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Wall-Normal-Free Reynolds-Stress Model for Rotating Flows
Applied to Turbomachinery

G. A. Gerolymos¤ and I. Vallet†

Université Pierre-et-Marie-Curie, 91405 Orsay, Paris, France

A recently developed near-wall wall-normal-free Reynolds stress model is extended and applied to the com-
putation of transonic three-dimensional � ows in turbomachinery rotors with tip clearance. The Reynolds stress
model used is completely independent of the distance-from-the-wall and of the normal-to-the-wall direction. This
is achieved by using a pseudonormal direction, de� ned by the gradients of turbulence length scale and anisotropy
tensor invariants, in the pressure–strain echo terms. The effects of rotation are included through the exact Coriolis
terms in the Reynolds stress transport equations and through the isotropization of absolute � ow-production model
used for the rapid pressure–strain terms. The model is initially validated by comparison with measurements in
rotating fully developed plane channel � ows. Computational results obtained with the proposed Reynolds stress
model are compared with measurements and with k–" computations for various operating points of the NASA
37 rotor, using a 3 £ £ 106 multiblock computational grid with 41 radial stations within the tip-clearance gap. The
proposed model substantially improves the agreement with measurements compared to existing algebraic and
two-equation models.

Introduction

D ESPITE the important advances of steady1¡10 and un-
steady11¡17 turbomachinery computational � uid dynamics

(CFD), the predictive capability of the complex turbulent � ows
encountered in turbomachineryaerodynamics18¡28 can be substan-
tially enhanced by improved turbulence modeling.29¡33 Following
the pioneering work of Hah34;35 and Hah et al.,36 the current state
of the art in turbulence models used for turbomachinery CFD has
evolved toward the systematic use of two-equation closures,37¡54

such as k–" (Refs. 55–57), k–!T (Refs. 58 and 59), k–`T (Ref. 60),
k–¿T (Ref. 61)or k–³T (Ref. 62), includingnear-walllow-turbulence
Reynoldsnumber terms that make thesemodels independentof wall
topology. The integration up to the wall is extremely important in
complex geometries because, to quote Bradshaw,33 “matching to
wall functions is not trivial, and programming and running time
may be reducedby integratinga � xed-up (low-turbulenceReynolds
number) model to the wall.” Using two-equationmodels is a de� nite
advantage compared to mixing-length or one-equationmodels,63;64

because, as remarked by Ekaterinaris and Menter,65 the “ambigu-
ity of de� ning the length scale,” especially in the wake or the tip-
clearance regions,7;8 is avoided.

Numerous variants of two-equationmodels have been developed
over the years,66¡70 differing mainly in the scale-determiningequa-
tion (for ", !T , `T , ¿T , or ³T ). All of these models are, however,
based on the Boussinesq hypothesis of tensorial proportionality
between the mean-rate-of-deformation and the Reynolds stresses
(see Refs. 29–33). For complex three-dimensional� ows with large
separation50 and intense mixing19 (both of which are characteris-
tic of turbomachinery), the Boussinesq hypothesis can be a serious
drawback (see Ref. 27). When considering � ows within turboma-
chinery rotors, the inability of predicting the effects of rotation on
turbulenceand as a consequenceon secondary� ow mixing is added
to the previous problems.29 It is well established that the effects of
streamline curvature71 and of system rotation72 on the mean � ow
are produced through modi� cation of turbulence structure (or more
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speci� cally of the Reynolds stress tensor anisotropy). For this rea-
son anisotropic models are necessary. Under this general label are
included full Reynolds stress transport models73 (RSM), algebraic
Reynolds-stress models29;74 (ARSM) and nonlinear two-equation
closures,60 also calledexplicitARSM (EARSM).75 Althoughtaking
into account the spectral energy transfer, through the use of multi-
scale models,76¡81 is of course important, this technique should be
used in conjuction with anisotropic models.

Numerous EARSM models have been proposed with variable
degreesof success.82¡89 The usual justi� cation for not using the full
RSM closure is that it is much more expensive88 and less stable.89

The increasing number of studies90¡96 using full RSM closures for
complex separated � ows suggests that it is possible to overcome
these drawbacks. The authors97 have developed a wall-normal-free
near-wall RSM closure that has given results systematically better
than two-equation models and has proven to be extremely robust
thanks to a carefull implementation of realizability constraints.98

With theparticularimplicit implementationused(Gerolymos,G. A.,
and Vallet, I., manuscript in preparation) the RSM computationsare
only 30% more time consuming than a conventional low Reynolds
k–" model.

