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Abstract

A computational study is presented which investigates the predictive performance of a non-linear turbulence closure in simulat-
ing the flow physics pertinent to a high-pressure axial ventilation fan. The studied employed a cubic k—¢ model which is considered as
a promising closure for improving the state-of-the-art of industrial CFD by accounting for non-equilibrium effects.

The axial fan studied represents a challenge for simulation because of the presence of large three-dimensional interblade flow
structures and strong leakage effects. The potential improvement of non-isotropic closures has been assessed with respect to a clas-
sical linear k—¢ model. The comparative analyses aimed at the prediction of flow structure within the blades and close to the rotor tip
clearance. The rotor design point and near-pressure-peak operating conditions have been simulated. The non-linear model is shown
to provide a better base-line for non-equilibrium effects simulation with respect to the standard one. The authors adopt a parallel
multi-grid algorithm developed for a highly accurate Petrov—Galerkin finite element method, here applied on equal-order Q1-Q1 as
well as mixed Q2-QI element pairs. The parallel solution algorithm for Reynolds Averaged Navier-Stokes modelling exploits an

overlapping domain decomposition technique based on an “inexact explicit non-linear Schwarz method”.

© 2004 Elsevier Inc. All rights reserved.

1. Introduction

Computational fluid dynamics (CFD) when imple-
mented with specific turbomachinery models and care-
fully planned experimental campaigns (e.g. Furukawa
et al., 1998; Gallimore et al., 2002a), has been shown
to be an effective investigation tool to enhance the
understanding of flow features found in turbomachin-
ery. With respect to decelerating axial turbomachinery,
several CFD based research programs have been carried
out to tackle the detection of complex aerodynamical ef-
fects. To mention but a fews we note the studies related
to non-conventional blade design concepts (Wenner-
strom, 1984; Rabe et al., 1957; Hah and Wennerstrom,
1991; Copenhaver et al., 1996; Wadia et al., 1997; Cor-
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sini and Rispoli, 2003), or to the tip leakage flows (Hah,
1986; Storer and Cumpsty, 1991; Goyal and Dawes,
1993; Lee et al., 1996; Furukawa et al., 1998; Corsini
and Rispoli, 1999).

In turbomachinery flows non-equilibrium phenom-
ena can not be resolved adequately with the Boussinesq
effective viscosity concept. The overview of recent open
literature on computational studies for compressors,
indicates that the turbulence models in use range from
simple algebraic eddy-viscosity models (EVMs) (e.g.
Kang and Hirsch, 1996; Chima, 1998; Furukawa et al.,
1999; Gallimore et al., 2002b), to one-equation Spal-
art—-Almaras (Eulitz, 2001) or isotropic two-equation
models with low-Reynolds number extensions (Hah
and Loellbach, 1999; Van Zante et al., 2000). More ad-
vanced models, such as non-equilibrium eddy-viscosity
variants (Chen et al., 1998; Borello et al., 1997), are
occasionally adopted. Only recently, have appeared
second moment closure applications to two- and
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Nomenclature

B force vector

G, pressure coefficient

D isotropic dissipation rate at the wall
ek permutation tensor

F,, Fy advective and diffusive fluxes

H shape factor, H = 6*/6*

Kg blockage factor, K = (re — 5Zc)2—
(i + 030)?/ (12 = 17)

k, k¥  dimensional and normalized turbulent kinetic

energy
I blade chord
I turbulent length scale

le. blade leading edge
Ma Mach number

nsd number of space dimension

P turbulence energy production rate

P static pressure

Re Reynolds number

R dimensionless radius, R = r/R,

r radius

Sj» S strain tensor and invariant

TI turbulence intensity

t time abscissa

t.e. blade trailing edge

u; Cartesian velocity component

u,u”  dimensional and normalized streamwise
velocity

U relative peripheral velocity at the casing

U, friction velocity

u,u’;  Reynolds stress tensor
W, W vorticity tensor and invariant
X, y, z Cartesian coordinates

i normalized distance to the wall, (v, = u.y,/v)

Greeks _

o displacement  thickness, ) = fg (1 —u,/
us)dn

0y Kronecker delta

€ dissipation rate of k

£ homogeneous dissipation rate of k,e = ¢ — D

o momentum thickness, 0= [ (1 — &,/ut)
(ta /1) dn

v kinematic viscosity

o fluid density

T turbulence time scale

Q4 axial flow coefficient, (¢, = u,/uc)

®r radial flow coefficient, (¢, = i, /uc)
1/ swirl flow coefficient, ( = 2R(u,/uc))
Q computational domain
w frame angular velocity

Superscripts and subscripts

I node adjacent to the wall

fluctuating quantity

averaged quantity

a, p, r axial, peripheral and radial components

c casing

D Dirichlet value, or design condition
e boundary layer edge

h hub

i,j,k,l,m Cartesian components

in inlet value

N Neumann value

n normal direction

t turbulent quantity

three-dimensional (3D) compressor cascade flows (Chen
and Leschziner, 1999; Gerolymos et al., 2002). This state
of the art is mainly related to the need to work with so-
called engineering turbulence approaches giving ease of
coding and numerical robustness, that has constrained
industrial research to algebraic (Gallimore et al.,
2002b) or standard two-equation EVMs. As a result re-
mains an unsatisfactory level of accuracy in demanding
flow problems, and the reliability of numerical simula-
tions can not be guaranteed.

