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ABSTRACT

Thispaper providesthefinite-differencesolutionsfor closed contra-rotating discsflowsat different disc
speed ratiosfor afixed valueof rotational Reynoldsnumber of order five. Theflow structurerevealsthat
when twodiscsrotatein oppogtedir ections, thefluid massoutsidetheboundary layer sisdivided between
tworegions, which giverisetotheformation of two-cell flow structure. In order to assessthedifferent
level of closur es, two tur bulence modelslow Reynoldsnumber k- model and low Reynoldsnumber
second moment closur e have been employed to predict theessential featur esof the closed contra-rotating
discsystem. Themost significant differ encesbetween the predictionsof thetwo tur bulencemodelsoccur
at the peak of dower discboundary layer, becauseflow ismorecomplex and tur bulent on thisside. The
comparison of predicted velocity profilesof two tur bulence modelsshow that thelow Reynoldsnumber
second moment closur eproduceabetter agreement with measur ements, particularly alongthe boundary

layersand in thecentral coreregion.
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1 INTRODUCTION

ninternal air cooling systems of gas-turbine engines,

the application of rotating cavity and rotor-stator

flowsare common. However, intherotating disc flows
one more geometrical configuration that needs to be
investigated is the contra-rotating discs system. This
system of geometry needsto beinvestigated for designing
of future generation engines. This system is being
introduced in the ultra-high-bypass-ratio engine, where
contra-rotating turbines may be used to drive the contra-
rotating fan blades Gan, et. al. [1-2] Kilic, et. a. [3-4] and
Chen, et. al. [5]. Theincorporation of this system hasthe
advantage to avoid the use of intermediate nozzle guide
vanes and consequently reduces the size and weight of
the engine. This paper is concerned with the finite-

Contra-Rotating Disc Flows, L ow ReynoldsNumber Second Moment Closure.

difference isothermal predictions of the sealed contra-
rotating disc system as shown in Fig. 1, where two discs
of the outer radius b are separated by an axial distance s
and rotating with angular vel ocity Q) in opposite directions.

Inan isothermal sealed rotating cavity flow, when thetwo
discs rotate with different speeds then the corresponding
flow structures are influenced by the rotation ratio of the
discs and by non-dimensional parameters such as
rotational Reynolds number (Re,) and gap ratio (G). This
rotation ratio is defined as:
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Whereas Q) is speed of left sidedisc, Q. is speed of right
sidedisc and I isdisc speed ratio, thusI'=0 for the rotor-
stator, while I" > O for corotation and I" < O for contra-
rotation.

In the present study, the effects of varying disc speed
ratiointherange 0>T" > -lisconsidered through fixing the
rotational speed of the right-hand disc and the shroud,
based on the value of rotational Reynolds number
Re,=1x10° and gapratio, G=0.12.

The main characteristics of this sealed contra-rotating
disc flow are shown through a series of flow structures
in Fig. 2 which correspond to the values of disc speed
ratioi.e. =02, I'-0.4, -0.6 and -1. These flow structures
show thetwo divided regions of flow, where coreregions
are developed between the boundary layers at the mid-
axial plane and the discs. For lower values of the disc
speed ratio (I" > -0.4), the fluid flow in the cavity is
dominated by the right-hand disc, which rotates faster
than the left-hand disc. Thus, the relatively stronger
centrifugal effects on the side of the right-hand disc give

rise to a radially outwards flow along this disc. In
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FIG 1. SCHEMATIC DIAGRAM FOR SEALED CONTRA
ROTATING DISC SYSTEM

contrast, aweaker radial outflow occurs near the axis of
rotation on the side of the left-hand disc. Radially
outwards flow along the right-hand disc moves axially
across the shroud and radially inwards along the |eft-
hand disc. A position, where this radially inwards flow
cancels with weaker radially outwards flow along the
slower-rotating disc is called a stagnation point. This
point movesradially outwards as the speed of the slower
rotating disc or the rotation ratio of the discs increases.
This fact has been supported in the higher speed ratio
cases(I' < -0.8), wherearadially outwardsflow along the
slower-rotating disc is stronger than the previous cases,
which cancelsout theradially inwards flow near the outer
radius of the cavity. These trends are found to be in
agreement with previous studies of Soong, et. a. [6],
Wiktwski, et. al. [7] and Poncet, et. a. [8].