The purpose of this paper is to extend the near-wall RSM closure
developedby Gerolymosand Vallet97 to rotating� ows and to apply it
to transonic turbomachinery� ows with tip clearance.The proposed
closure is completelyindependentof thedistance-from-the-walland
of the normal-to-the-walldirection. The resulting turbulence trans-
port equations are � eld equations requiring the knowledge of local
� owvaluesonly.This makes theuseof themodel in complexgeome-
tries with multiblockgrids straightforward.The model performance
is assessed by comparison with experimental data 1) for fully de-
veloped plane channel � ow subjected to spanwise rotation72 and 2)
for three-dimensional� ow in a transonic compressor rotor.22;99

Wall-Normal-Free RSM
Mean Flow

The � ow is modeled by the compressible Favre–Reynolds aver-
aged three-dimensional Navier–Stokes equations,47;97 written in a
reference frame rotating with rotational velocity X D Äi ei ,
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where t is the time, x` the Cartesian space coordinatesin the relative
frame of reference, ²i j k the third-order antisymmetric tensor,100±i j

the Kronecker symbol,100 R the radius (distance from the axis of ro-
tation, R2 D [xi ¡ jÄj¡2x j Ä j Äi ][xi ¡ jÄj¡2x j Ä j Äi ]), Wi the rela-
tive velocity components, Vi D Wi C ²i jk Ä j xk the absolute veloc-
ity components, ½ the density, p the pressure, and ¿i j the viscous
stresses. The tilde indicates Favre averaging, the over bar non-
weighted averaging, the double prime Favre � uctuations, and the
single prime nonweighted-�uctuations. Here, MhtW D Qh C 1

2
QWi

QWi is
the total enthalpy of the relative mean � ow (which is different from
the Favre averaged total enthalpy QhtW D Qh C 1

2
QWi

QWi C k D Mh tW C k),
where h is the speci� c enthalpy,k D 1

2
]w00

i w00
i is the turbulencekinetic

energy, and w00
i is the frame-independentvelocity � uctuations.The

symbol .M/ is used to denote a function of average quantities that
is neither a Favre average nor a nonweighted average. The source
term in the mean energy equation is 93;97
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where Pk D 1
2

P`` is the turbulencekinetic energy production (equal
to one-half of the trace of the Reynolds stresses production tensor
Pi j ) and " is its dissipation.

Thermodynamics and Basic Closures
The thermodynamics of the working gas are approximated by101
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where ° is the isentropic exponent, Rg the gas constant, ¹ the
dynamic viscosity, and · the heat conductivity. For air Rg D
287:04 m2 ¢ s¡2 ¢ K¡1 , ° D 1:4, ¹273 D 17:11 £ 10¡6 Pa ¢ s, ·273 D
0:0242 W ¢ m¡1 ¢ K¡1 , TS D 110:4 K, and A· D 0:00023 K¡1 . The
mean viscous stresses are approximated in the usual way by102;103
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In the present work the turbulent heat-� ux N½]h 00w00
i is closed by a

simple gradient model102
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where cp is the heat capacity at constant pressure, PrT the turbu-
lent Prandtl number (in the present work, PrT D 0:9 to obtain the
correct recovery temperature for turbulent � ow over an adiabatic
wall), and Re¤

T the turbulenceReynolds number based on the modi-
� ed dissipation55 "¤ D " ¡ 2 Mº.grad

p
k/2 (" being turbulencekinetic

energy dissipation and Mº the kinematic viscosity).

Reynolds Stress Transport
The transport equations for the Favre–Reynolds averaged

Reynolds stresses, written in the relative (rotating) frame-of-

reference and taking into account the density � uctuations effects,
are29;104
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Convection Ci j and production Pi j are exact terms. The modeling
concerningtheremainingterms is discussedin the followingsection.

