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IN THE PAPER WE INVESTIGATE the flow with heat transfer in the rotating cavity of
different geometrical parameters and different Reynolds numbers. We focus on the
near-wall characteristics and compare our results with the experimental and numerical
data published in literature as well as with the theoretical results. We also present the
preliminary results obtained for rotor/rotor configurations with the axial annular jet.
Computations are performed using pseudo-spectral methods. Parallelization of the
DNS code allows us to perform computations on the meshes with up to 35 million
collocation points.
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1. Introduction

THE PROBLEM OF LAMINAR-TURBULENT TRANSITION and turbulence in the
near-wall sublayer is far from being solved, both in terms of understanding of
physics and in terms of obtaining engineering accuracy for different devices in
which turbulent flows play an important role (fluid flow machines, aircraft and
automobile industries). The engineering and economic aspects prompt the on-
going research aimed at transferring new ideas from theory to industry. The
near-wall sublayer is presently mostly modelled based on the existing knowledge
of simple 2D models (zero-pressure gradient boundary layers and plane channel
flow). It is believed that the understanding of the structure of coherent eddies in
transitional and turbulent areas in simple model flows helps to understand more
complex wall flows. This knowledge can contribute to wall turbulence control
and to the development of scaling ideas. Additionally, the knowledge of turbu-
lent flow structures, their origins, their role in creating stress and transporting
energy can help to understand the nature of the turbulence. The understanding

*The paper was presented at XX KKMP conference, Gliwice, 17-20 September, 2012.
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of the fundamental physical characteristics of the near-wall flows is the main
area of our interest. We use the strong 3D non-isothermal rotor /stator and ro-
tor/rotor model flows (a few cases with axial annular jet are also investigated)
to study numerically the structure of the near-wall sublayer. These simple model
flows with heat transfer contain Reynolds stresses which transport mean momen-
tum and they also produce and dissipate turbulent kinetic energy. Rotor/rotor
and rotor /stator flows are the simplest possible wall flows which exhibit most of
the phenomena that are needed to understand strong 3D transitional and tur-
bulent flows in more general flow cases — these models are particularly suitable
for engineers dealing with gas turbines and axial compressors.

The flow in rotor/stator cavity was investigated experimentally and numeri-
cally among others by RANDRIAMAMPIANINA et al. [1], SERRE and PULICANI [2],
SERRE, TULISZKA-SZNITKO, BONTOUX (3], LYGREN and ANDERSON |[4]|, PON-
CET and SCHIESTEL [5], SEVERAC and SERRE [6], RANDRIAMAMPIANINA
et al. [7], PELLE and HARMAND [8], TULISZKA-SZNITKO et al. |9, 10]. PELLE
and HARMAND (8| performed measurements over the rotor (in the rotor/stator
configuration) using a technique based on infrared thermography. TULISZKA-
SZNITKO et al. |9, 10] performed computations of the non-isothermal flow in the
rotor/stator cavity, delivering distributions of the local Nusselt numbers along
the stator and rotor for different configurations and Reynolds numbers. The ax-
ial throughflow (rotor/stator configuration) with heat transfer was numerically
investigated in [5] using RANS method.

The main motivation of our work is to investigate the characteristics of the
near-wall flows. We present characteristics obtained in the stator boundary layer
and preliminary results obtained in the heated rotor boundary layer under im-
pingement of cold annular jet. Direct numerical simulations (DNS) of these flow
cases require refined meshes with a large number of collocation points. To meet
this requirement we apply the OpenMP technology to the code described in
[9, 10]. Computations for the high aspect ratio L = (R; — Ry)/H and large
Reynolds numbers Re = R22/v (presented in this paper) were performed with
up to 35 million collocation points. These results are complementary to the
results obtained for L = 5-35 with up to 10 million collocation points and pub-
lished in [10]. We compare the present results with the experimental data of
ELKINS and EATON [11] and the numerical results of KAsSAGI [12] and WU and
Kasaar [13, 14].

Additionally, in the frame of this paper we implement the spectral vanishing
viscosity method (SVV) to the parallelized DNS code for non-isothermal flow
in rotating cavity. The SVV method was previously used for the investigation
of the isothermal flow in rotor/stator cavity by SEVERAC and SERRE [6]. The
main purpose of SVV implementation is to provide a stable scheme for solv-
ing Navier—Stokes equations, which simultaneously preserves spectral accuracy
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(the exponential rate of convergence, PASQUETTI and XU [15]). This method is
suitable for the investigation of rotor/stator and rotor/rotor flow cases where
laminar, transitional and fully turbulent areas coexist. In the paper we extend
the SVV method [6] to non-isothermal flow and perform computations for the
high Reynolds numbers in the rotor/stator cavity with heat transfer. The SVV
is also used for preliminary investigations of the flow cases with annular jet. To
check the exponential rate of convergence we use the benchmark published in [6].

