in the literature.
The number of particles and sizes is specified in order to perform a quantitative analysis
of the particle impacts on the blade surface. The blade zones affected by particle impacts
and the kinematic characteristics (velocity and angle) of the impact of micrometric and
submicrometric particles with the blade surface are shown. Both blade zones affected by
particle impact and deposition are analyzed. The particle deposition is established by
using the quantity called sticking probability, adopted from the literature. The sticking
probability links the kinematic characteristics of particle impact on the blade with the
fouling phenomenon. The results show that microparticles tend to follow the flow by
impacting on the compressor blades at full span. The suction side of the blade is only
affected by the impacts of the smallest particles. Particular fluid dynamic phenomena,
such as corner separations and clearance vortices, strongly influence the impact location
of the particles. The impact and deposition trends decrease according to the stages. The
front stages appear more affected by particle impact and deposition than the rear ones.
[DOI: 10.1115/1.4038608]

31 IntroductionAQ4

32 Land-based gas turbine operation is affected by the fouling phe-
33 nomenon that afflicts both compressor and turbine sections. Stud-
34 ies and analyses related to fouling have grown continuously over
35 the years due to the necessity of increasing the performance,
36 efficiency, and reliability of gas turbines [1].
37 Compressor fouling is primarily due to the microparticles
38 ingested by the power unit. Microparticles are able to pass through
39 the filtration barriers and stick to the compressor surfaces [2,3].
40 The mechanisms through which this adhesion occurs are still not
41 fully understood. A rule-of-thumb in the literature highlights that
42 dry particles have to be very small to stick, while wet surfaces
43 and/or wet particles allow bigger particles to stick [2]. Deposits
44 along the gas path determine a reduction in compressor perform-
45 ance and efficiency. As reported in Refs. [4] and [5], the reduction

46in compressor performance due to fouling depends on the severity
47of the phenomenon, whose occurrence is modeled through a
48decrease in the flow passage area and efficiency.
49Multistage compressors experience several different phenom-
50ena related to fouling. Flow conditions (such as temperature and
51pressure) change through the stages. On-field detections [6,7]
52reveal particular contamination patterns and different amounts of
53deposits.
54Tarabrin et al. [6] report an investigation of compressor blade
55contamination for a Nuovo Pignone MS5322 R(B) gas turbine
56engine. This power unit operated for a long time without blade
57washing, but only the first 5–6 stages of 16 are subjected to foul-
58ing. Figure 1 shows the results of the author’s inspection. The
59inlet guide vanes, as well as rotor blades and stator vanes of the
60first stage, have more deposits on the convex side. The deposit
61masses on the blades of the other stages are approximately equal
62for the convex and concave sides, with deposit masses decreasing
63from the first to the sixth stage. The authors point out that the
64amount of deposits is greater on stator vanes than on rotor blades
65due to the cleaning effects provided by centrifugal forces on dirt
66particles. Centrifugal force effects also influence the results
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67 obtained by Syverud et al. [7]. The authors report the location of
68 salt deposits in a general electric J85-13 axial compressor. The
69 experimental tests show that salt deposits are mainly found along
70 the leading edge of the first four stages and on the pressure side of
71 stator vanes along the hub. According to the author’s inspection,
72 deposits are mainly located on the leading edge of stator vanes.
73 Close to the hub, some of the deposits were detached by the air
74 flow probably due to the variation of the incident angle when the
75 compressor was tested at a different rotational speed. The salt
76 deposits were generated by the salt carried by the water droplets
77 and, for this reason, significantly fewer deposits are observed on
78 rotor blades compared to stator vanes due to the centrifugal
79 forces.
80 Numerical analyses of the fouling phenomenon in multistage
81 compressors are not widespread in the literature and some studies
82 have only become available in the last few years. The challenges
83 involved in these types of simulations are linked to particle size
84 (submicrometric particles) and computational efforts. Examples
85 of computational fluid dynamics (CFD) analyses of the particle
86 ingestion in axial-flow compressors can be found in Refs. [8] and
87 [9]. In these works, which deal with compressor erosion, particle
88 trajectories are investigated in order to reveal the main eroded
89 areas of the blades. In Ref. [10], Aldi et al. analyze the micropar-
90 ticle ingestion in a transonic axial compressor stage. A particular
91 computational strategy is adopted to take into account the pres-
92 ence of two subsequent annular cascades. Recently, Saxena et al.
93 [11] have performed a numerical study of a high-pressure axial
94 compressor ingesting particulate matter, in order to predict parti-
95 cle behavior both along the stages and the compressor bleed sys-
96 tem. The effect of particle shape is also studied by simulating
97 nonspherical particles.

98 Compressor Numerical Model

99 The compressor under examination is an eight-stage subsonic
100 axial-flow compressor used in an industrial application. The com-
101 pressor overall axial length is 0.934 m. It is characterized by a
102 constant hub diameter annulus configuration, with the hub diame-
103 ter of 0.480 m and the casing diameter linearly decreasing along
104 the axial direction from 0.650 m at the first rotor inlet to 0.578 m
105 at the last stator exit. Each rotor consists of 31 blades, while each
106 stator is composed of 44 vanes. The rotor tip and the stator hub
107 clearances are equal to 0.382 mm for all cascades. The compressor
108 design rotational speed is 6054 rpm and the first rotor blade tip
109 speed is equal to 206 m/s, which corresponds to a blade tip Mach
110 number of 0.62.