2. COMPUTATIONAL PROCEDURE

The computational procedure uses a finite volume
technique and adopts the line-by-line method based on
the TDMA (Tri-Diagonal Matrix Algorithm) to solve the
discretised transport equations. All the variablesare solved
at the main grid nodes, except the axial and radial
momentum egquations, which are solved by using the
staggered grid arrangement. This numerical method also
adoptsthe SIMPLEC agorithm of Van, et. al. [9] to update
the pressurefield and correct the vel ocity valuesto satisfy
the mass continuity.

Following the works of Morse, [10-11], Memon, [12],
Memon, et. a. [13-16] and Abbas, et. d. [17], thetransport
equations are discretised using the control volume
formulation and ahigher order linear upwind-differencing
scheme of Castro, et. a. [18] is used to interpolate the
variablesfrom themain grid nodes onto the control volume
faces. Near-wall (discs and shroud) refinement has been
set to provide the non-dimensiona wall distance (i.e.
y*=yU /v,wherey, U_andv aregeneraised wall distance,

Mehran University Research Journal of Engineering & Technology, Volume 31, No. 4, October, 2012 [ISSN 0254-7821]

684



Numerical Prediction of Closed Contra-Rotating Disc Flows

friction velocity and kinematic viscosity respectively)
between the respective wall and the first nearest node as
y*<0.5, which ensures afine distribution of the nodesin
the near-wall spaces. A more accurate and economical

solution can be obtained with a practice of non-uniform

grids. All the predictionsare obtained using anon-uniform
fine grid composed of 75x92 nodesin the axia and radial
directions respectively as shown in Fig. 3.

uu; k-¢
(d) = -0.8

(e I=-1

FIG. 2. COMPUTED FLOW STRUCTURES OF TWO MODELS FOR VARIOUS DISC SPEED RATIOS,
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21 TurbulenceModels

Memon, [12,16] developed alow Reynolds number second
moment closure (hereafter referredto asthe Uju j model)
to compute the turbulence process more redistically in
rotating disc flows. Particular emphasis hasbeen givento
the near-wall modelling of the pressure-strain and the
viscous dissipation processes, as these are important in
predicting the correct anisotropic behaviour of the
Reynolds stress components. Predictions of the flat-plate
boundary layer flow [16] including the turbulent shear
stress, the friction coefficients and the near-wall stress
ratios [U.z / kj, were found to be in excellent agreement
with measurements. As a next step, the model has been
applied to the computations of rotor-stator [12-13] and
rotating cavity flows[15]. Comparison of predictionswith
calculations of the low-Reynolds number k-¢ model
(hereafter referred to asthe k- model) of Morse, [10] and
measurements indicated that both turbulence models are
sufficiently effective to mimic the complex flow conditions
(e.g. recirculation, impingement and rotation), however,
the second moment closure is more effective when the
anisotropic behaviour of the turbulence field influences
the mean flow behaviour.
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FIG. 3. NON-UNIFORM GRID ARRANGEMENT

Thus, in order to further extend the validity of the present
code and to assess the different levels of the closure,
predictions obtained with two low Reynolds number
models, the k-¢ model of Morse, [10] and the second
moment closure of Memon, [12]. Predictions of both the
model sare compared with the availabledataof Kilic, et. al.
[19] for the sealed contra-rotating.

Regarding the overall CPU time for typical solutions of
two turbulence models, it was found that the solution
obtained by low Reynolds number second moment closure
cost 35% higher CPU time than the same obtained by the
low Reynolds number k-¢ model. The memory space
required for the UjUj model and the k-c model for these
solutionswas 245 and 171 KB respectively.