The mathematical and geometrical models are described in Section 2. The
numerical method is presented in Section 3. In Section 4 some results obtained
for aspect ratio L = 5, curvature parameter Rm = (R; + Ry)/(R1 — Ro)
= 1.8, Re = 400000-700000 are presented to demonstrate the effectiveness of
the SVV method. The near-wall characteristics and the comparison with the wall
asymptotes are shown in Section 5. In Section 6 the preliminary results obtained
for rotor/rotor cavity with the annular axial jet are discussed; the attention is
focused on the local Nusselt number distributions and their correlations with the
flow structure. Summary and conclusions are given in Section 7.

2. Mathematical and geometrical models

In the paper we investigate the non-isothermal flow in the cavity between
rotor and stator, and between rotor and rotor of the inner and outer radius Ry
and Ry, respectively (Fig. 1). The inter-disks spacing is denoted by H. The rotor
rotates at uniform angular velocity 2 = {2e,, where e, is the unit vector on the
z axis. The flow is described by the Navier—Stokes, continuity and energy equa-
tions written in a cylindrical coordinate system (R, ¢, Z). Equations are written
with respect to rotating frame of reference. The Boussinesq approximation is
used to take into account the buoyancy effects induced by the involved body
forces.

The dimensionless axial and radial coordinates are: z = Z/(H/2), z € [-1, 1],
r=(2R—(R1+ Ro))/(R1 — Ry), r € [—1,1]. The velocity components and time
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Fia. 1. Schematic pictures of: a) numerical domains of rotor/stator cavity, b) rotor/rotor
configuration with axial annular jet.
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are normalized by f2R; and 27!, respectively. The dimensionless components
of the velocity vector in radial, azimuthal and axial directions are denoted by
u="U/2Ry, v =V/2R,, w = W/2R;. The dimensionless temperature is de-
fined in the following way: © = (T'—T1) /(T2 — T1), where T} is the temperature
of the upper disk and the inner cylinder, and 75 is the temperature of the bottom
heated rotating disk and the outer cylinder (rotor/stator configuration). In the
rotor/rotor flow case only the bottom disk is heated. The flow is governed by
the following dimensionless parameters: aspect ratio L = (R; — Ry)/H, curva-
ture parameter Rm = (R; + Ry)/(R1 — Ro), the rotational Reynolds number
Re = QR?/v, Prandtl number Pr = 0.71 and the thermal Rossby number
B = 3(T> — T1) (where [ is thermal expansion coefficient).

In the rotor/stator flow case the boundary conditions are as follows: the
rotating bottom disk is attached to the inner cylinder and the stator is attached
to the outer cylinder. The no-slip boundary conditions are used with respect to all
rigid walls, so u = w = 0. For the azimuthal velocity component, the boundary
conditions are v = 0 on the rotating disk and v = —(Rm + r)/(Rm + 1) on the
stator. The thermal boundary conditions are as follows:

O =1 for z=-1.0, —1.0 < r < 1.0 and for outer cylinder,
6O =0 for z=1.0, —1.0 < r < 1.0 and for inner cylinder.

The thermal Rossby number equals B = 0.1 in all considered flow cases.

In our preliminary investigation with the axial annular jet we assume that
the nozzle, axial velocity component profile is constant. In the outer cylinder we
apply constant radial velocity component or the convective condition. On the
impinging wall we apply a no-slip condition and the temperature is constant.

3. Numerical methods

The temporal approximation used in the paper is a projection scheme which
is based on backward differentiation in time. In every iteration a pressure pre-
dictor is computed by solving the pressure equation with the pressure Neumann
boundary condition. The Navie-Stokes, continuity and energy equations are ap-
proximated in time using a second-order semi-implicit scheme, which combines
an implicit treatment of the diffusive term and an explicit Adams—Bashforth
approximation for the non-linear convective terms. The predicted velocity field
is then corrected so that the final velocity field satisfies the incompressibility
constraint. The correction is performed by introducing a special correction pa-
rameter ¢: p"t! = pP + 34/26t, where n + 1 and p depict present iteration
and predictor, dt is the increment of time. All dependent variables (predictors
of three velocity components, predictor of pressure, temperature and corrector;
U = [u,v,w,p, O, ¢]) are obtained by solving Helmholtz equation which can be
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written in the following form:

10°w N 1 or 1 O*v N o*w
L2 0r2  L2Rm+r)0r L2Rm+7)2 002 022
Aw

(3.1a) —q¥ = 8,

where ¢ is a constant or is a function of r, function S contains terms obtained in
previous iterations and obtained in the predictor stage. Detailed description of
the iteration process is given in [2] and [10]. The spatial approximation is based
on a pseudo-spectral Chebyshev—Fourier—-Galerkin collocation method: the ap-
proximations of the variables ¥ = [u, v, w, p, ©, ¢| are given by the development
into truncated series:

N¥/2—1 NT—1N*-1 '
(3.1b)  W(r,p,z) = Z Z Z anan(T)Tm(z)elW7
k=—Nv¥/2 n=0 m=0
_1§T7 ZS]., OSSOSQTF)

where T,,(r) and T,(z) are Chebyshev polynomials and N", N¥ and N? are
numbers of collocation points in radial, azimuthal and axial directions, respec-
tively. In the radial and axial directions we use Chebyshev polynomials with the
Gauss—Lobatto distributions to ensure high accuracy of the solution inside the
very thin boundary layers at the disks.

In the SVV method an artificial viscous operator is added to Laplace operator
to stabilize the computational process. This SVV operator is sufficiently large to
suppress Gibbs oscillations and small enough not to affect the solution accuracy
(TADMOR [17|, KARAMANOS and KARNIADAKIS [18]). The one-dimensional SVV
viscous operator [17] can be written in the following way:

(32&) ANUN = EN <QN8UN> .

After adding (3.2a) to the Laplace operator we have
0
(3.2b) vAVuy =vAuy + ENG <QN uN)

where N is the number of collocation points, uy is a discrete approximation of
velocity component u, ey is the viscosity amplitude (imy_ eny = 0) and Qn
is the spectral operator active only for high frequencies [6, 19]. The operator
(3.2a) in Fourier space can be written in the following form:

(3.3&) (QNaUN) = —€&EN Z kZQN/Q(k)ﬁkeikr,

kr<|k|<N/2
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where N is the number of Fourier mode and k7 is the threshold mode above
which operator (3.2a) is active. In Chebyshev space @y works in the following
way:

N X
(3.3b) QN(au—N> = > QN(k)&L—;VTk,

where T}, are Chebyshev polynomials and Qy is defined as follows:

0 for 0 < |k| < krp,

. - 2
(3-3¢) @n(k) = exp [— <lf:v — ”ZD ] for kp < |k| < N.
- —

The SVV modes are activated over threshold kr which can be taken as N/2
whereas the viscous amplitude ey can be taken as O(1/N). The extension of
definition (3.2a) to the 3D flow cases is discussed in [6, 15, 16, 18|. After [6] we
can write:

(3.4a) I/ASVVUN =vAuny + V- (enQn - (Vun)) =v(V -Gy - V)uy,

where

1
(3.4b) Gy=1+ ;ENQN

14 ey Qe /v 0 0 Gy 0 0
- 0 1+ ¢2,Q%, /v 0 = 0 ¢ 0 |,
0 0 14 e5:-Q%:/v 0 0 Gi-

Vup is the velocity gradient tensor, EIM is a viscosity amplitude for ¢ direction,

'yi 18 @ viscosity operator which is defined in spectral space by Eq. (3.3c). In
the next step the modified Laplace operator (3.4a) is introduced to our DNS
algorithm. In DNS algorithm all dependent variables are obtained by solving
Helmholtz equation (3.1a) using (3.1b) approximation. In the first step equation

(3.1a) is expanded into Fourier series:
1 920, 1 oy, 0%y, N k2
L? or?  L2Rm+r) Or 022 1 L2(Rm +7)?
ke[-N¥/2,...,N¢/2 —1].

(3.5) B, = Sy,

After spatial discretization in radial and axial direction we can write
(3.6) AV +UB = S, U = Qijk: = ¢k<rz‘7 Zj), S = gijk = gk(ﬁ, Zj),

—1<mr, z; <1,
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where

L @
Aji=—Dr? 1+~ Dyl T
ar VT T E®Rmary (R + 1,2

Bij = Dz@).

Dr Z(]), DTZ(JQ), DZ(J) are differentiating matrices. In the SVV method, the Laplace

operator in Eq. (3.1a):

1 02 1 8 1 0? 0?

(38) A= L2 or? + L2(Rm +r) r Lz(Rm + )2 92 @

is modified and takes the following form:

10 0 1 0
SVvV _— r Y T
(39) A =Y e T ERm ) N ar
1 o, 0 0 0
e o+ G
L2(Rm +1)2 0 dp 0z 0z

After expanding (3.9) in Fourier series and with Eq. (3.3a) we obtain

10 0 1 0
1 ASVV e G, =
(3.10) L2or N 87‘+L2(Rm+r)GN or
k2 A 0 0
Y e 4 — . —
LQ(Rm—}—T)QGNv(k)—i_ azG “0z

Matrices A;; and B;; can be written in the following form:

ol esvv L msvy
Ai =P Em D
2 @
3.11 - k ENe G )
( ) (Qz + L2(Rm n 7“)2 <1 + v ng/2(k))> (SZ_])
By = DZJ(})SVV