111Computational Domain. The compressor geometry is recon-
112structed through a reverse engineering procedure. The geometry
113reconstruction of the real components is performed by means of a
114laser scanner. At first, a three-dimensional (3D) polygonal geome-
115try of the actual geometry is obtained by interpolating the point
116cloud derived from the laser scanner by means of POLYWORKS V12
117software. A 3D model is then obtained and exported to the AQ5CAD
118software SOLIDWORKS 2015 through an interchange file format. A
119sketch of the computational domain for the compressor is shown
120in Fig. 2(a). As can be seen, the computational domain consists of
121eighteen fluid domains: ten stationary domains (inlet duct, stators,
122and outlet duct) and eight rotating domains (rotors). To reduce
123the computational effort, only a single passage per cascade is
124modeled.

125Numerical Grid. The grid used in the calculations is a hexahe-
126dral grid with a total number of 16,594,824 elements. The grid is
127realized by employing an O-grid around both rotor blades and sta-
128tor vanes, with local refinements near the hub and shroud regions.
129Rotor tip and stator hub clearances are resolved with 4 nodes
130across the gap span. The meshes on a single rotor blade and stator
131vane are shown in Figs. 2(b) and 2(c), respectively. The first grid
132points on rotor blades, stator vanes, and end walls are positioned
133in such a way that the yþ values range from 10 to 250.

134Numerical Code. The numerical simulations are carried out by
135means of the commercial CFD code ANSYS CFX 16.2. The code
136solves the 3D Reynolds-averaged form of the Navier–Stokes
137equations by using a finite element-based finite volume method.
138An algebraic multigrid method, based on the additive correction
139multigrid strategy, is used. A second-order high-resolution advec-
140tion scheme is adopted to calculate the advection terms in the flow
141equations.

142Turbulence Model. The turbulence model used in the calcula-
143tions is the standard k–e and near-wall effects are modeled by
144means of scalable wall functions [12]. A first-order upwind discre-
145tization scheme is selected for both turbulent kinetic energy and
146turbulent dissipation rate equation.

147Rotor/Stator Interaction Model. All the compressor simula-
148tions are performed in a steady multiple reference frame in order
149to take into account the contemporary presence of moving and sta-
150tionary domains. In particular, a mixing plane model is imposed
151at the interface between rotating and stationary domains, each of

Fig. 1 Weight distribution of deposits on the convex and concave sides of the compressor blades [6]: (a) rotors and (b)
stators
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152 which is solved as a steady-state problem. The mixing plane inter-
153 face, whose geometry is radial, is located half-way between the
154 two cascades.
155 In Ref. [13], Cornelius et al. carry out a numerical analysis on a
156 six-stage axial compressor using both steady mixing plane and
157 transient methods for the rotor/stator interaction. All the simula-
158 tions show strong agreement with the experimental data across the
159 full performance map, up to stall onset on multiple speedlines.
160 From these analyses, it can be seen that the steady simulation with
161 a mixing plane approach is reliable in reproducing the overall
162 performance of the compressor, avoiding the more expensive (in
163 terms of time and computational effort) transient approach.

164 Properties and Boundary Conditions. An ideal gas approxi-
165 mation is used for air. It is also assumed that the fluid has a con-
166 stant specific heat, dynamic viscosity, and thermal conductivity.
167 The total pressure, the total temperature, and the flow direction
168 are assigned to the inflow boundary of the inlet duct. The inlet total
169 pressure p0,in and the total temperature T0,in are set equal to
170 101,325 Pa and 288.15 K, respectively. The flow is defined to be
171 normal at the inflow boundary. Turbulence parameters are speci-
172 fied at the inlet section in terms of turbulence intensity and turbu-
173 lent viscosity ratio, which are set equal to 5% and 10, respectively.
174 An average relative static pressure pg,out is imposed at the out-
175 flow boundary of the outlet duct, both in the near-choked flow
176 region and in the near-stall region. The outflow pressure is pro-
177 gressively increased in order to reproduce the entire performance
178 trend.
179 Rotor blades, stator vanes, and end walls are modeled as no-
180 slip, smooth and adiabatic walls. All the simulations refer to the
181 compressor design rotational speed (i.e., 6054 rpm). Furthermore,
182 since only a section of the full geometry is modeled, rotational
183 conformal periodic boundary conditions are applied to the lateral
184 surfaces of the flow domain.
185 The results presented in this paper are obtained from conver-
186 gent simulations, with a variation of the residues of the flow and
187 turbulent equations close to zero and all lower than 10�4.

188 Compressor Performance. The numerical performance curves
189 in terms of total pressure ratio b and adiabatic efficiency g as a
190 function of the mass flow rate m are reported in Fig. 3, along with
191 the best efficiency point. The mass flow rate at the choked-flow
192 condition is equal to 26.48 kg/s.

193 Particle Model

194 The solution approach is based on a mathematical model with
195 Eulerian conservation equations for the continuous phase and a

196Lagrangian frame to simulate a discrete second phase. In this
197approach, the air flow field is first simulated and then the trajecto-
198ries of individual particles are tracked by integrating a force bal-
199ance equation on the particle.