These models can be categorised according to the
modelling of the Reynolds stress components which are
emerged during time-averaging process of Navier stokes
equations. The further details of these models are given
asfollows:

211 Low ReynoldsNumber k-g¢ Model

In the first step, awell-known low Reynolds number k-¢
model of Morse, [11], whichisbased onthe model of Jones,
et. a. [20,21] and Long, t. al. [22] hasbeen adopted for the
predictions. This model solves turbulence quantities
through the gradient transport hypothesis procedure,
which is based on the transport equation for the kinetic
energy (k) anditsdissipation rate (). Thehypothesis, which
is based on the isotropic eddy viscosity assumption has
been used for the determination of the isotropic eddy
viscosity and the turbulent stresses as:

uu; =2/38; pk Vi Y 2/35,VV

U =2/36 ok— | L) o35y

PUU| = 230 pk—piy & & ij ¥ @
where V'V isthe divergence of the velocity vector:

VV=—-t—+— ()

2/35ij =Normal stresses(i.e. i=j only)
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212 Low Reynolds Number Second
Moment Closure

In the second step, the low Reynolds number second
moment closure of Memon, [12,16], whichisbased on the
suggestions of Lai, et. al. [23], has been adopted for
predictions.

The exact equation governing the Reynolds stress tensor
transport can be expressed in Cartesian tensor as:

ﬁwuj P
—| u +—— - pujujuy
K| Ky | Ky

l ( —) b
2 KU
k
[éui OUJJ
-p| Uiu, —+uuy, —
ik i~k
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&)
I B I ]
-1 y; +uj —2u
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or symbolicaly as:
v T
C.=D;+D +Pi-+1'[i-—g-- @

i [

Where the terms from left to the right can be read as
convection, viscous diffusion, turbulent diffusion, and
production by mean strain, redistribution and diffusion
due to the pressure interactions and viscous dissipation
of the Reynolds stresses respectively. For full detail of
theseterms, seereferencesMemon, [12,16] and Lai, et. al.

(23]

2.2  Boundary Conditions

To provide a well-posed specification for such complex
flow problem, it is necessary to prescribe appropriate
boundary conditions. Simulations commence from a
quiescent initial state. In this particular case, there is no
superimposed radial outflow and inflow, therefore, inlet
and outlet boundary conditions are supposed to be zero.
No-dlip boundary conditions are assumed on solid walls.
In general the boundary conditions for this case were set

asfollows:

U=v=0 W=Qr az=o
U=v=0 W=Qr atz=s
U=v=0 W=Q.r atr=b,z=s

Inthe above conditions, U, V and W arethemean vel ocities
in axial, radial and tangential directions respectively,
whereas, Q , Q_, b, r, sand z are the rotational speeds of
the left-hand and the right-hand discs outer radius, radial
distance, disc spacing and axia distance respectively.

3. DISCUSSION OF NUMERICAL
RESULTS

The computations are carried out for a range of speed
ratio 0 > T" > -1 at afixed value of rotational Reynolds
number, Re, =1x10°. Thislower valueof rotational Reynolds
number is opted due to the availability of relevant
experimental dataotherwise both turbulence modelshave
been tested for higher values of rotational Reynolds
numbers by Morse, [10] and Memon, [12]. Also, the
geometric dimensions of the cavity used in the
computations arethe same asin the relevant experimental
work of Kilic, et. a.[19].

3.1  Sagnation Point

The main characteristic of the sealed contra-rotating disc
flow isthe appearance of astagnation point at the slower-
rotating disc. Formation of this point was addressed
through the presentation of flow structuresin Fig. 2. The
stream lines of inward-outward flow cancel each other on
a stagnant point on slower disc and that moves radially
outwards in accordance to the disc speed ratio.