From the modelling viewpoint, in this paper the pro-
posed methodology adopts a non-linear k—& model
(Craft et al., 1996), considered as a fair baseline in tur-
bomachinery simulation, as it includes provisions to ac-
count for curvature and non-equilibrium effects, and to
reduce stagnation-point problems. This turbulence clo-
sure, still undergoing validation efforts in several flow
problems (such as: external aerodynamics, environmen-

tal problems, etc.), has not yet been extensively applied
in the context of real turbomachinery configurations.
Exceptions include work carried out by Chen et al.
(1998) and the validation studies carried out at our
Department on hydraulic turbines (Borello et al., 1997),
and compressor cascade flows (Corsini and Rispoli,
2002).

From a numerical viewpoint, the authors adopt a
parallel multi-grid (MG) method developed for the in-
house made FEM code (Borello et al., 2001). The
FEM formulation is based on a highly accurate stabi-
lized Petrov—Galerkin (PG) method modified for the
application to 3D equal- and mixed-order spatial
approximations (Borello et al., 2003).

The present contribution examines the predictive
capabilities of the studied cubic two-equation model in
simulating a high-pressure axial ventilation fan. The
fan, designed with a non-free vortex concept (NFV), is
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widely used in high specific performance turbomachine
units, i.e. performing simultaneously high flow rate
(e.g. in the range from 5 to 15m®’/s) ! and total pressure
rise (e.g. in the range from 500 to 1000Pa) ' with mod-
erate rotor diameter, blade number, and rotational
speed. The spanwise change in blade circulation results
in characteristic 3D blade-to-blade flow, manifesting it-
self as a torsion of interblade stream-surface segments.
As pointed out by the concerted experimental and com-
putational investigation of Corsini et al. (1999), the
NFV design concept results in a 3D secondary flow fill-
ing the dominant part of the rotor blade passages, and
causing a torsion of interblade stream-surface segments.

The characteristics of the studied two-equation non-
isotropic closure are first systematically assessed includ-
ing validation studies on a flat-plate with semi-circular
leading edge, and a compressor cascade comprising dou-
ble-circular-arc blades. Moreover the potential improve-
ment of cubic model is evaluated in the prediction of
NFV high-pressure axial fan rotor. The comparative
analyses are focused on the flow structure within the
blades, on the rotor clearance. The studied operating
conditions include the rotor design point, a reduced
flow rate condition close to the near-pressure-peak. Par-
ticular emphasis is given to the survey of rotor flow in
off-design operating conditions where severe non-equi-
librium phenomena develop.

2. Turbulence models
2.1. Two-equation modelling

While second-moment closure is widely seen as the
optimum level for complex flows there is growing inter-
est in the alternative simpler routes for approximating
the Reynolds stresses. These methods are founded on
the use of a non-linear algebraic connection between
stress and strain, following the non-Newtonian fluids
analogy suggested by Rivlin (1957). Such relationships
may be arrived at by simplifying stress-transport models
(so-called algebraic stress models) (Pope, 1975) or by
tensor representations, generally routed on the invariant
theory in continuum mechanics (Lumley, 1970), which
are kinematic relations that mimic the functional depen-
dences of stress anisotropies.

The model examined here, proposed by Craft et al.
(1996) and labeled CLS96, is an expression of the latter
approach. The non-isotropic constitutive relation is
modeled in the form of a third-order polynomial of

! The performance data refer to the following configurations:
1000mm outer diameter, 960rpm, 1.2kg/m* air density (Corsini et al.,
2004).

the mean strain and vorticity tensors, and scalar turbu-
lent viscosity v,. As assessed by the validation studies
here presented, the stress-strain cubic dependence is a
means to establish an appropriate sensitivity to stream-
line curvature (Chen and Leschziner, 1999). By adopting
the Reynolds averaging, the full tensor functional form
is

2
3

uju; =

k 1
kél/ — VtSij — O.IVIE (SikSkj — Slekl35{/>

k
+ 0.1V;E (WikSkj + W/‘kSki) + 0.26\),

k 1
x = (W,—k Wi — W Wklg@:/)

k 2
— IOCivt (;) (Sk,-W/j +SkjW1[)Sk/

K\’ 2%
- SCvat (;) SipSuSu + SCiv, (;) SiWuWu (1)

where S, = (#;; +u;;) is twice the strain tensor,
Wi = (i — ;) + 2enm, is twice the absolute vortic-
ity tensor, w,, is the frame angular velocity, e,,; is the
permutation tensor, and ¢, is the Kronecker tensor.