(1svv

In Egs. (3.11) differentiating matrices Dr;; and Dr( JSVV are defined in the

following way:
[DTZ(?)SVV] — Dr@SVV _ () DT(1)SVV7

(3.12) sy 1
[Driy?" ] = DrVsVY = <I + —g’“NTHT) DrV,
14
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The matrix DZ,S ISV is defined in a similar way. H"is Chebyshev high-pass

filter [20] that is defined as follows (in z direction we obtain similar formulas):

N"—1
2 Z 1 -
J p=0 ™

(3.13) 2 for j € (0,N"),

where ¢; = {1 for j € (1,...,N" — 1),
Ty (rj) = cos(nm(j)/N").

In order to verify the exponential convergence of the SVV method we use
the benchmark described in [6]: the steady flow solution in cavity with L = 5,
Rm = 5, Re = 500 has the following analytical solution:

2
L(r+Rm)
Ve = 5-1072(1 + 2In(L(r + Rm))z? tanh(1 — 2%),

1 + sin(p)
2 + cos(p)’
pa = 107  tanh[1 — L?(r + Rm)?]22[sin(p) + cos(2¢p)]2.

22 tanh(1 — 2%) sin(p) cos(2¢),

Ugq =

(3.14)
wg = 2 - 107 sin?(L(r + Rm)?)

Benchmark requires obtaining the function for mass force F' from Navier—Stokes
equations (what we did using the MAXIMA symbolic calculation tool). Then
the disturbed flow field (3.14) [6] was used as an initial condition in our code.
In our solver we took into account the mass force F. The boundary conditions
were directly taken from (3.14). We performed computations for the following
parameters: € = 1/N, §t = 0.01, N¥ = N* = 57 and for different numbers of
collocation points in radial direction. Our computations confirm the exponential
convergence of the SVV method for N > 100. The implemented SVV method
turned out to be a very effective tool which allowed us to perform computations
for high Reynolds numbers, even using mesh with a small number of collocation
points (N = 165, N¥ = 140, N* = 61).

4. SVV computations: rotor/stator case flow

To show the effectiveness of the SVV method, computations have been
performed for rotor/stator configuration of L = 5, Rm = 1.8 on the mesh
(165 x 140 x 61) with the use of the threshol value N/2 and ey = 1/N. At
the beginning of our investigations we compare our SVV results with the DNS
results obtained for transitional and weakly turbulent flow cases (Re = 100 000,
200000) and we obtain an agreement between these results. Then we perform
computations for higher Re to compare our results with those obtained exper-
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imentally in [6] for the isothermal flow in rotor/stator cavity of aspect ratio
L =5, Rm = 1.8, Re = 400000 (the outer stationary cylinder attached to
the stator and the inner rotating cylinder attached to the rotor). All statisti-
cal quantities are averaged in time and in the azimuthal direction. Figure 2a
presents the axial profile of the radial velocity component obtained in the mid-
dle section of cavity (velocity is normalized by the local velocity of the rotor as
in [6] to make the direct comparison possible). We observe an agreement of our
results with [6] data in spite of the fact that experimental investigations have
been performed for the isothermal condition. We observe that the axial profiles
consist of the boundary layer on the stator and on the rotor, and of the inviscid
core between them (this type of flow is called the Batchelor flow, [4, 10]). All
flow cases (L = 5-45) considered in the paper are of the Batchelor type; how-
ever, with increasing L the inviscid core is gradually shrinking. The axial profiles
of mean azimuthal velocity component normalized by the total friction velocity
Uy, = [V*((dU/dz)? 4 (dV/dz)?)]%2% in function of the axial coordinate with wall
scaling 2T = ZU, /v are presented in Fig. 2b. The obtained profiles agree with
the traditional wall law v™ = In(27)/0.41 + 5.5 (statistics are gathered during
1-2 global time units, i.e., in terms of £271) and also with Kasagi’s [12] numerical
results obtained for the rotating channel flow.
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FiG. 2. a) The axial profiles of the radial velocity component obtained for Re = 400000

(velocity normalized by the local velocity of the rotor). Comparison with the experimental

data [6]. b) Dimensionless azimuthal velocity profiles in function of axial coordinate in wall

scaling obtained for different Reynolds numbers; comparison with the wall law. Comparison

with Kasagi’s numerical results [12]. Middle section of cavity: L = 5, Rm = 1.8, B = 0.1,
Re = 400000. SVV computations.