200Force Balance. The particle force balance can be written as

dup

dt
¼ FD þ

qp � q

qp

gþ FL þ F (1)

201202where the left-hand side represents the inertial force per unit mass
203acting on the particle and up is the particle velocity vector. The
204first and the second term on the right-hand side are the drag force
205and the buoyancy force per unit particle mass, respectively, where
206qp is the particle density, q is the air density, and g is the gravity
207acceleration vector. The third term FL refers to the shear-induced
208lift force per unit mass acting on particles. The last term F repre-
209sents additional forces per unit mass on particles, whose signifi-
210cance will be clarified in the following lines of this paragraph.
211The general expression for the drag force acting on smooth
212spherical particles is

FD ¼
18l
qpd2

p

CDRep

24
u� upð Þ (2)

213214where l is the fluid dynamic viscosity, dp is the particle diameter,
215CD is the drag coefficient, Rep is the particle Reynolds number

Fig. 2 Computational domain for the multistage compressor: (a) single passage model, (b)
mesh on a rotor blade, and (c) mesh on a stator vane

Fig. 3 Compressor performance curves: total pressure ratio
and adiabatic efficiency
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Rep ¼
qdpjup � uj

l
(3)

216217 and u is the fluid velocity vector.
218 The drag coefficient CD is dependent upon the particle Reyn-
219 olds number. For spherical particles, three different regimes can
220 be identified:

� at low particle Reynolds numbers (Rep< 0.1), the drag coef-
221 ficient is defined by the Stokes’ law, CD¼ 24/Rep (viscousAQ6
222 regime);

� for particle Reynolds numbers that are sufficiently large for
223 inertial effects to dominate viscous effects (103<Rep

224 < 2� 105), the drag coefficient becomes independent of the
225 Reynolds number, CD¼ 0.44 (inertial regime);

� in the transitional region between the viscous and inertial
226 regimes (0.1<Rep< 103), both viscous and inertial effects
227 are important and the drag coefficient is thus a function of
228 the particle Reynolds number, which must be determined
229 through experiments. The empirical correlation adopted in
230 the present analysis is due to Schiller and Naumann [14]

CD ¼
24

Rep

1þ 0:15 Re0:687
p

� �
(4)

231 Small particles in a shear flow field experience a lift force FL per-
232 pendicular to the direction of relative motion of the two phases.
233 The lift force is most significant in shear layers whose width is
234 comparable to the particle diameter (i.e., boundary layers). The
235 expression for the shear lift force was first obtained by Saffman
236 [15,16] for low Reynolds number flow past a spherical particle.
237 Saffman’s expression for the lift force was generalized by Mei
238 and Klausner [17] to a higher range of particle Reynolds numbers.
239 The Saffman–Mei model [12] is applied in this study to calculate
240 the lift force on spherical solid particles.
241 As stated earlier, Eq. (1) incorporates additional forces F in the
242 particle force balance that can be important under special circum-
243 stances. These additional contributions are (i) forces that arise
244 when modeling the flow in a rotating frame of reference (centrifu-
245 gal and Coriolis forces), (ii) the force required to accelerate the
246 fluid surrounding the particle (virtual mass force), and (iii)
247 the force applied on the particle due to the pressure gradient in the
248 fluid (pressure gradient force).
249 The virtual mass and pressure gradient forces are only signifi-
250 cant when the fluid density is comparable to or greater than the
251 particle density. Since the numerical simulations involve the
252 transportation of solid particles in a gaseous flow, the density ratio
253 q/qp is much smaller than unity. For this reason, the virtual mass
254 and pressure gradient forces are not considered in the force
255 balance.

256 Particle Turbulent Dispersion. The turbulent dispersion of
257 particles in the fluid phase is predicted by using a stochastic track-
258 ing model, which includes the effect of instantaneous turbulent
259 velocity fluctuations on the particle trajectories. The instantaneous
260 fluid velocity is decomposed into mean and fluctuating compo-
261 nents, the latter governing each particle’s turbulent dispersion.
262 Particles injected from a single point may follow separate trajecto-
263 ries due to the random nature of the instantaneous fluid velocity.
264 By computing the trajectory in this manner for a sufficient number
265 of particles, the random effects of turbulence on particle disper-
266 sion can be included.
267 The model of turbulent dispersion of particles used in this
268 investigation is due to Gosman and Ioannides [18]. In this model,
269 the fluctuating velocities are assumed to possess a Gaussian proba-
270 bility distribution. This model also assumes that a particle is
271 always within a single turbulent eddy, which has a characteristic
272 fluctuating velocity, lifetime, and length. When a particle enters
273 the eddy, the fluctuating velocity for that eddy is added to the local

274mean fluid velocity to obtain the instantaneous fluid velocity. The
275turbulent fluid velocity is assumed to prevail as long as the parti-
276cle/eddy interaction time is less than the eddy lifetime and the dis-
277placement of the particle relative to the eddy is less than the eddy
278length. If either of these conditions is exceeded, the particle is
279assumed to be entering a new eddy with new characteristics. The
280eddy fluctuating velocity, length, and lifetime are calculated based
281on the local turbulent kinetic energy k and its dissipation rate e.