The non-isotropic model under investigation is cou-
pled with a two-equation closure. The turbulent veloc-
ity- and length-scales are determined by solving
conservation equations for the turbulent kinetic energy
(k) and the commonly used homogeneous turbulent dis-
sipation rate (&), that read as

D_k
Dt

= —ujl; -ty — &+ [(v+vi/on)k,],; + D (2)

% = —Co L -y~ Cofatt + E+ (v + /o)

(3)
where v, is defined as: v, = C, f,tk, v = k/¢ and D is the
isotropic dissipation rate at the wall D = 2v(dv/k/ax;)>.

Table 1 shows the values of the scale-determining
equation coefficients, including the non-linear set and
the standard one first introduced by Launder and Shar-
ma (1974) isotropic model, labeled LS74. In Table 1:
Re, = i /ve is the turbulence Reynolds number, S and
W are, respectively, the strain and vorticity invariants

defined as S = T\/O.SSU‘S,‘]‘ and W = T\/O.SW,‘/W,‘/.

2.2. Problem statement

The dynamic response of incompressible turbulent
fluids is modeled in a non-inertial Cartesian frame of
reference. The boundary value problem is written for
the following set of fluid quantities (momentum compo-
nents piu; (i = 1,2,3) (where p is the density of the fluid
assumed constant, and #; the Cartesian velocity compo-
nents), static pressure p, turbulent kinetic energy k, and
the dissipation variable &, in general form:
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Table 1
Closure coefficients in k and ¢ equations

Non-linear EVM, CLS96

Linear EVM, LS74

0.3[1—exp[—0.36/ exp[—0.75 max (S, )]]]

Cu 140.35[max(S,)]" 0.09

fu 1—exp[—(Re,90)*> — (Re,/400)] exp(—3.4/(1 + Re,/50)*
Cy 1.44 1.4

C, 1.92 1.92

S [1 - 0.3exp(—Re;)] [1 —0.3exp(—Re;)]

E 0.0022 Skv, (8%a; /dx,0x; ) 2wy, (9%, /0,01 )

o, 13 1.3

O 1 1

Foj+Fa;+pB=0 inQ, for j=1,2,3
on 0Qp 4)
on GQN

UZQDD
Fdﬁn = Qy

The boundary conditions, provided along the computa-
tional domain boundary 0Q = 0QyU 0Qp (0Qy and
0Qp) are closed disjoint subsets of 0€), generally pre-
scribe inflow Dirichlet conditions (¢p) and outflow Neu-
mann conditions (¢y). On the solid boundaries non-slip
conditions are used, with the dissipation variable set as
the homogeneous counter-part of the ¢ i.e. ¢, = 0.
U is the fluid averaged variable vector:

U= [’7’17 HZ; ﬂ3; 07 k7 g]T (5)
F,, F4q are the advective and the diffusive fluxes respec-
tively, that read as

Fo=wpy, wpia, Wpis, wp, wpk, wpE]

(6a)
Fd = [flj; %2j7 f3j7 07
~ 1T
—p(v + v/ 01)E,)]

The stress tensor appearing in (6b) includes the non-lin-
ear Newtonian like turbulent stress terms, affecting the
molecular kinematic viscosity v with a scalar effective
viscosity, and the pressure corrected by the turbulent
spherical tensor part. The source vector B is given by

BE[PMH PMZ) PM37 O?

_p(V+Vt/O'k)k,j7 (6b)

P+ i+ D,
—CuPii/k+ Cofal [k +E]" (7)

Here the momentum components Py account for the
non-inertial terms and for the volume sources originat-
ing from the treatment of higher-order terms in the

non-isotropic stress-strain constitutive relation (Borello
et al., 1997).

3. Numerical method
For the present study, the Navier-Stokes equations

are solved by an original parallel MG FEM scheme
(Borello et al., 2001). A consistent stabilised PG scheme

was developed and applied to control the instability ori-
gins that affect the advective-diffusive incompressible
flow limits (Borello et al., 2003), and the reaction of
momentum and turbulent scale determining equations.
The latter are, respectively, related to the Coriolis accel-
eration or to the dissipation/destruction terms in the tur-
bulent scale determining equations (Corsini et al., 2004).
Two stable finite-element spaces are used: a mixed Q2—
QI1 element with quadratic interpolation of the veloc-
ity—turbulent variables and linear approximation of the
pressure, and equal-order linear Q1-QI1 element. The
chosen finite-element space combinations eliminate
the undesirable pressure-checkerboarding effects related
to piecewise constant interpolations. Concerning the
solution strategy a hybrid full linear MG accelerator,
first proposed in Borello et al. (2001), was built-into
the in-house overlapping parallel solver. The Krylov
iterations in the smoothing/solving MG phases are par-
allelized using an original additive domain decomposi-
tion algorithm. The message passing operations were
managed using the MPI libraries. In that way, the fully
coupled solution of the sub-domain problem involves an
efficient non-conventional use of Krylov sub-space
methods, based on the Generalized Minimal Residual
(GMRes) algorithm. The preconditioned GMRes(m),
with the order m of Krylov space dimension set to 5
when used as smoother and to 50 for the core solver.