Compressibility, Diffusion, and Dissipation
In the present model97 direct compressibility effects K i j ,

pressure–dilatation correlation, and pressure–diffusion are ne-
glected:
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Because pressure–diffusion is neglected, diffusion is approximated
by
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where the triple correlations are modeled following Hanjalić and
Launder,105
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A transport equation for the modi� ed dissipationrate (for which the
wall boundary-conditionis "¤

w D 0)

"¤ D " ¡ 2Mº
¡
grad

p
k
¢2

; N½ Mº D M¹ (12)

is used, based on the Launder–Sharma57 equation, but with a ten-
sorial diffusion coef� cient.93;97 The modeled form of the equation
is93;106
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Pressure–Strain Redistribution
The pressure–strain redistribution terms are the most important

items in the closure because they control both the separation and
the reattachment processes. The model used is an extension to ro-
tating � ows of the model developed by Gerolymos and Vallet.97

The pressure–strain redistribution term augmented by the dissipa-
tion tensor anisotropy107 is split into the slow and rapid parts and
the corresponding echo terms. The slow part Ái j1 is modeled by
a simple quasi-linear return-to-isotropy model whose coef� cient
has been optimized by Launder and Shima107 to account for the
anisotropic part of the dissipation tensor "i j ¡ 2

3
±i j ". The closure

for the rapid terms, which contains gradients of the mean veloc-
ity, must respect the Galilean invariance of Ái j2 (Ref. 108). Invari-
ably the absolute � ow mean velocity gradients are used.109 For the
quasi-linear isotropization-of-production model, this is equivalent
to adding one-half of the Coriolis redistribution terms,110 thus ob-
taining an isotropization-of-absolute-�ow-production model.111;112

The echo terms are computed in the usual way,113 but the unit
pseudonormal direction en D n i ei is approximated by the gradi-
ent of a functionof the turbulencelengthscale`T and of the Lumley
� atness parameter114 A, thus making the model independentof wall
topology.The effect of the distance-from-the-wallis included in the
functions Cw

1 and Cw
2 . The � nal model is
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Rotating Channel Flow
Fully developed incompressibleplane channel � ow subjected to

spanwise rotation is an important test case where the Coriolis redis-
tributioneffect G i j [Eq. (8)] has a major in� uence on the � ow.72 The
� ow is in the x-wise direction, and the rotation X D Äez . The Cori-
olis effect on Reynolds stress redistribution diminishes turbulence
levels on one side of the channel (stabilizedside) and incresases tur-
bulenceon the oppositeside (destabilizedside).72;110;112 The simpli-
� ed (fully developed two-dimensional) � ow and turbulence model
equations72 are discretizedusing second-orderaccurate� nite differ-
ences and are pseudotime-marchedto machine-precision(15 digits)
using a � rst-order accurate implicit procedurewith approximatedi-
agonalized Jacobians.Computational results for Reynolds numbers
Rem D 1:15 £ 104 , and 3:5 £ 104 (Rem D um Dº¡1, where

um D D¡1

Z D

0

Nu dy

is the bulk velocity, D the channel height, and º the kinematic vis-
cosity) are compared with the measurements of Johnston et al.72

The computational grid of N j points used is stretched geometri-
cally with ratio r j , from centerline to the walls. For both Reynolds
numbers, the nondimensional distance of the � rst node away from
the wall yC

w D 1ywu¿ º¡1 is »0.25, and the grid size at the centerline
is 1yCL

»D 0:015D (Table 1).
The variation of friction velocity u¿ on the friction velocity

at Ä D 0 (u¿0
), on the stabilized side (y D D for Ä > 0) and on

the destabilized side (y D 0) as a function of the rotation (inverse
Rosby) number Ro¡1

m D ÄDu¡1
m compares satisfactorily with ex-

perimental measurements (Fig. 1). For the lower Reynolds number
(Rem D 1:15 £ 104 ) the model starts relaminarizingat Ro¡1

m
»D 0:07

(in agreementwith measurements72). However the predicted relam-
inarization is rather abrupt, giving a quasi-relaminarizedstabilized
side at Ro¡1

m
»D 0:08 (whereas measurements72 indicate that the end

of the relaminarizationprocess takes place at Ro¡1
m

»D 0:13). This re-
laminarizationbehaviorhas been observedboth experimentaly72;115

and in low turbulence Reynolds number ReT near-wall Reynolds
stress computations.112;116 Models using wall functions110;117 can-
not predict this behavior,which was also observed in direct numeri-
cal simulationcomputations.118 Recently, Dutzler et al.119 predicted
correctlyrelaminarizationin developingrotatingplanechannel� ow,
using a cubic Ái j2 closure consistantwith the geostrophicconstraint
in the limit of rapidlyrotatingtwo-dimensionalturbulenceand ellip-
tic near-wall relaxation.They observed,nonetheless, some discrep-
ancies with measurements, which were partly attributed to three-
dimensional effects in the experimentalsetup. It is possible that the
fully developed � ow constraint applied in the present computations
adds to the dif� culty of the problem.