Computations of both models show the same trend that
theradia position of the stagnation point moves forward
as the absolute value of rotation ratio of discs increases.
This is attributed to the development of stronger
centrifugal forces along the slower rotating disc with
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increase in the absolute value of disc speed ratio. The
stagnation point moves outward on slower disc according
todisc speedratio (I') asidentified by Gan, et. al. [2]. For
purecontra-rotation case (I'=-1), thetwo-cell flow structure
gradually turned into two lager cells of same magnitude
and size, these cells are stagnant in the centre of cavity at
mid-axial plane. The sametrend of theflow structurewas
aso noted in the numerical work of Poncet, et. al. [8] and
Hill, et. al.[24,25]. Inrelevanceto the predictions of velocity
profiles, the predicted stagnati on points of thetwo models
are showing noticeable differences for the range of disc
speedratio-0.2>T >-0.8, wherethe m model predicts
higher radial locations of stagnation point than the k-¢
model asshowninFig. 4.

Though there is no availability of experimental data for
the stagnation points, however, in order to revea the
general trends of appearance of staghant points with the
variation of disc speedratio, those are presented in Fig. 4.

3.2  Computed Velocity Profiles

Predictions of the radial and tangential velocities for the
case arecompared with the relevant measurements at two
radial locationsr/b=0.6 and 0.85in Fig. 5(a-b) respectively.
Both the measurements and the computations show
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FIG4. COMPUTATION OF STAGNATION POINTS FOR
VARIOUS DISC SPEED RATIOS

satisfactorily the essential features of the contra-rotating
disc system and fully support thetwo-cell flow structures
as earlier presented in Fig. 1. It can be seen that the
computations and measurements for radial velocity
profiles show outward boundary layer on faster disc and
inward boundary layer on slower disc, between these
boundary layers recirculating core region has been
developed, where radial velocity is almost zero. Both
models overpredicted theradial velocity profilesnear the
dlower disc in contrast to measurements which show the
earlier inflow on this side. Computed tangential velocity
profiles of both the models are found to be in good
agreement with dataexcept with overpredictionin central
core region at r/b=0.85. Due to lower value of rotation
ratioi.e I'=-0.2, thetrends of velocity profilesreflect the
rotor-stator behaviour as earlier presented in the studies
of Memon, [11], Morse, [12], Abbasi, et. a. [17] and
Launder, et. a. [26].

Fig. 6(a-b) showstheaxial variation of radia and tangential
velocity component for disc speed ratio I'= -0.4. The
predicted velocity profiles at both radial locations show
the sign of change or adoubl etransition flow asreported
by Kilic, et. a. [19]. The predictionsof the ﬁ model for
radial velocity profilesat radial locations r/b =0.6 show
theradial out flow on both the discsand radial inflow in
central region of the cavity whereradial velocity isalmost
negative and thistrend isfound to bein closer agreement
with measurements. In contrast predictions of the k-¢
model show overprediction in central region and slower
disc side. Similarly, the tangential velocity profiles
predicted through the m model show better agreement
with measurements in comparison to those predicted by
thek-& model.

Further noticeable differences between the results of two
modelsareevidencedin Fig. 7(a-b) for the higher value of
disc speed ratio I'=-0.6. For the predicted radial velocity
profiles the Reynolds stress model shows radial out flow
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on both the discs and inflow in central core region, this
trend of flow confirmsthedoubletransition flow and form
two cell structuresin between two discs (Kilic, et. al. [3]
and Dijkstra, et. a. [27]). The Reynolds stressmodel shows
the closer agreement with the measurement in all flow
regions.This suggests that as the flow become more

complex, the vjuj model confirmsits superiority over the
k-& model. In particular, Fig. 8(b) showsthat thek-& model
predictsan earlier transition from radial inflow to outflow
i.e. at z/s=0.65, in comparison to the m closureand the
measurementsi.e. z/s=0.89.