4. Validation studies

In this section, we report on the numerical perfor-
mance of the cubic EVM in predicting flow behaviour
pertinent to turbomachinery. The flow configurations
presented concern a flat-plate with a semi-circular lead-
ing edge, and a compressor cascade with Double-Circu-
lar-Arc (DCA) blade profile. The first flow case is used
to assess the studied closures in predicting the separa-
tion-induced transition on a flat-plate under uniform
free-stream flow. The latter case is a severe challenge
for CFD codes, due to the presence of large separation
regions arising along the highly curved blade surfaces
even at near-design conditions. In what follows the
non-isotropic model is evaluated against the reference
numerical solutions provided by the standard k—e model
proposed by Launder and Sharma (1974).

4.1. Flow on a flat-plate with semi-circular leading edge

The leading edge flow under investigation reproduces
the experimental results coded as T3L test case, carried
out in the framework of the ERCOFTAC Transition
Special Interest Group. In particular the experimental
studies provided by Palikaras et al. (2002) for the
zero pressure gradient case are here considered. The
Reynolds number, based on inlet velocity and leading
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edge radius (r = 5mm) is equal to 1660. At the inlet,
the free stream turbulence intensity (TI) is set to 7%,
and the dissipation length [/, value is 18mm in
accordance with Palikaras et al. (2002). The flow is as-
sumed two-dimensional with constant temperature and
incompressible.

A 12,681 node block-structured (H-O) grid has been
used, with Q2-QI1 interpolation spaces. In the vicinity of
the wall (O-connected region) have been placed 21
nodes. Close to the plate, the mesh refinement placed
the closest node a dimensionless distance y, of about
1.0. At the inlet section of the computational domain,
the experimental free-stream uniform profile is used
for the mean velocity (# = 5 m/s). Uniform distributions
are also imposed for the turbulent variables, computed
on the basis of inflow turbulence intensity and /..

No-slip conditions are then applied on the plate sur-
face, and homogeneous Neumann conditions are im-
posed at the outlet section.

The boundary layer on the flat-plate is investigated in
two axial locations, x = 6mm and x = 12mm. Fig. 1 pre-
sents the mean velocity streamwise development.

The comparison of computed profiles against mea-
surements shows that CLS96 predicts well the boundary
layer emerging from the stagnation point, and clearly
outperforms the linear predictions. Moreover, in Fig.
2, the comparison of streamwise velocity fluctuation
profiles confirms the improved simulating capabilities
gained by the cubic model.

4.2. Double circular arc cascade flow

The second test case deals with a DCA compressor
cascade, experimentally studied by Zierke and Deutsch
(1989) using a one-component LDV system. The DCA
blade profile has a 65° camber angle, a 20.5° stagger an-
gle, a solidity of 2.14, and a chord length /. of 228.6mm.

30
y(mm)

20

X/r=12 mm
Ll o TP
o1 2 3 4 5 6 7

u(m/s)

Fig. 1. T3L, streamwise mean velocity profiles at x =6, 12mm
(symbols: experiments; dashed lines: LS74; solid lines: CLS96).
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X=6 mm

20

i \Q\duuLqu:\‘f\I ple T =
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u'(m/s) u(mss)

Fig. 2. T3L, streamwise velocity fluctuation profiles at x = 6, 12mm
(symbols: experiments; dashed lines: LS74; solid lines: CLS96).

The weak off-design condition with incidence angle
—1.5° condition is here considered, which is highly chal-
lenging due to the presence of a separation-induced
transition at the leading edge, followed by a larger sep-
aration in the rear portion of the blade. The chord Rey-
nolds number, based on the inlet flow velocity #,, is set
to 5.01 x 10°. The flow is two-dimensional with constant
temperature, and virtually incompressible (Ma;, = 0.1).
A combined H-O topology was used to model the flow
region, the mesh consists of 55274 nodes and is aligned
with theoretical inlet and outlet flow directions. In the
vicinity of the blade profile (O-connected region) 61
nodes are used to model the boundary layer normal to
the blade surface on a quadratic interpolation basis.
The grid refinement towards the blade surface sets the
minimum dimensionless distance y; = 0.1. Inflow exper-
imental free-stream values are used to set the Dirichlet
conditions for mean velocity components, and turbulent
variables (inflow TI = 2.0 %, and [/I. = 2.0%).

The turbulence intensity contours around the blade
leading edge are shown in Fig. 3.

The standard model prediction (Fig. 3a) is affected by
an excessive T1 level close to the stagnation region, that
causes an anticipated transition. In contrast the CLS96
model, in Fig. 3b, is able to circumvent this anomaly,
because of the sensitization of turbulence production
and viscosity from the strain and vorticity tensors (Chen
et al., 1998). As shown in Corsini and Rispoli (2002), the
predicted turbulence level close to the stagnation point
reaches a value of 1%, in agreement with earlier compu-
tations by Lien et al. (1998), with the use of Durbin’s
realizability constraint (Durbin, 1996).