The distribution of the r.m.s. radial Reynolds stress tensor component u/u/ 05
obtained for Re = 400000 in the middle section of cavity is shown in Fig. 3a
and compared with the experimental results published in [6]. Again, we observe
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an agreement of our results with the experimental data in [6]. For the boundary
conditions described in Section 2 the flow is pumped outward along the heated
bottom disk (rotor). Then the fluid is lifted up along the heated stationary outer
cylinder and recirculates along the cooled stator. Turbulence is concentrated in
the stator boundary with the maximum at the junction between the outside
cylinder and stator. The structures of the flows in the rotor and stator boundary
layers are presented in Fig. 3b (iso-lines of the axial velocity component). In
the stator boundary layer (Fig. 3b) we observe thin axisymmetrical structures
typical of turbulent flows, whereas in the rotor boundary layer, positive spiral
vortices are visible. The obtained flow structure is similar to this presented in [6].
We can conclude that the SVV correctly describes the structure of turbulent
flows.
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Fia. 3. a) The axial profile of square root of the radial Reynolds stress tensor component

(normalized by the local velocity of the rotor). Middle section of the cavity. Comparison with

the experimental data [6]. b) The iso-lines of axial velocity component obtained near the stator
and rotor for Re = 400000, L =5, Rm = 1.8 and, B = 0.1. SVV computations.

5. Near-wall structure of the flow

The parallelization of the DNS code (OpenMP technology) has allowed us
to perform computations using a large number of collocation points which is
particularly important in the near-wall area. Additionally, the use of the SVV
method has allowed us to perform computations for high Reynolds numbers.
The DNS/SVV of turbulent flow offers a wealth of information which cannot
be obtained experimentally. Specifically, this study aims at comparing the ax-
ial distributions of the Reynolds stress tensor components and the turbulent
heat flux components obtained in the near wall area with the wall asymptotes.
The obtained data can be of interest for the researches dealing with the RANS
method.
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Figures 4-6 show the Reynolds stress tensor components normalized by the
square of the friction velocity V/V'/U2, U'U’ /U2, W'W'/U2, V'W'/U? and

the turbulent heat flux components (1'1")/T,T,, (T'"V')/TsUy, (T'"W')/T5Us,
—(T'U")/T,U, versus the axial coordinate in wall scaling z* obtained for dif-
ferent Re and L (middle section of cavity; T, = qy/pcpUs, denotes friction tem-
perature). The logarithmic scale is used on both axes. Figures 4-6 also show the
slope of the wall asymptotes (black lines) which can be useful in predicting the

fluid behavior in the near-wall area.
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In the near-wall area the changes of the fluid flow parameters in the axial di-
rection are dominant. Following HANJALIC and LAUNDER |[21] the velocity com-
ponents, temperature and pressure fluctuations can be expanded into a Taylor
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with the experimental data obtained in [11] and with the near wall asymptotes.
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series in the following way:

u (@, r z,t) = ay(p,r,t)+by(p,r t)z+cu (e, r, t)zQ—i—du(go, T, t)z3 e
(5.1a) V' (@7, 2,t) = ap(p, 7, t)+by (@, 7, t) 24y (0, 7, 1) 22+ dy (0, 7, 1) 23 ..
w' (0,7, 2, 1) = (0,7, t)+byw (0,7 t) 24y (@, 1) 22 +dy (@, 7, 1) 23 . . .

(5.1b)  O'(p,7,2,t) = ar(p,r, t)+br(p,r,t)z+er(p, rt) 22 Fdr (e, )2 .. .
(510) p/(807 Tz, t) = ap(‘:07 T t)+bp(807 r, t)Z—}—Cp(gD, T t)22+dp((103 T, t)zg e

For the viscous flow cases with the no-slip condition velocity fluctuations at the
/

wall equal zero (ul, = v, = w), = 0) and consequently a, = a, = a, = 0.
Additionally, from the continuity equation written for velocity fluctuations (in-
compressible flow) we have at the wall: (Ow’/0z),, = 0 so that b, = 0 in
Eq. (5.1a). For isothermal condition at the wall there are no temperature fluc-
tuations (@), = 0) and consequently ap = 0. After multiplication of appropriate
fluctuations (described by Egs. (5.1)) and averaging of the product in time we

get the following estimations:

Wi~V ~ 22w ~ 2t W~ 23, W~z

WO ~ VO ~ 22, OO ~ 22 WO~ 2B

3 2

/ay/
,u'v' ~ 2%

(5.2)

Our results obtained for very strong 3D boundary layers of the stator in
rotor/stator configurations (Figs. 4-6) confirm the inferences (5.2). The results
are compared with experimental data obtained in [11] for a single heated rotating
disk and with numerical data in [12] obtained in fully developed channel flow with
heat transfer and with streamwise system rotation. We can observe an agreement
between all our results and the results in [12]| with the near wall asymptotes up
to 2zt &~ 10.