Comparison of the velocity pro� les at Rem D 3:5 £ 104 for
Ro¡1 D 0, 0.042, and 0.068, shows satisfactory agreement between
the present model predictions and measurements.72 However, al-
though the near-wall behavior is correct on both sides, the wake
region of the destabilized side (y < 1

2
D) is not very well predicted.

Such discrepancies were also observed by Dutzler et al.119 and by
Shima,112 who attributed them to the unsatisfactorypredictionof the
“additive constant of the log-law in highly unstable wall regions, a
typical dif� culty in constructing models up to the wall.” This is
not surprisingbecause for the relatively low Reynolds number � ow
considered, near-wall low turbulent Reynolds number ReT model-
ing has a major in� uence on model predictions.109 The observed

Table 1 Computational grids for rotating channel � ow

Rem £ 104 N j r j yC
w (Ä D 0) 1yCL D¡1

1.15 249 1.0294 0.265968 0.01464841
3.5 321 1.029 0.258054 0.01423838
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Fig. 1 Comparison of computed and measured72 skin-friction and velocity distributions for fully developed rotating plane channel � ow.

Fig. 2 Comparison of computed and measured120 operating map of NASA 37 rotor.

discrepancies are partly attributed to the unsatisfactory transitional
behaviorof the " equationused and are expectedto be less important
in high Reynolds number � ows (the compressor test case studied
in this paper is at ReÂ D WMi Âº¡1

i
»D 106 , where WMi is the relative

in� ow velocity, ºi is the kinematic viscosity at in� ow conditions,
and Â is the chord).

Transonic Compressor Rotor
Test Case

Computational results are compared with measurements for the
NASA 37 transonicrotor.22;99;120 In the .x; R; µ/ coordinatessystem
used, x is the engineaxis (X D Äex ), R is the radius from the engine
axis, and µ is the pitchwise coordinate (eµ D ex £ eR ). Experimen-
tal data for the NASA 37 transonic rotor were obtained at various
measurementplanes,usingboth laserDopplervelocimetryand clas-
sical rake measurements of pitchwise-averaged total pressure ptM
and pitchwise-averaged total temperature TtM . [The averaging pro-

cedure .¢/M is described by Davis et al.121] This rotor has 36 blades,
nominal speed 17188.7 rpm, and maximum mass � ow at nominal
speed PmC H D 20:93 § 0:14 kg s¡1 (Ref. 120). The measurementun-
certainties reported by Suder22 are mass � ow §0.3% kg ¢ s¡1 , � ow
angle§1 deg, total pressure§100 Pa, and total temperature§0.6 K.
The nominal tip-clearancegap, which was used in the computations,
is ±TC D 0:356 mm (Ref. 120).

This test case has been computed by numerous authors,122 us-
ing either mixing-length8;99 or two-equation closures.47;49;50;53 The
results thus obtained using various computational methods, tip-
clearance � ow simulations (embedded tip-clearance grid,8;47;50;53

or simpli� ed tip-clearance� ow models49;99) and turbulencemodels
show that the computations overestimate pressure ratio (at a given
mass � ow), over the entire span. Shabbir et al.123 have shown that
leakage � ow emanating from a small gap between the stationary
and rotating parts of the hub � owpath is responsible for a signi� -
cant de� cit of total pressure near the hub, but this cannot explain
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Fig. 3 Computed and measured radial distributions of pitchwise-averaged � ow angle ®xµM , total pressure ptM , total temperature TtM , and isentropic
ef� ciency ´isM , for NASA 37 rotor ( Çm = 20:51 kg ¢ s ¡ 1 = 0.98 ÇmCH , Tu = 3%, and ±TC = 0.356 mm).

Fig. 4 Comparison of Mis distributions around the blades for NASA 37 rotor ( Çm = 20:51 kg ¢ s ¡ 1 = 0.98 ÇmCH, Tu = 3%, and ±TC = 0.356 mm).
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the observeddiscrepanciesbetweenmeasurementandcomputations
farther away from the hub.