282Particle Injection. Particle injections take place on the previ-
283ously solved air flow field, with the compressor operating at the
284best efficiency point. Particles are released at the same local
285velocities as the air flow from the compressor inlet section, with
286equally spaced randomly positioned injection points. The uniform
287distribution of injection points allows the realization of a uniform
288particle injection from the inlet section. In every analysis, the total
289number of tracked particles is 3� 106. This number of particles is
290selected in order to satisfy the statistical independence of the
291results, since turbulent dispersion is modeled based on a stochastic
292approach. Moreover, it is assumed that particles do not affect the
293fluid flow (one-way coupling) as the particle’s volume fraction is
294very low (� 10%).
295Particles are spherical and nondeformable. The particle density
296qp is set equal to 2560 kg/m3 and the variation of the particle
297diameter dp is in the range of 0.15–1.50 lm, while the Stokes
298number, St, calculated at the inlet section of each cascade

St ¼
qpd2

p

18l
U1

dh

(5)

is in the range of 0.0001–0.02. In Eq. (5), U1 is the averaged fluid
299velocity at the cascade inlet section and dh is the hydraulic diame-
300ter for the cross section. Every analysis refers to injections having
301particles with the same diameter, the same material, and therefore,
302the same Stokes number. The injection data are summarized in
303Table 1.

304Particle-Wall Interaction. For the calculation of particle
305rebound velocity and direction, a specific particle-wall interaction
306model is implemented by the authors using a Fortran routine. In
307this model, which is imposed on rotor blades, stator vanes, and
308end walls, the normal and tangential restitution coefficients are
309defined in agreement with Forder et al. [19], as a function of
310particle wall impact angle a. In a general application, restitution
311coefficients could depend on (i) impact velocity, (ii) pressure, and
312(iii) temperature [20]. In this case, only velocity could represent an
313obstacle to the correct representation of the particle bounce. As
314stated earlier, the restitution coefficients used in this study are
315obtained from Forder et al.’s work [19] in which an oilfield control
316valve is studied with a flow velocity almost equal to 80 m/s. This
317velocity value determines the validity of assuming the restitution
318coefficients independent from the velocity.
319The turbulence model plays a key role in the resolution of parti-
320cle trajectories near the wall. Tian and Hamadi [21] highlight the
321effect of a different turbulence model on the velocity deposition
322for particles in a horizontal and vertical duct. The authors report
323an extensive sensitivity analysis of the relationship between turbu-
324lence models, mesh refinement close to the wall and particle
325dimensions expressed by the nondimensional particle relaxation
326time sþ, defined as

sþ ¼
qp=q
� �

d2
pu2

t

18�2
(6)

327328where � is the fluid kinematic viscosity, ut is the shear velocity

ut ¼
ffiffiffiffiffi
sw

q

r
(7)

and sw is the wall shear stress.
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329 As previously mentioned, the turbulence model used for all the
330 analyses is the standard k–e and near-wall effects are modeled by
331 means of scalable wall functions. In order to assess the suitability
332 of this turbulence model to study particle deposition in the consid-
333 ered axial compressor, numerical simulations are performed on
334 the vertical duct test case described by Tian and Hamadi [21].
335 This analysis, whose results are reported in Appendix A, shows
336 that the k–e turbulence model with scalable wall functions over-
337 predicts the deposition velocity for particles in Brownian
338 (sþ< 10�2) and transition (10�2< sþ< 10) regions, and it does
339 not allow the estimation of the real trend of the particle velocity
340 deposition in these regions. On the contrary, in the inertial
341 (sþ> 10) region, the predicted trend of the deposition velocity
342 curve is in agreement with the other results.
343 As can be seen in Table 1, the nondimensional particle relaxa-
344 tion time sþ for the simulations presented in this paper is in the
345 range 1–186, which corresponds to the transition and inertial
346 regions in accordance with [21]. For this reason, the k–e turbu-
347 lence model with scalable wall functions is considered suitable for
348 studying the deposition phenomenon that occurs in the compres-
349 sor under examination.

350 Particle Behavior at Rotor/Stator Interface. Since the com-
351 pressor simulations are carried out in a steady multiple reference
352 frame, with mixing plane interfaces between stationary and rotat-
353 ing cascades, a computational strategy is required to simulate the
354 relative clocking of particles with the rotor blade as they enter the
355 rotating frame.
356 According to the adopted strategy, when a particle crosses a mix-
357 ing plane interface, it enters the new cascade at a location character-
358 ized by the same radial coordinate and a randomly assigned
359 circumferential coordinate and its velocity is rotated accordingly
360 [12]. This is in addition to change in the relative velocity that occurs
361 due to the particle changing to a new frame of reference. This strat-
362 egy is analogous to the “preserved” method used by Zagnoli et al.
363 [22] in steady mixing plane calculations for studying microparticle
364 deposition in the first stage of a high-pressure turbine.
365 Furthermore, when a particle reaches a periodic boundary, it
366 emerges at the new periodic location and the particle’s velocity is
367 rotated accordingly [12].

368 Results

369 Starting from the analysis of the location and the kinematic
370 characteristics of particle impacts on the compressor blades, the

371zones characterized by a high probability of particle deposition
372are identified by means of the sticking probability calculation.