The Reynolds stress tensor components v/'w’, uw/w’ increase as ~ z3 for the
small distance from the wall (they are negligibly small in comparison to the vis-
cous shear stresses). For larger distances from the wall v/w’ and u/w’ become the
dominant contributors to the momentum transfer. The axial profiles of the total
shear stress ([(vOU /0Z — UW')2 + (voV /0Z — V'W')?]'/2/5,,), the Reynolds
shear stress ([(U'W')2 + (V/'W")?]"/2/,,) and the viscous shear stress are pre-
sented in Fig. 7 as a function of 2T (0, denotes shear stress at the wall). We
can see that the total shear stress is almost constant up to 2zt ~ 3 (thin layer
in which viscous action is a dominant mechanism in momentum transfer). With
increase of the distance from the wall we observe rapid decrease of the total
shear stress (in this area the momentum is transferred mostly by the turbulent
shear stresses). The Reynolds shear stress ([(T7W7)2 + (V/W7)?]'/2/a,,) reaches
the maximum value at 21 ~ 17.3 (Fig. 7).
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Fi1G. 7. The axial profiles of the total shear stress [(vOU/0Z — U'W')? 4 (v0V /0Z —
V'W")?Y? /g, the Reynolds shear stress and the viscous shear stress in function of z*
obtained for different L and Re. Rm = 1.8, B = 0.1. Middle section of cavity.
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Fic. 8. a) The axial profiles of production rate P,. b) The axial profiles of dissipation
rate —e,. The middle section of cavity, Re = 1.8, B = 0.1. Comparison with the results
obtained by Kasaacr [12] and Wu and Kasagi [13, 14].
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In our investigations we also analyze the budget of transport equations (the
transport equations in cylindrical co-ordinate system can be found in [22]). The
Reynolds stress transport equation can be written in the symbolic form:

8U’U’
(53) ot A’L] + Rz] + Pz] + T-Dzj + PD’L] + PS@] + VD’L] Eij-

The physical sygnificance of the particular terms are: A — advection, R — ro-
tation, P — production, T'D — turbulent diffusion, PD — pressure diffusion, P.S —
pressure strain, V' D — viscous diffusion and e — dissipation. The exemplary axial
profiles of production P, (Eq. (5.4a)) and dissipation ¢, (Eq. (5.4b)) in func-
tion of zTobtained for different L and Re are presented in Fig. 8. From Fig. 8a we
estimate P that in the near-wall area is P}, =~ 0.001(z)3. The stress dissipa-
tion rate £}, in the near-wall area is constant — up to 2+ a 10. Most of the terms
of the Reynolds stress budget can be estimated with approximations (5.1) [21]:

10—

A4 Pt = 2= 220/ — v — 220 ) -
(5.4a) vy ( Lor v’ (Rm—l—r)(&p @ szv> Re

o) )]
o - (D)
)

@I

z
o' 2 8_ ")/L(Rm + ) 2
or 9o "

(5 )i*%))l'

1.0E+05
(u'u'=v'v)/ w'w

1.0E+04 -
1.0E+03 -

—o— L=2, Re=100000

—o— L=5, Re=195000
10E+02 1 —— L=9, Re=220000

—e— =9, Re=140000

—e— L=11, Re=180000
1O0E+01 1« |=15, Re=170000

—o— =35, Re=270000

— Kasagi [12
1.0E400 —0 asagi [12] . ‘ .
1.0E-01 1.0E+00 1.0E+01 1.0E+02

F1G. 9. The axial profiles of the structural parameter (u/u’+v'v’)/w’w’ versus axial coordinate
in wall scalling z™. Rm = 1.8, B = 0.1, the stator boundary layer, middle section. Comparison
with the results obtained in [12-14].
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The structure of the near-wall flow can be also characterized by structural pa-
rameters which are very useful for modelling purposes, [11]. Figure 9 presents the
distributions of the structural parameter (v/u/+v'v') /w'w’ obtained for different
L and Re. We observe that (u/u’ +v'v) /w'w’ varies as ~ ()72 in the near-wall
area (solid line). From Fig. 9 we can see that the values of (v/u/ + v'v')/w'w’
are very large near wall which implies that the vertical movement in this area is
weak.

6. Local Nusselt number distributions along heated rotating disk
under impinged jet

The flow between two rotating disks with a superimposed flow was investi-
gated in many papers (OWEN and ROGERS [23], CRASPO DEL ARCO et al. [24],
among others). Problem is of great interest for the internal aerodynamics of en-
gines, particularly can be interesting for engineers dealing with turbomachinery
air-cooling devices. However, it is also interesting from fundamental point of
view. Craspo del Arco et al. [24] investigated numerically the spatio-temporal
behavior of the flow in the rotor/rotor cavity with radial inflow and the radial
outflow. They analyzed consecutive bifurcations in the Ekman boundary layer,
which appeared with the increasing mass flow rates. In the present paper we
performed preliminary computations of the flow with heat transfer between two
rotating disks with the axial inflow and the radial outflow. We focused on the
Nusselt number distributions near the axial annular impinging area and on its
correlations with the flow structure.