In comparison to earlier presented cases, Fig. 8 reveals
that the increased in the speed ratio has extended the
thickness of the boundary layers on the slower rotating
disc and subsequently a tendency towards the
development of symmetrical boundary layersflow onthe
two discs. Thisis also evidenced by the reduction in the
difference of the peak of radial velocity component on the
two discs. Corresponding comparison of the tangential
velocity profiles presented in Figs. 5-7 show that in the
lower disc speed ratio cases, the higher portion of the
fluid rotates in the same direction as the right hand disc.
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FIG 5. CASE-1 COMPARISON BETWEEN RADIAL AND TANGENTIAL VELOCITY PROFILES IN AXIAL DIRECTION FOR Re=1x10°,
I'=-0.2, G=0.12, AT RADIAL LOCATION
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However, this effect has been substantially reduced inthe
caseof thehigher speed ratio, wherefluidisrotating almost
symmetrically. Thus, the position where the direction of
the rotation is reverses and moves towards the mid-axial
position. Overall, Fig. 8(a-b) show that the same model-
dependent behaviour still persists for disc speed ratio
I'=-0.8. However, it can be seen that thetangentia velocity
predictions of both models and measurements are very
closeto each other whichisin agreement to their behaviour
with relevant flow structureswheretwo-cell flow formation
was suppressed and consequently the scale of the

complexity of theflow isreduced.
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Fig. 9(a-b) show the performance of both modelsfor pure
contra-rotating case i.e. I'= -1.0, where both discs are
rotating at the same speed but in opposite direction. The
predicted radial velocity profilesand measurementsat both
radial location r/b=0.6 and 0.85 show laminar boundary
layers on both discs and between these boundary layers
there is a core region where radial velocity components
are almost negative which attributes the reverse and
turbulent type of flow in the core region of the cavity.
Computations and measurements show the same peak on
thetwo discsand afully developed coreregion, however,

the k-¢ model predicts earlier departure from the central
1.20—

v/Qr

|
1.00

v/IQr

-0.80—

(b) r/b=0.85
FIG. 6. CASE-2 COMPARISON BETWEEN RADIAL AND TANGENTIAL VELOCITY PROFILES IN AXIAL DIRECTION FOR Re,=1x10%,
I'= -0.4, G=0.12, AT RADIAL LOCATION
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core region towards the right hand disc in comparison to
the predictions of the vju; model and measurements.

The overall comparison of both the models shows that
the Second moment closure hasthe closer agreement with
the measurements than that of the k-¢ model. The
significant differencesare noted in near-wall regionandin
coreregion. In coreregion flow ismore complex than other
regions because transition takes place in thisregion. The
low Reynolds number second moment closure is more
effect than the k-¢ model for such type of complex flows.

Fromthediscussion, it isattributed that the second moment
closure model ismore capableto be used for complex and
wall bounded shear flows.

3.3  Computed Moment Coefficients

Further appraisal of computational results of two models
is carried out through the comparison of the predicted
variation of moment coefficients (¢m = %2 025 where
M is the frictional torque on the rotor surface) for the
same ranges of disc speed ratios. C_ and C _, are the
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FIG 7. CASE-3 COMPARISON BETWEEN RADIAL AND TANGENTIAL VELOCITY PROFILES IN AXIAL DIRECTION FOR Re,=1x10°,
I'= -0.6, G=0.12, AT RADIAL LOCATION
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computed moment coefficients at ower and faster discs
respectively. The general pattern of computed moment
coefficient for contra-rotating disc depends on the disc
speed ratio, it increases and decreases monotonically on
variation of disc speedratio (I'). Positive val ue of moment
coefficient (C ) creates drag on rotating disc whereas
negative value drives the disc as mention by Kilic, et. al.
[3]. The same trend of variation in computed moment
coefficient was noted in the work of Kilic, et. al. [19] and
Morse, [11].

Table 1 and Fig. 10 show the comparison of computed
moment coefficients by adopting two modelsfor different
disc speed ratios (I'=-0.2, -0.4, -0.6, -0.8 and -1) and at
fixed rotational Reynolds number. It can be seen that the
magnitude of predicted moment coefficients (C_, C, )
increases and decreases with respect to disc speed ratios
(). Predicted moment coefficients of both modelsfor disc
speed ratios I'=0 and -0.2 show the same level of the
agreement. As disc speed ratio changes from I'=-0.4 to
I'=-0.8to difference between two modelsisevident and
the k- model over estimated than the E model. For
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FIG 8. CASE-4 COMPARISON BETWEEN RADIAL AND TANGENTIAL VELOCITY PROFILES IN AXIAL DIRECTION FOR Re,=1x10°,