Fig. 4 shows comparisons of velocity profiles on the
blade suction side at 90.3% of the chord in the separa-
tion region, and on the pressure side at 20.5% of
the chord where the boundary layer re-laminarizes.
The boundary layer investigation in the suction side
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Fig. 3. Turbulence intensity contours near the leading edge: (a) model,
and (b) CLS96 model.

separation region shows that the cubic CLS96 variant is
the only able to return the separation, though an insuf-
ficient turbulent mixing leads to the under-estimation of
the layer thickness. Moving in the front pressure side
portion, it is remarkable that the non-linear model is
able to resolve the re-laminarization of the fluid down-
stream the stagnation point in the presence of a mild ad-
verse pressure gradient.

5. Rotor modelling and computed flow conditions

The axial ventilation fan has been designed for NFV
operation and tested by Vad and Bencze (1998). The test
rotor, labeled as BUP29, consists of 12 straight or un-
swept circular arc plate blades, with a hub-to-tip diam-
eter ratio of 0.676, and an average tip clearance of

30—

30 pressure side x/I;=20. 5%J‘

suction side x/1,=90.3%

Ya(mm)
25 25

20 20

[
| L L DL L B

i I I )
I RIS BN L
= 10 20 30 ©°

U (m/s) T (m/s)

o

Fig. 4. DCA, streamwise mean velocity profiles on blade suction and
pressure sides (symbols: experiments; dashed lines: LS74; solid lines:
CLS96).

3mm (relative height about 2% of mid-span chord). It
was designed for a flow coefficient @, = 0.5 and a pres-
sure rise coefficient ¥, = 0.5, prescribing a power func-
tion ideal total-head-rise distribution along the radius.
The fan nominal rotational speed is 1100 rpm. Data on
the airfoil geometry are provided in Fig. 5, together with
a view of the rotor mesh. The thin blade profile permits
one to extend the use of the H-grid topology to the
modelling of the computational domain, which includes
rotor blade passages and the clearance region, via the
so-called “pinching” of the blade tip. The mesh consists
of a non-orthogonal body-fitted coordinate system.

Three discretization levels have been used for the
present calculations. The coarse mesh (C) has 59 x
21 x 31 nodes (axial, pitch, spanwise), the mid mesh
(M) 81 x31x41 nodes, and the fine mesh (F) 117 x
41 x 61. The tested meshes share the node distributions
in the axial direction, with the 20%, 50% and 30% of
nodes respectively upstream the leading edge, in the
blade passage and downstream of it. Moreover, there
are 5 (C mesh), and 11 (M and F meshes) grid nodes
to model the tip-clearance region. All the meshes have
an adequate stretch towards the solid boundaries.

tip
BUP29 rotor '
: ; 'I
hub  midspan tip g ',','{/"'[", te.
c 1.53 1.24 1.05 /
7, deg 479 422 38.3
6, deg 274 23.1 19.9

Fig. 5. BUP29 rotor, airfoil geometry and computational grid.
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The adopted model for the wall boundary layers
makes use of an analytical wall function with the con-
ventional logarithmic velocity profile, modified for the
turbomachinery CFD. The wall velocity profiles are
computed in an intrinsic frame of reference defined on
the boundary-layer edge surface.

In that way the peripheral velocity and stress compo-
nents are directly affected by the relative casing motion,
where u. acts as non-zero limit in the integration of
velocity profile across the layer. Ad-hoc techniques are
used to circumvent the weaknesses of wall function in
the presence of non-equilibrium flow features or, in gen-
eral, non-shear dominated flows. In particular, we have
used the friction velocity definition based on the turbu-
lent kinetic energy, and a correction for its budget equa-
tion that assumes zero diffusion to the wall (Chieng and
Launder, 1980).

The standard boundary conditions already used for
the family of high performance fans under investigation
are adopted (Corsini et al., 2001). Over the inflow sec-
tion, 0.15 midspan chord upstream the hub leading
edge, the Dirichlet conditions for the relative velocity
components are obtained from the LDA upstream mea-
surements (Vad and Bencze, 1998). The inlet distribu-
tion of k is obtained from an axi-symmetric turbulence
intensity profile derived on the basis of the upstream
LDA data, while the ¢ inlet profile was modeled with
I, set as 1.0% of the rotor pitch at midspan. Flow period-
icity is enforced by direct nodal coupling in the upstream
and downstream regions and within the tip gap. The
Neumann outflow conditions (homogeneous for k& and
¢ and non-homogeneous for the static pressure) com-
plete the set of boundary data.

The Reynolds number based on blade chord and
blade peripheral velocity at mid-span was 3.5x 10°.
Given that the performance of cubic model was to be
investigated in the fan operational range, numerical
studies have been carried out for the design point,
® =@, =0.5, and a near-pressure-peak point, ¢ = 0.4.