373Numerical Model Validation. In their previous work [23], the
374authors analyzed the microparticle trajectories in the first-stage
375rotor of the subsonic axial compressor under investigation, in
376order to discover which blade zones are affected by particle
377impact and adhesion. The particle distribution pattern found on
378the blade surface is confirmed by the experimental data on the dis-
379tribution of foulants on a dry airfoil surface obtained by Kurz
380et al. [24]. The numerical simulations in Ref. [23] were carried
381out using the commercial flow solver ANSYS FLUENT with a sto-
382chastic Lagrangian tracking method for particle trajectory calcula-
383tions. The standard k–e turbulence model with standard wall
384functions was used in steady frozen rotor calculations.
385On the basis of the particle impact location results reported in
386Ref. [23], comparative simulations of particle ingestion are per-
387formed for the isolated first-stage rotor cascade considering four
388different particle diameters (0.15 lm, 0.50 lm, 1.00 lm, and 1.50
389lm). All the calculations refer to the air mass flow rate considered
390in Ref. [23], equal to 24.26 kg/s. In this way, the flow conditions
391within the individually simulated rotor match those resulting from
392the simulations in Ref. [23].
393Only a portion of the particles injected from the inlet section of
394the rotor cascade impacts on the blade. For comparison among the
395studied cases, the ratio ghit can be used. ghit is defined as the ratio
396between the number of particles that hit the blade and the total
397number of injected particles. The trend of ghit as a function of the
398particle diameter dp is shown in Fig. 4.
399It is possible to observe that the percentage of particles that hit
400the blade surface increases with the particle diameter. The pre-
401dicted ghit values are lower with respect to those reported by
402Suman et al. [23] in the whole range of particle diameters
403explored, even though the impact trend is the same.
404Regarding the particle impact location on the blade surface,
405Fig. 5 shows the trends of the impacting particles on the blade as a
406function of the particle diameter. The ghit values for the pressure
407side, ghit,PS, and the suction side, ghit,SS, refer to the percentage of
408particles that hits the pressure side or suction side compared to the
409total number of injected particles.
410It can be seen that, by increasing the particle diameter, the num-
411ber of particles that hit the pressure side increases. The calculated
412ghit,PS values are lower with respect to those provided by Suman
413et al. [23] for all the considered particle diameters, even though
414the ghit,PS trend is the same. For the suction side, the number of

Table 1 Injection data

Stokes number, St Nondim. relax. time, sþ

1 0.15 0.50 1.00 1.50 0.15 0.50 1.00 1.50

STAGE First ROTOR 1� 10�4 2� 10�3 7� 10�3 1� 10�2 1 12 47 106
STATOR 1� 10�4 2� 10�3 6� 10�3 1� 10�2 1 8 33 73

Second ROTOR 2� 10�4 2� 10�3 7� 10�3 2� 10�2 1 13 52 118
STATOR 1� 10�4 2� 10�3 7� 10�3 1� 10�2 1 9 35 79

Third ROTOR 2� 10�4 2� 10�3 7� 10�3 2� 10�2 1 14 57 129
STATOR 2� 10�4 2� 10�3 7� 10�3 2� 10�2 1 9 37 84

Fourth ROTOR 2� 10�4 2� 10�3 7� 10�3 2� 10�2 1 15 61 137
STATOR 2� 10�4 2� 10�3 7� 10�3 2� 10�2 1 10 40 90

Fifth ROTOR 2� 10�4 2� 10�3 8� 10�3 2� 10�2 1 16 66 147
STATOR 2� 10�4 2� 10�3 8� 10�3 2� 10�2 1 11 43 96

Sixth ROTOR 2� 10�4 2� 10�3 8� 10�3 2� 10�2 2 18 71 159
STATOR 2� 10�4 2� 10�3 8� 10�3 2� 10�2 1 12 46 105

Seventh ROTOR 2� 10�4 2� 10�3 9� 10�3 2� 10�2 2 19 76 171
STATOR 2� 10�4 2� 10�3 9� 10�3 2� 10�2 1 13 51 114

Eighth ROTOR 2� 10�4 2� 10�3 1� 10�2 2� 10�2 2 21 83 186
STATOR 2� 10�4 3� 10�3 1� 10�2 2� 10�2 1 14 56 127
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415 impacts taking place on the blade decreases from dp¼ 0.15 lm to
416 dp¼ 0.50 lm and then increases to dp¼ 1.50 lm. An analog ghit,SS

417 trend is found by Suman et al. [23], even if the number of particles
418 that hit the suction side decreases from dp¼ 0.15 lm to dp¼ 1.00
419 lm and then increases to dp¼ 1.50 lm.
420 Overall, the results related to particle impacts on the first-stage
421 rotor blade are in line with those presented in Ref. [23]. For this
422 reason, the numerical model developed in the present work is con-
423 sidered reliable for analyzing particle deposition in the multistage
424 compressor under examination.

425 Impact Analysis. The modules of the particle impact velocity
426 vi are reported in Figs. 6–9 for the compressor blades. Each figure
427 refers to a single particle diameter. The velocity values refer to
428 the vector sum of the three velocity components along the coordi-
429 nate axes at the impact point on the blade surface. Each dot, which
430 represents a single particle that hits the blade, is colored by the
431 impact velocity and is superimposed with respect to the mesh
432 node that provides the blade shape.
433 The results show that microparticles tend to follow the flow by
434 impacting at full span. The effects of centrifugal forces on particle
435 trajectories are not visible, since the considered particle diameters
436 are too small, as observed by Tabakoff et al. [25]. In their work,
437 the authors analyze the effect of particle size on particle dynamics
438 and blade erosion in an axial flow turbine. The computational
439 analysis shows that the trajectories of the smallest particles
440 (dp¼ 2.50 lm) do not deviate from the streamlines. The deviation
441 appears for a particle diameter equal to 15 lm.
442 From a fouling point of view, the most interesting results refer
443 to the case with the smallest particles (Fig. 6). For this case in
444 fact, even though the number of particles that hit the blade surface
445 is the smallest (see Fig. 4), the particles are present both on pres-
446 sure side and suction side. The impact patterns show that there is
447 not a blade area free from particle impact and, as a consequence,
448 the blade surface could be completely affected by deposits.
449 These overall impact patterns are directly related to the fluid
450 dynamic phenomena that characterize the three-dimensional flow
451 field of the compressor. In particular, as reported by Fottner [26],
452 clearance vortices and corner vortices determine three-dimensional
453 flow structures of the flow field inside an axial compressor. For the
454 rotor blades, the tip leakage flow determines the impact velocity
455 peaks that take place at the blade tip area, while the low impact
456 velocities at the rear part of the blade on the suction side are due to
457 the hub-corner separation. The stator vanes show different impact
458 velocity patterns. The impact velocity assumes the lowest values at
459 the rear part of the vane on the suction side, where the casing-
460 corner separation exists. The impact velocity peaks that take place
461 at the hub are determined by the hub leakage flow.