Computational Method
The grid used is generated biharmonically124 and consists of � ve

domains (Table 2): the upstream UH grid, the O grid around the
blade, the downstream DH grid, the O grid of the tip-clearance
gap (TC grid), and a buffer OZ grid between the TC grid and the
O grid.47 The grid topologyused is describedin detail by Gerolymos
et al.47 The total number of points is »3 £ 106, with 161 radial sta-
tions (stretched near the hub and tip geometrically124 with ratio
rk D 1:17). The nondimensional distance from the wall of the � rst

Fig. 5 Comparison of computed and measured ÆMw levels (step of 0.1 in the range ÆMw 2 [0, 1.6] for both computations and measurements plotted at
the same scale) for NASA 37 rotor ( Çm = 20:51 kg ¢ s ¡ 1 = 0.98 ÇmCH , Tu = 3%, and ±TC = 0.356 mm).

grid point nearest to it nC
w D 1nwu¿ Mº¡1

w
(where u¿ is the friction

velocity, 1nw the distance from the wall, and Mºw the kinematic vis-
cosity at the wall) is less than one-half everywhere. There are 41
radial stations within the tip-clearancegap (whose radial discretiza-
tion is completely independent from the radial discretizationof the
blade O grid47;124 ). Grid convergence studies, comparing results on
three different grids (1, 2, and 3 £ 106 points), using the same nu-
merical method but with k–" closure,57 have shown that this grid is
suf� cient to obtain grid-convergedresults.47;53

The mean-� ow and turbulence-transport equations are written
in the .x; y; z/ Cartesian rotating (relative) coordinates system
and are discretized in space, on a structured multiblock grid,
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Table 2 Computationalgrid summarya

Grid Number

UHb 49 £ 41 £ 161
Oc 201 £ 53 £ 161
DHd 81 £ 61 £ 161
TCe 201 £ 17 £ 41
OZf 201 £ 21 £ 61
Pointsg 3;067;042
nC

w <0:5

aGrid topology is described in Gerolymos et al.47

bUpstream H grid (axial £ tangential£ radial).
cBlades O grid (around the blade £ away from
blade£ radial).
dDownstream H grid (axial £ tangential£ radial).
eTip-clearance O grid (around the blade £ away
from blade £ radial).
fO zoom grid (around the blade £ away from
blade£ radial).
gWithout O-grid points overlapped by the OZ grid.

using a third-order upwind-biased MUSCL scheme with Van Leer
� ux-vector-splitting and Van Albada limiters, and the resulting
semidiscretescheme is integrated in time using a � rst-orderimplicit
procedure (Refs. 47 and 101; Gerolymos and Vallet, manuscript in
preparation). The mean-� ow and turbulence-transportequationsare
integrated simultaneously.Source terms (centrifugal, Coriolis, and
RSM) are treated explicitly because previous tests (Gerolymos and
Vallet, manuscript in preparation) have shown that including the
source Jacobians does not improve robustness. The local time step
is based on a combinedconvective(Courant) and viscous (von Neu-
mann) criterion. The boundary conditions, which are applied both
explicitly and implicitly, using a phantom-nodes technique at grid
interfaces, are described in detail by Gerolymos et al.47 In� ow pro-
� lesof totalpressure,total temperatureandReynoldsstressesareob-
tained analytically in a manner similar to that of Gerolymos.106 For
the computations presented here, the in� ow boundary-layer thick-
nesses at the hub and casing were ±HUBi D ±CSNGi D 0:005 m, and
turbulence intensity outside of the boundary layers at in� ow was
Tu D 3%, in accordance with experimental data.120

Comparison with Measurements
Comparison of computed and measured performance for the