6. Data analysis

Previous study using isotropic turbulence modelling
indicate that the performance characteristics and rotor
flow physics in the NFV axial fan family are well pre-
dicted (Corsini and Rispoli, 1999; Corsini et al., 2001).
The effect of the mesh refinement is first discussed by
comparing the integral properties of the casing wall
boundary layer at rotor exit (0.047 chord downwind of
the hub trailing edge). The following quantities have
been considered: the axial displacement 6, and momen-
tum 6 thicknesses, the shape H, and blockage Ky fac-
tors. In Table 2 the values predicted with the tested
meshes are compared to that measured by Vad and Ben-
cze (1998). Data refer to the design operating condition,

Table 2
Boundary-layer integral parameters on the casing downstream of the
rotor

Measurements Predictions Predictions Predictions

(Vad and © M) (F)
Bencze, 1998)
dr5 (mm) 2.7 3.29 291 2.79
05 (mm) 2.1 2.29 1.97 2.07
H, 1.3 1.27 1.48 1.35
Kgs 0.95 0.92 0.921 0.937

and the numerical tests that have been carried out
adopting the non-linear turbulence closure.

The computed boundary layer parameterization at
the casing are in good agreement with experiments for
all the tested discretizations, without achieving genuinely
grid-independent results. Nevertheless, the finer level im-
proves the prediction of the annulus boundary layer, in
terms of velocity defect and energy content. From a de-
sign viewpoint, the analysis of flow integral properties
also shows a slight underestimation of the computed
blockage effect, that is markedly improved with the
refinement of the mesh. The subsequent comparative
flow survey is based on F-mesh numerical results.

6.1. Flow survey behind the rotor

The simulated rotor-flow physics resolved by linear
and non-linear EVMs are compared by using the 3D
flow structure behind the rotor. Relative to the design
operating condition, Fig. 6 presents the computed and
measured spanwise distributions of pitch-averaged axial
®,, radial @., and swirl flow coefficients y. The LDA ¢,
profile presents marked displacement zones close to the
annulus walls. This basic tendency is generally reflected
by the linear and non-linear predictions, though the
computed velocity defect layers are overestimated.

o9l
ossf
o8l

0.75F

0 01 02 03 04 05 06 0.7 -0. 1 05 0
?, ?, v
Fig. 6. Pitchwise-averaged flow data at rotor exit, ® = 0.5: axial flow

coefficient; radial flow coefficient; swirl coefficient (symbols: experi-
ments; dashed lines: LS74; solid lines: CLS96).
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Nonetheless the blockage factor data show a clear
improvement in the case of the non-isotropic model
(e.g. the blockage factor Kg is 0.89 for the linear model,
0.937 for the non-linear one and 0.95 for the
measurements).

Concerning the radial velocity @, profiles shown in
Fig. 6, both the predicted distributions resolve the exper-
imental profile only qualitatively. The non-linear mod-
el’s radial velocity shows a good behaviour in the
vicinity of the annulus walls, returning correctly the po-
sition of peak velocity near the blade tip while the posi-
tive peak below midspan is shifted outward.

With respect to i profiles, both the computations
capture the slight overturning near the hub, due to the
passage vortex effect on hub boundary layer. According
to the spanwise increasing ideal total head rise, the mea-
sured outlet swirl increases with radius and it decreases
near the casing due to the underturning effect of station-
ary wall and leakage flow.

This feature, essential for the validity of the numeri-
cal solution, is well resolved only by the non-linear mod-
el that is able to simulate the experimental swirl drop
close to the blade tip.

The distribution of spanwise-velocity coeflicients in
near-peak pressure operation, shown in Fig. 7, gives fur-
ther evidence of cubic closure improvements. For in-
stance, the throttled axial velocity profiles show a fair
agreement between measurements and non-linear pre-
diction, accounting correctly for the velocity defect of
the skewed annulus boundary layers. Furthermore, in
the radial velocity plot the experimental net outward
flow is captured by both the computations close to
mid-span.

At larger radii the non-linear profile correctly pre-
dicts the peak radial velocity (i.e. about R = 0.94) but re-
turns a mild defect layer. Finally, the comparison of
swirl coefficient profiles confirms the capability of the
cubic turbulence closure to account for the tip-leakage
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Fig. 7. Pitchwise-averaged flow data at rotor exit, ® = 0.4: axial flow
coefficient; radial flow coefficient; swirl coefficient (symbols: experi-
ments; dashed lines: LS74; solid lines: CLS96).

phenomena reproducing the marked attenuation of the
leakage-driven underturning effect.

We complete this survey discussing the pitch-wise re-
solved flow structure. To this end, the local ideal total
head rise or swirl coefficient i/ contours are compared
at rotor exit for @ =0.5 (Fig. 8) and ® = 0.4 (Fig. 9).
The annular section is mapped onto its rectangular im-
age with reference to radial and angular abscissae.

The computed distributions correctly predict the
main flow features in the wake and the hub region.
For example, the non-linear solution (Fig. 8c) shows a
fair quantitative agreement with the LDA data in
accounting for the swirl growth through the wake in
the over-turning region close to the suction side corner.