462Furthermore, it can be noticed that the particles that hit the suc-
463tion side are especially concentrated at the leading edge of the
464blade. The impact velocity is not the only parameter needed to
465determine particle adhesion on the blade surface. Particle adhe-
466sion is due to a combination of different effects, but the most
467important parameters are the normal vn and tangential vt impact
468velocity components. Therefore, the particle impact angle a,
469which is the angle between the surface normal vector and the
470impact velocity vector, is analyzed in order to better understand
471the kinematic characteristics of particle impact.
472In Figs. 10–13, the particle impact angle is reported by means
473of colored particle plots for the compressor blades. Each figure
474refers to a single particle diameter.
475As can be seen, nearly all of the particle impacts are character-
476ized by a value of the impact angle close to 90 deg (i.e., particles
477are tangential to the blade surface). Smaller values of the impact
478angle are determined on the suction side of both rotor blades and
479stator vanes by the hub-corner separation and the casing-corner
480separation, respectively. At the leading edge, the stagnation of the
481flow results in normal impacts (a � 0 deg).

482Adhesion Analysis. The particles that stick to the compressor
483blades are shown in Figs. 14–17 by using black dots. Each dot
484represents a stuck particle (i.e., a particle for which the sticking
485probability is greater than 0.5). Each figure refers to a single parti-
486cle diameter.
487The quantitative analysis of particle adhesion on the compres-
488sor blades is performed by using the experimental results provided
489by Poppe et al. [27], in which particle velocities, materials, and
490dimensions are among the most similar to those of particles caus-
491ing the fouling phenomenon. As the authors previously showed in
492Refs. [23] and [28], starting from the experimental sticking proba-
493bility trends reported in Ref. [27], it is possible to define represen-
494tative trends for the correlation between the normal impact
495velocity and the sticking probability. Smaller particles are found
496to have a wider range of normal impact velocity for which particle
497impact with the blade surface becomes (with a high probability) a
498permanent adhesion. The aforementioned correlations are used to
499calculate the sticking probability for each particle that impacts on
500the surface by using the normal impact velocity, whose modules
501are shown in Appendix B for the compressor blades.
502Because of the particle-wall interaction settings, particles
503bounce on rotor blades, stator vanes, and end walls following the
504rules imposed by the restitution coefficients. In the literature,
505some studies can be found on the effects of the particle bounce
506especially related to erosion phenomena [8]. Bouncing particles
507possess high kinetic energy that decreases by an order of magni-
508tude during the first impact [27]. Such a phenomenon implies that

Fig. 4 Capture efficiency versus particle diameter for the iso-
lated first-stage rotor

Fig. 5 Particle impact distributions for the isolated first-stage
rotor
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Fig. 6 Particle impact velocity, dp 5 0.15 lm

Fig. 9 Particle impact velocity, dp 5 1.50 lm

Fig. 7 Particle impact velocity, dp 5 0.50 lm

Fig. 8 Particle impact velocity, dp 5 1.00 lm
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Fig. 10 Particle impact angle, dp 5 0.15 lm

Fig. 13 Particle impact angle, dp 5 1.50 lm

Fig. 12 Particle impact angle, dp 5 1.00 lm

Fig. 11 Particle impact angle, dp 5 0.50 lm
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509 these particles will not be able to stick during the first contact,
510 but, instead, will be more likely to stick during the second one. In
511 fact, the decrease in kinetic energy is related to the decrease in
512 velocity and, consequently, to an increase in sticking probability.
513 For this reason, the particle adhesion results take into account the
514 particle bounces. More specifically, the bounces of each particle
515 are analyzed in terms of normal impact velocity using a Fortran
516 routine implemented by the authors. The particle is only consid-
517 ered stuck to the surface when the normal impact velocity value
518 allows particle sticking (i.e., the sticking probability is greater
519 than 0.5) and, consequently, the calculation of its trajectory is
520 interrupted. Otherwise, the particle bounces on the surface in
521 accordance with the imposed restitution coefficients.
522 As can be seen in Figs. 14–17, the deposition zones reflect the
523 impact areas. The smallest particles are able to cover the entire
524 blade surface (pressure and suction sides), even though a small
525 portion of the blade close to the leading edge appears free from
526 deposits. Moving to bigger particles, the suction side and certain
527 zones of the pressure side are less affected by particle adhesion.