I'= -0.8, G=0.12, AT RADIAL LOCATION
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disc speed ratio I'= -1, the computed moment coefficient TABLE 1. COM ngngxﬁ)OMlEi\l; S%EFF'C' ENT FOR
on right hand disc is slightly decreased, the reason for T
thisrelatively small deviation isnot known. DiSFg aipoeed Reyno'(dcsj(t{g?‘f) Model ‘E'Cgm)“("l%qa‘;'
r LH C_ | RHSC, | LHY) C, | RHS) C
The overall performance of both the models shows {0 (LHS) G | RHS Cp | LHI Gy | RHS) G
consistency with basic trend of variation in moment -1 6.156 6.491 6.667 6.984
coefficient corresponding to disc speed ratio (I'= -0.2, 08 5.252 6.637 5555 7157
-0.4,-0.6, -0.8 and -1) as mentioned in the computational 06 4.211 6.341 4.704 6.758
work of Kilic, et. al. [3]. Again, thereisno availability of -0.4 3.724 5.925 3.865 6.182
experimental datafor the computed moment otherwisethat -0.2 2.930 5.441 2.959 5.459
would have moreinteresting level of comparison. 0 2.406 4.951 2.401 4.946
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FIG 9. CASE-5 COMPARISON BETWEEN RADIAL AND TANGENTIAL VELOCITY PROFILES IN AXIAL DIRECTION FOR Re,=1x10°,
I= -1, G=0.12, AT RADIAL LOCATION
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FIG. 10. COMPUTED VARIATION OF MOMENT
COEFFICIENT FOR VARIOUS DISC SPEED RATIOS

4. CONCLUSIONS

Computations have been conducted for closed contra
rotating disc systems by adopting two turbulent
models. A series of disc speed ratios I'=-0.2, -0.4, -0.6,
-0.8 and -1 was considered and the effects of these
ratios on flow structures, stagnation points, velocity
profiles and computed moment coefficient were
investigated. The computations have shown that when
two discs rotate in opposite directions, the fluid mass
outside the boundary layers is divided between the
two regions, which giverise to the formation of two-
cell flow structure for contra-rotating disc system.
Comparisons of the velocity profiles and the flow
structures for a wide range of discs speed ratio
suggested that a tendency of a flow symmetry on
booth discs increases with increase in the absolute
value of disc speed rotation ratio. Also with increase
in the absolute value of this parameter, a stagnation
point that appears on slower-rotating disc moves
radially outwards. The values of computed moment
coefficients increase monotonically according to the
absolute value of disc speed rotation ratio.

The comparison of two levelsof closurewith therelevant
experimental dataindicated that both models are capable
of predicting correctly the characteristics of this system.
Thesignificant differences between the predi ctions of two
models occurred for arange of disc speed ratio -0.2 > T">
-0.8 wheretrangitional effectsweredominant. Overal, the
predictions were found to be in good agreement with
measurements; however, the E model produced acloser

agreement with datain comparison to the k- model.

5. NOMENCLATURE

b outer radius of cavity
2.5

Chy = %Zxﬂ b moment coefficient

G=¢b cavity gap ratio

k turbulent kinetic energy

M frictional moment

Reg = sz/v rotational Reynolds number

r radial co-ordinate

r/b non-dimensional radial co-ordinate

r. inner disc radius
S axial gap between the discs

S, clearance between the disc and shroud
u,v,Ww mean velocity components in z, r,  direction
U=U/y, dimensionless velocity

E Reynolds stress tensor
z axial co-ordinate
zls non-dimensional axial co-ordinate

€ dissipation rate of turbulent kinetic energy
0 circumferential co-ordinate

r rotation ratio of the discs and diffusivity
v kinematic viscosity

n dynamic viscosity

0] generalised transport variable

Q and Q, rotational speed of the left hand disc and right

hand disc

p density
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