Moving towards the tip, it is worth noting that both
the predicted flow fields over-estimate the flow deviation
at the higher radii. Notwithstanding it is encouraging
that the non-linear model improves the standard predic-
tion featuring a casing high-swirl core region, closer to
the blade suction surface and a steeper annulus swirl de-
fect. When the rotor is throttled to @ = 0.4, the LDA
swirl map (Fig. 9a) shows an evident growth of swirl
close to the casing through a wide annulus layer. This
feature, related to an intense outward motion along
the blade suction surface that is able to attenuate the
leakage interaction, is well captured by the cubic solu-
tion (Fig. 9¢) that establishes the physical swirl level at
the blade tip. Moreover, approaching the hub suction
side, the non-linear swirl map (Fig. 9c) clearly repro-
duces the swirl peak produced by the anti-clockwise sec-
ondary flow that washes the pitch from the pressure to
the suction side.

6.2. Flow structure inside the blade passage

A meaningful presentation of flow developing within
the blade passage is here built with reference to the fluid
pattern near the rotor-blade suction surface, generally
recognized as limiting the pressure rise and turning the
blade profiles. The survey of 3D flow paths, induced
by the design NFV concept and by the secondary-to-pri-
mary flow interaction, is given by the distributions of
turbulence level in the vicinity of the blade leading edge
and in the aft portion of the blade, at 10%, 65% and 98%
midspan chord positions.

The suction surface survey is shown in Figs. 10 and
11 in terms of contours of static pressure coefficient C,
and limiting streamlines for the tested operating points.
The rotor suction surface is plotted in a meridional view.

The analysis of suction side patterns at the design
point (Fig. 10) returns as common flow features a corner
stall-like pattern near the hub, and a clear outward mo-
tion. Despite these facts, the linear solution (Fig. 10a)
shows a smaller reverse flow region which is not able
to strengthen the flow centrifugal motion. The negative
incidence at the hub, indicated by leading-edge suc-
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Fig. 8. Swirl coefficient  distributions at rotor exit, @ =0.5:
(a) experiments, (b) LS74; (c) CLS96.

tion-side pressure peaks, causes a steep acceleration up
to 10% of chord. The related strain rate growth pro-
motes high streamwise turbulence intensity and mixing
giving the fluid the opportunity to resist the adverse
pressure gradient effects. Looking at the non-linear solu-
tion (Fig. 10b), the evolution of the flow pattern along
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Fig. 9. Swirl coefficient i distributions at rotor exit, ® =0.4: (a)
experiments, (b) LS74; (c) CLS96.

the chord is such that it results in a clear separation in
the aft portion of the blade though the design operating
condition.

Such a corner stall is basically the result of the cross-
passage vortex that washes outward the suction surface,
which is strengthened by the radial NFV induced flow.
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(a) reverse flow (b)

Fig. 10. Static pressure coeflicient distribution and streamlines on the
suction surface of the blade at @ = 0.5: (a) LS74 (b) CLS96.

@ T ()

Fig. 11. Static pressure coefficient distribution and streamlines on the
suction surface of the blade at @ = 0.4: (a) LS74, (b) CLS96.

In this simulation, a smoother favorable pressure gradi-
ent takes place after the leading edge incidence region,
with attenuated turbulence level (i.e. Tlcpg96 = 0.12 ver-
sus TIyg74 = 0.2). Moreover the fluid centrifuged from
the separated region moves towards a re-attachment line
with an outward meridional angle about 45°, revealed
by isobar distortion with the appearance of typical pres-
sure tough.

Concerning the blade tip aerodynamics, CLS96 pre-
dicts a leakage flow which emerges about 25% of chord
clearly downwind with respect to the LS74 map. On the
basis of the iso-bar comparison, it could be also inferred
that the computed leakage flows develop along different
trajectories. To this end, the cubic solution, in Fig. 10b,
features a wider area of pressure distortion indicated by
the leakage flow path being located closer to the blade
suction-side.

When the rotor is throttled to the near-pressure peak
condition, the increased incidence at the hub produces
corner stall structures of greater complexity which are
predicted by both linear and non-linear turbulence clo-
sures (Fig. 11). In this regard, CLS96 models a larger
separation which develops from the front portion of
the hub blade-section. Nevertheless the presence of the
stalled section, up to 30% of the span, limits the outward
inclination of the reattachment line thus preserving the
loading capabilities of higher radii sections (Fig. 11b).
Moving towards the tip, where the blade sections have
the smallest stagger angles, the flow stems from the lead-
ing edge with a positive velocity spike. This is a conse-
quence of the transfer of the stagnation point from the

suction to the pressure surface, combined with the
reduction of inlet flow rate through the annulus due to
the operating point. In the non-linear computation
(Fig. 11b) this circumstance produces a marked shifting
upstream of leakage flow origin (i.e. whose chordwise
position moves to the 14% of chord). The magnitude
of isobar distortion, mainly concentrated about the suc-
tion-side origin, suggests also that the leakage flow
develops through the vane with an increased angle of
deviation to the axial direction. On the other hand, in
the linear solution (Fig. 1la), the leakage-flow effects
on the suction-side flow field appear to be less dependent
from the operating point (i.e. the leakage flow origin is
shifted upstream to 18% of the chord).