528The fluid dynamic phenomena previously described strongly
529influence the deposition patterns. For the rotor blades, the tip leakage
530flow and the hub-corner separation determine particle adhesion at
531the blade tip on both sides of the blade and at the rear part of the
532blade on the suction side. For the stator vanes, the hub leakage flow
533and the casing-corner separation cause deposits at the hub on both
534sides of the vane and at the rear part of the vane on the suction side.
535Figure 18 shows the trends of the ratio ghit and ghit,SP>0.5, for
536particles characterized by a sticking probability greater than 0.5,
537along the compressor. The particle impact and deposition trends
538are separately analyzed for the two sides (pressure and suction
539sides) of rotor blades and stator vanes, in agreement with the
540investigations reported in the literature [6,7].
541In the case of rotor blades, the differences between the values
542of ghit and ghit,SP>0.5 are bigger than those obtained for stator
543vanes. Therefore, the particles that impact on the stator vane
544surfaces seem to have a greater chance of sticking. This phenom-
545enon is probably due to the influence of the rotor blade speed that
546determines higher values of particle impact velocity, and

Fig. 14 Particle deposition patterns, dp 5 0.15 lm

Fig. 15 Particle deposition patterns, dp 5 0.50 lm

Fig. 16 Particle deposition patterns, dp 5 1.00 lm
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547 therefore, lower values of sticking probability. Furthermore, the
548 difference between the values of ghit and ghit,SP>0.5 increases with
549 the particle diameter. The two percentages are very close to each
550 other only for the smallest particles, showing the high capability
551 of smaller particles to stick to the blade surface. For the suction
552 side, the trend of the ratio ghit,SP>0.5 highlights a high percentage
553 of particles able to stick for the smallest diameters compared to
554 the total number of particles that hit the suction side. For higher
555 particles, this percentage is very low due to the very low number
556 of particles that reach the suction side.
557 The impact and deposition trends decrease according to the
558 stages. The front stages appear more affected by particle impact
559 and deposition than the rear ones. This phenomenon is more evi-
560 dent in the case of bigger particles, while for the smallest particles
561 (dp¼ 0.15 lm) the trends appear quite constant.

562The final analysis is related to the distribution of the deposits
563along the compressor flow path. As mentioned earlier, the impact
564and deposition trends decrease along the stages, even though this
565reduction is not comparable with that reported in the literature
566[6,7]. These fouling detections have revealed that only the first
567stages are affected by deposits, for which humid conditions play a
568key role. In Ref. [6], only the first 5–6 stages of 16 are subjected
569to blade fouling. The deposit masses decrease from the first to the
570sixth stage, and from the seventh stage, the amount of deposits on
571the blades is insignificant. In Ref. [7], the experimental tests have
572shown that the salt deposits were mainly found along the leading
573edge of the first four stages and on the pressure side of the stator
574vanes along the hub. The salt deposits were generated by the salt
575contained in the water droplets and, for this reason, significantly
576fewer deposits were observed on the rotor blades compared to the

Fig. 17 Particle deposition patterns, dp 5 1.50 lm

Fig. 18 Trends of the ratio ghit and ghit,SP > 0.5
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577 stator vanes. In this case, the cleaning effects of the water droplets
578 on the rotor surface are clearly present. The amount of deposits
579 obtained by Syverud et al. [7] on the stator vanes matches with
580 those reported in Ref. [6], proving the influence of water droplets.
581 This mechanism is well described in the literature [29–31]. The
582 air flow accelerates in the vicinity of the first rotor and the static
583 temperature decreases immediately. If condensation occurs (in
584 cases where the air humidity is high, the air temperature could be
585 lower than the saturation temperature), the dust particles serve as
586 nuclei for condensation of the water vapor and become damp,
587 which speeds up the process of forming deposits. When imping-
588 ing, the droplets are deformed and splashed over the entire blade
589 surface, generating favorable conditions for dust, soot, and salt
590 particle sticking. During the course of compression, the air
591 becomes warmer and drier, which leads to a reduction in the foul-
592 ing in the rear cascades.
593 To support this, Fig. 19 reports the evolution of the static tem-
594 perature through the stages. At the first rotor inlet, the static tem-
595 perature decreases to 278 K. In actual operation, this temperature,
596 coupled with an air relative humidity equal to 80%, determines
597 water vapor condensation [29]. From the second stage, the air
598 becomes warmer and no condensation occurs. The deposits shown
599 in Fig. 18 are calculated for dry conditions, since the correlations
600 between normal impact velocity and sticking probability, taken
601 from Ref. [27], are obtained in such conditions. This analysis
602 proves that fouling should be studied considering several factors,
603 such as (i) geometry, (ii) flow field through the stages, (iii) particle
604 dynamics, and (iv) adhesion phenomena caused by the presence
605 of a third substance at the particle/surface interface. In this sense,
606 the numerical CFD calculation is able to solve the flow field and
607 continuously compute the particle dynamics and properties along
608 the compressor flow path.

609 Conclusions

610 In this paper, several numerical analyses of multistage com-
611 pressor fouling are performed. Starting from the validation of the
612 numerical particle tracking and deposition using the literature
613 data, the performance, flow field, and particle trajectories are ana-
614 lyzed for a heavy-duty subsonic axial compressor.
615 The conditions under which particles stick to the blade surfaces
616 are strongly related to the experimental data taken from the litera-
617 ture. These data are obtained for dry conditions of carbide silica
618 submicron particles that impact a smooth silica surface.
619 Solving the flow field and the particle tracking, the numerical
620 analyses show that the particle impact/adhesion patterns of the
621 compressor stages are very similar to each other. Smaller particles
622 are able to cover both blade sides, while bigger particles are local-
623 ized on the pressure side and at the leading edge of the blade.
624 The deposit trends according to the subsequent compressor
625 stages do not reflect the on-field detection reported in the litera-
626 ture. This result is probably due to the model used for particle
627 sticking. In particular, the present work demonstrates how com-
628 pressor fouling phenomenon is the result of multiple factors such
629 as blade shape, particle dimension, and air flow conditions. The
630 literature regarding on-field fouling detection relates the deposit
631 patterns to the humid conditions in which the compressor

632operates. In this case, the particle adhesion model is only able to
633predict particle deposition for dry conditions and, for this reason,
634the deposit patterns do not closely reflect the actual deposits.