The local Nusselt number is computed from the equation:

1 00

(61) Nur = m <E)wL(Rm+T),

where ©.(r) denotes the dimensionless temperature in the core of cavity (z = 0),
averaged in time and in the azimuthal direction. The distributions of the local
Nusselt numbers along rotor and stator (rotor/stator cavity) obtained for differ-
ent geometrical and physical parameters are analyzed in detail in |9, 10]. In the
present paper we compare these results (Fig. 10) with the preliminary results
obtained for the flow cases with annular axial jet impinging on the heated rotor
using DNS and SVV (rotor/rotor cavity). Computations have been performed
for very low Reynolds number These preliminary results (obtained using the
same mesh with Gauss-Lobatto collocation points which was previously used for
rotor /stator cavity; 400 x 400 x 200) allow us to estimate the correlations be-
tween the local Nusselt number distributions along disk and the resulting flow
structures. However, this approach is very time consuming so that only some
flow cases have been computed (in our computations we increase gradually the
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Fic. 10. Distributions of the local Nusselt numbers obtained along heated rotor.

axial velocity component at the inlet wj, with very small increment). The di-
mensionless time step is 6t = 107°. All computed flow cases with jet are laminar.
The exemplary fluid flow structure and temperature field obtained for L = 15,
Rm = 1.8, Re = 90000, (r, — TR,) = 0.02791, wiy, = 0.46 are presented in
Fig. 11 (only the inlet area is visible).

Investigation of spatio-temporal flow between two rotating discs with ra-
dial inflow and outflow, was investigated by some authors (among others [24]).
Crespo del Arco et al. analyzed consecutive bifurcations which occur with the
increasing mass flow rates. The authors concluded that dynamical behavior of
the flow in rotor/rotor cavity results in instability of the entry flow. In present
paper we analyzed laminar flow in rotor/stator cavity with axial inflow and radial
outflow.

The radial profiles of the axial velocity components obtained for different
axial sections are presented in Fig. 11c. From Fig. 11a we can see that the cold
fluid enters the cavity through the upper disk and the axial annular jet impinges
on the bottom heated rotating disk. As the cold fluid approaches the wall the
axial velocity component vanishes and the fluid changes its direction. The fluid
is pumped radially outward as a wall jet and then it is disgorged to flow radially
inward. In this area a large vortex is observed which intensifies the redistribution
of the hot and cold fluids.

In Fig. 10 we present the Nusselt number distributions obtained along heated
rotor (rotor/stator configuration, Re = 270000, L = 35, Rm = 1.8 and Re =
260000, L = 25, Re = 1.8), results obtained along the heated rotor under im-
pingement of cold jet (rotor/rotor configurations with annular impinging jet, dif-
ferent Re, (14 — rR,) = 0.02791, wiy = 0.46), results obtained along the heated
rotor (rotor/rotor configurations without annular impinging jet, Re = 60000)
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F1c. 11. a) The meridian fluid flow and temperature fields, the local Nusselt number distribu-

tion: Re = 90000, L = 15, Rm = 1.8, (14 — rry) = 0.02791. b) The meridian fluid flow and

temperature fields, the axial profiles of the temperature fluctuations, Re = 90000, L = 15,

Rm = 1.8, (rq — Try) = 0.02791. ¢) The radial profiles of the axial velocity components ob-

tained for Re = 90000, L = 15, Rm = 1.8, (ro —7rgr,) = 0.02791 (left) and Re = 40000, L = 15,
Rm = 3.0, (ro —Tr,) = 0.02791 (right).

and results obtained from the experimental correlation formula proposed by
NIKITENKO [25] for the heated rotating disk. The local Nusselt number varies
linearly with the radius of the rotating disk in laminar flow Nu, ~ Re2'5 and
in accordance with function Nu, ~ Re2® in turbulent flow (Re, = 2R?/v). We
can see from Fig. 10 that for flow cases with L = 35 and L = 25, Nu, is a linear
function of the radius in the range —0.8 < r < 0.5. In the area near the outer
cylinder (r > 0.5) where the turbulence level is high we observe rapid increase
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of the local Nusselt number (there is a change of the slope of the curves). Dis-
tributions obtained in [25| formula and obtained from DNS (rotor/rotor cavity
without jet, Re = 60000, L = 15, Rm = 1.8) are linear along the whole rotor. In
the flow cases with the axial laminar annular jet we observe rapid changes of the
local Nusselt number near the impinging area; for larger radii we again observe
the linear distribution of Nu,.