NASA 37 rotor (Fig. 2) indicates a substantial improvement in
operating map (pressure ratio between stations 1 and 4 ¼T –T vs
mass � ow Pm) prediction using the present RSM closure, com-
pared to the Launder–Sharma k–" model.57 On the other hand,
the prediction of ef� ciency is not improved (it is even marginally
worse). A better understanding of the differences between the
two turbulence closures is obtained through detailed comparisons
at operating point A, corresponding to 98% of choke mass � ow
( Pm D 20:51 kg ¢ s¡1 D 0:98 PmCH), where the values of ¼T –T are 1)
experiment 2.075, 2) RSM 2.085 (error 0.5%), and 3) k–" 2.145
(error 3.4%). The difference between the two models is substan-
tial, especially if the results are considered in a multistage context,
where the rotor is followed by a number of other blade rows. The
overprediction by 3.4% of total pressure results in an overpredic-
tion by 3.4% of choke mass � ow of the following blade row. As a
consequence,if one of the followingblade rows were designedwith
a very narrow choke margin, assuming a 3.4% higher than reality
inlet total pressure may be suf� cient to induce unstarted operating
conditions, introducing multistage mismatch.125 This is especially
true if the same error is done on two or three blade rows because the
errors have a cumulative effect.

Comparison of computed and measured pitchwise averaged
quantities121 (Fig. 3) shows that the present RSM closure improves
the prediction of total-pressure ptM , from 40% span upward. The
pressure de� cit near the hub is of course not predicted, because
hub leakage is not simulated. However, both models predict a ptM
overshoot at the location of the tip-leakage vortex, attributed to un-
satisfactory prediction of the mixing of the vortex with the main
� ow. Total temperature TtM is also better predicted by the new
model, both near the rotor trailing edge (station 3) and farther

downstream (station 4). The differences in � ow angle ®xµM be-
tween the two models and the experiment are within measurement
accuracy.

To understand the mechanism of improvement of the results by
the RSM closure, computed wall-pressure distributions around the
blade (presented in terms of isentropic Mach number32;35;106 Mis )
around the blades are considered. For simplicity, the distributions
are computed at constant span (and not along a meridional � ow
streamline). The reference total pressure at each span is taken, fol-
lowing the recommandation of Arnone,126 equal to the maximum
pressure on the blade at this span pSP, whose location also de� nes
the stagnation point on the blade (xSP, RSP). This pressure is cor-
rected using rothalpy conservationat every point on the blade, and
the isentropic Mach number is de� ned as
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where TSP is the stagnation-pointtemperature, and p and R are the
local pressure and radius. Comparison of results obtained with the
two turbulencemodels (experimental results of blade pressures are
not available) shows that the RSM results predict the suction-side
shock wave at »5% axial chord (Âx ) farther upstream than the k–"
calculations (Fig. 4). The shock-wave/boundary-layerinteraction is
more important in the RSM results from 40% span upward, pre-
dicting lower pressure (higher Mis ) downstream of the shock wave.
The differences between the models are more dif� cult to discern
on the relative Mach number MMW contours (Fig. 5), although the
shock-wave/boundary-layerinteraction predicted in the RSM com-
putationsis stronger(especiallyat 50%span), with a marked¸ shock
structure.

Conclusions
In the present work, a wall-normal-free, near-wall RSM was ex-

tended to � ows with system rotation, in view of turbomachinery
applications. The model gives satisfactory results when compared
with experimental data for fully developed low-Reynolds-number
turbulent channel � ow subjected to spanwise rotation, although the
prediction of the velocity pro� les on the destabilized (more turbu-
lent) side needs further improvement (presumably through modi-
� cation of the baseline " equation used). Nonetheless, the model
gives the correct trends of the effects of rotation, while retaining a
form completely independent of the distance-from-the-walland of
the normal-to-the-wall-direction, a de� nite advantage for complex
geometry applications.

The model is then applied to the computation of three-
dimensional transonic � ow through a compressor rotor. The abil-
ity of the RSM closure to predict separation, improves three-
dimensional blockage prediction. As a consequence, the computed
compressor operating map is quite close to the experimental one,
showing substantial improvement in comparison to k–" compu-
tations. Both the total pressure and the total temperature rise are
better predicted by the proposed RSM closure. The main remain-
ing de� ciency is the total pressure overshoot in the vicinity of the
tip-clearance leakage vortex core location (also present in the k–"
results), presumably associatedwith the too slow relaxation behav-
ior of the model (also observed in the process of boundary-layer
reattachment after separation).

Although the proposedRSM closure can be further improved, the
present results indicate that the use of advanced(anisotropic) turbu-
lence closures enhances the quantitative prediction of the complex
turbulent � ows encountered in aircraft engine turbomachinery.The
improvement is due both to a better prediction of separation and to
the correct modeling of the Coriolis Reynolds stress redistribution
effect (that is absent in Boussinesq-type closures such as mixing-
length or k–").
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