Nomenclature 635

636C ¼ coefficient
637d ¼ diameter
638F ¼ force vector
639g ¼ gravity acceleration vector
640k ¼ turbulent kinetic energy
641m ¼ mass flow rate
642p ¼ pressure
643Re ¼ Reynolds number
644St ¼ Stokes number
645t ¼ time
646T ¼ temperature
647u ¼ velocity vector
648ut ¼ shear velocity
649ud

þ ¼ nondimensional particle deposition velocity
650U ¼ averaged velocity
651v ¼ velocity
652yþ ¼ nondimensional distance

653Greek Symbols

654a ¼ impact angle
655b ¼ total pressure ratio
656e ¼ dissipation rate of turbulent kinetic energy
657g ¼ efficiency
658l ¼ dynamic viscosity
659� ¼ kinematic viscosity
660q ¼ density
661sw ¼ wall shear stress
662sþ ¼ nondimensional particle relaxation time

663Subscripts and Superscripts

664D ¼ drag
665g ¼ gauge
666h ¼ hydraulic
667hit ¼ particles that impact a surface
668i ¼ impact
669in ¼ compressor inlet section
670L ¼ lift
671n ¼ normal direction
672out ¼ compressor outlet section
673p ¼ particle
674t ¼ tangential direction
6750 ¼ total
6761 ¼ cascade inlet section

677Acronyms

678CFD ¼ computational fluid dynamics
679PS ¼ pressure side
680SP ¼ sticking probability
681SS ¼ suction side

Fig. 19 Static temperature evolution along the compressor
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682
Appendix A: Particle Model Suitability Assessment

683 In accordance with Tian and Hamadi [18], particle deposition
684 in a vertical duct with gravity in the air flow direction is studied.
685 The diameter of the duct is 0.02 m and its length is equal to 0.4 m.
686 The discretization of the computational domain is realized by
687 means of 2,650,283 hexahedral elements, with 0.5 mm cells in the
688 core region and the first grid points located at 0.05 mm from the
689 wall (Fig. 20(a)). The fluid flow is treated as isothermal (T¼ 288
690 K), incompressible (q¼ 1.225 kg/m3) and it is also assumed that
691 the air has a constant dynamic viscosity (l¼ 1.84�10�5 Pa�s). A
692 fully developed turbulent velocity profile is imposed at the inlet
693 section, with a stream-wise averaged velocity equal to 5.0 m/s,
694 which corresponds to a Reynolds number of 6667. A no-slip
695 boundary condition is applied to the wall, which is considered
696 smooth. A second-order high-resolution advection scheme is used
697 for solving the flow equations.
698 Spherical particles are injected into the previously solved air
699 flow field. The particle density is kept fixed at 2450 kg/m3, while
700 the particle diameter is varied in order to reproduce the trend of
701 the deposition velocity curve in the range 10�4< sþ< 102. Par-
702 ticles are released at the same local velocities as the flow from the
703 inlet section, with uniformly distributed injection points. For each
704 particle diameter, the total number of injected particles is
705 3000. This number of particles is chosen in order to satisfy the sta-
706 tistical independence of the results, as particle turbulent dispersion

707is predicted through a stochastic model. Since the volume fraction
708of the particle is very low (� 10%), it is assumed that particles do
709not affect the fluid flow (one-way coupling). The restitution coef-
710ficients are set equal to zero on the wall. This implies that particles
711stick to the wall upon contact.
712Particle simulation results are reported in, Fig. 20(b), which
713shows the variation of the nondimensional particle deposition
714velocity udþ (calculated according to Tian and Hamadi [18]) as a
715function of nondimensional particle relaxation time sþ. The
716numerical results obtained by using the k–e turbulence model with
717scalable wall functions (black squares) are superimposed with
718respect to those provided by Tian and Hamadi [18].

719Appendix B: Normal and Tangential Impact Velocity

720Components

721The modules of the particle normal vn and tangential vt impact
722velocity components are reported in, Figs. 21–24 and 25–28,
723respectively, for the compressor blades. Each figure refers to a sin-
724gle particle diameter. Each dot, which represents a single particle
725that hits the blade, is colored by the normal/tangential impact
726velocity and is superimposed with respect to the mesh node that
727provides the blade shape.

Fig. 20 (a) Computational domain and numerical grid, and (b) nondimensional particle deposition velocity versus relaxation
time [18]

Fig. 21 Particle normal impact velocity, dp 5 0.15 lm
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Fig. 23 Particle normal impact velocity, dp 5 1.00 lm

Fig. 24 Particle normal impact velocity, dp 5 1.50 lm

Fig. 25 Particle tangential impact velocity, dp 5 0.15 lm

Fig. 22 Particle normal impact velocity, dp 5 0.50 lm
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