Figure 11a shows correlation between the fluid flow structure and temper-
ature structure, and the local Nusselt number distribution (Re = 90000). The
maximum value of the Nusselt number is observed in the area where the bottom
disk’s boundary layer is the thinnest, then Nu, decreases to the minimal value
at r &~ —0.8. The second peak of the local Nusselt number occurs at r =~ —0.75.
Outside of the impingement area the Nusselt number increases linearly with the
radius. Figure 11b shows correlation between the fluid flow structure, temper-
ature structure and the axial profiles of the temperature fluctuations 00"’
obtained in the different radial sections of the cavity (Re = 90000). The maxi-

mum value of the axial 607" profiles depends very strongly on the radius of the
considered section (outside of the large vortex presented in Fig. 11 temperature
fluctuations are negligibly small).

7. Summary and conclusions

In the paper we presented DNS/SVV computations of the flow with heat
transfer in rotating cavity of different aspect ratio L = 5-45, Rm = 1.8 and dif-
ferent Reynolds numbers. We also presented a few preliminary solutions obtained
for the rotor/rotor flow cases with the axial annular jet. The main purpose of
the paper was to investigate the characteristics of the near-wall flows. To obtain
this goal we parallelized existing DNS code and then implemented the spectral
vanishing viscosity method (SVV) to stabilize the discretization scheme.

We verified the exponential convergence of the SVV by the benchmark de-
scribed in [6]. The SVV method turned out to be a very efficient numerical tool
which enabled us to perform computations for higher Re (even on meshes with
the small number of collocation points). In Section 3 we compared our results
obtained for the rotor/stator cavity of L = 5, Rm = 1.8, B = 0.1 and for
Re = 400000 using the SVV method with the experimental results obtained
in [6] for the same geometrical parameters and Reynolds number but for the
isothermal condition. We found an agreement between the experimental and the
numerical results. We also demonstrated that the stator boundary layer flows sat-
isfy the traditional wall law (turbulence statistics were gathered for 1-2 global
time units). In the frame of the present paper the SVV-Laplace operator ASVY
was only applied to the Navier—Stokes equation. In the near future we plan to ap-
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ply ASVV to the energy equation. This extension should lead to further increase
of the scheme stability.

In studies of the flow with heat transfer in the rotor/stator cavity with higher
L we used refined mesh with up to 35 million collocation points. The obtained re-
sults are complementary to those published in [10] where the solutions obtained
using the meshes with up to 10 million collocation points were presented. The re-
fined meshes enabled us to carefully investigate near-wall area (to the best knowl-
edge of the authors such a detailed information cannot be obtained experimen-
tally). All considered rotor/stator flow cases were of Batchelor type (the flow con-
sists of two boundary layers separated by a rotating inviscid core); however, with
increasing aspect ratio 1 the inviscid core gradually disappears. We presented the
axial distributions of the Reynolds stress tensor components, the turbulent heat
flux components, the production and dissipation rates and selected structural
parameters in function of the wall coordinate. Our results were compared with
the experimental data from [11]| obtained for the heated single rotating disk and
with the numerical results of [12] obtained in a fully developed channel flow with
heat transfer and with streamwise system rotation, and with the wall asymp-
totes. We observed an agreement between all results with the wall asymptotes up
to 2zt ~ 10. These results can be useful for RANS modelers. The authors are also
interested in comparison of their results (3D, SVV/DNS) with those obtained
numerically using different RANS models (RSM, k¢, [1]). Such a comparison
could help to estimate the strengths and limitations of particular models.

We also presented the preliminary results (DNS/SVV) of the flow in ro-
tor/rotor cavity with the axial annular jet impinging on the heated rotating disk.
All considered flow cases were laminar. We focused on the correlations between
the resulting large scale structures and the distributions of the local Nusselt
number, and the distributions of the temperature fluctuation. The Nusselt num-
ber distributions obtained for the flow cases with jet were then compared with
the distributions obtained along the heated rotating disk in rotor/stator config-
urations, and also with the results obtained from the experimental correlation
formula proposed by Nikitenko for the heated rotor. For all considered Reynolds
numbers we observed two peaks of the Nusselt numbers near the impingement
area and linear increase of Nusselt numbers outside this area. This preliminary
research showed that investigations of the interaction between the axial annular
jet and the heated rotating disk in the rotating cavity can deliver results in-
teresting from fundamental and engineering points of view. Further research is
planned on this problem to deliver more information about the influence of the
geometrical parameters of the cavity (H/a,L,Rm) on the effectiveness of the
heat transfer and on the near-rotating disk characteristics.

Our further research will also include the optimization of the numerical algo-
rithm. We believe that the implementation of the multi-domain method together
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with the MPI parallelization will allow us to perform computations in a shorter
wall time and also will allow us to use better meshes.
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