Finally the 3D chord-wise flow evolution is evidenced
by turbulence level maps, at 10%, 65% and 98% of mid-
span chord positions shown in Fig. 12.

This analysis is limited to the design operation where
the rotor features distinct vortical structures associated
to the leakage flow. Fig. 12 also describes the simulated
leakage stream-paths.

The map of the chordwise evolution of turbulence le-
vel shows significant differences between the turbulence
closures under investigation, mainly concentrated in
the vicinity of the annulus end-walls (e.g. casing and
hub).

Close to the suction side trailing edge at the hub
(Fig. 12a), the LS74 map shows a turbulence peak re-
lated to the passage vortex structure, that is not present
in the non-linear model due to the combined stress ten-
sor sensitization to strain and vorticity (Fig. 12b). At
the same section at higher radii, the linear model pre-
dicts the peak turbulence levels in the region where
the leakage vortex develops. In this respect, the aniso-
tropic solution features a tip leakage vortex that moves
through a low turbulence energy core. The map at 65%
chord (Fig. 12b) shows that the high turbulence core
(e.g. peak value about 20%) on the casing, produced
by the interaction between the centrifuged low energy
fluid on the suction-side and the leakage flow, rapidly
decays as the flow sheet rolls into the leakage vortical
structure. This evidence, again, confirms that the cubic
model (Fig. 12b) returns the physics of pure rotational
flow correctly.

6.3. Flow structure inside the tip gap

In addition to the leakage stream-paths above com-
mented, the behaviour of the flow within the rotor tip
gap is also investigated in terms of static pressure
isolines.

In particular is here considered a cylindrical surface
with R =0.994, placed at the 30% of the gap from the
blade tip. The static pressure coefficient maps for the
tested operating conditions are, respectively, shown in
Figs. 13 and 14.
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Fig. 12. Evolution of turbulence level and leakage streamlines inside the blade passage, in design operation: (a) LS74, (b) CLS96.

(b)

Fig. 13. Flow survey inside the tip gap at R = 0.988, design condition: (a) LS74 static pressure contour, (b) CLS96 static pressure contour.
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Fig. 14. Flow survey inside the tip gap at R = 0.988, near-peak pressure condition: (a) LS74 static pressure contour, (b) CLS96 static pressure

contour.

In the design operating point, Fig. 13b, the CLS96
model features a leakage flow core which stems from
suction side camber about the 20% to 25% of tip chord.
The leakage flow is significantly fed also in the aft por-
tion of the blade, with a maximum rate about 50% of
the chord in clear agreement with the former experimen-
tal and numerical evidences provided by Storer and
Cumpsty (1991) for a linear compressor cascade of sim-

ilar relative gap. With respect to the LS74 solution (Fig.
13a), the CLS96 prediction features a leakage phenome-
non of greater intensity which rolls into a vortical
structure.

This is clearly indicated by the pressure troughs, trac-
ing the vortex core on isobars in Fig. 13b, and by the
leakage streamlines in Fig. 12b. Moreover, comparing
the isobar maps in Fig. 13 it is noted that only the
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CLS96 model is able to predict a leakage structure of
sufficient strength to affect and under-turn the flow be-
hind the rotor.

At the near-peak pressure point, Fig. 14, both models
show reduced leakage flow effects. The global flow rate
throttling results in a reduction of leakage flow rate
and the leaked flow is not able to develop into a vortex.
Nevertheless, the non-linear solution confirms its ability
to predict a leakage flow of higher magnitude than the
LS74 model, as shown by the isobar maps in Fig. 14.

7. Conclusions

The paper has investigated the performance of a cu-
bic non-linear EVM when used to simulate a high-pres-
sure axial ventilation fan. A FEM parallel MG method,
developed by the authors, has been used with a higher-
order approximation scheme in order to guarantee
numerical accuracy on orthogonal and distorted qua-
drangular meshes.

The validation studies on circular leading-edge T3L
flow and the DCA compressor cascade, confirmed the
improvement obtained in the simulating capabilities by
using the cubic turbulence closure in highly complex
flow configurations pertinent to turbomachinery.

For the comparative analysis on the NFV axial ven-
tilation fan, the non-linear model is shown to provide
a better base-line for simulating non-equilibrium effects
than the standard one. The following conclusions are
drawn on the basis of the compared fluid dynamical
behaviours, within the blade passage and close to the
rotor tip clearance.

Concerning the flow survey behind the fan rotor for
the tested operating points, the non-linear solution im-
proves the swirl prediction reproducing the casing un-
der- and over-turning, at design and throttled flow
rates respectively in agreement with the available LDA
data. This circumstance is related to the ability of the
non-linear model to take account of the stall-like behav-
iour on the blade suction-side as well as the leakage phe-
nomena. The sensitization of the cubic stress
dependence to strain and vorticity is considered as crit-
ical to modelling accurately severe 3D flow structure
which is not achievable with the linear eddy diffusivity
approach.
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