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ABSTRACT

Thispaper describesthenumerical predictionsof isothermal closed rotor-stator flows. Seady-state
finite-differ ence solutionsar e sought for two gap ratiosand two rotational Reynoldsnumber inthe
axisymmetriccylindrical polar coor dinateframeof reference. L ow Reynoldsnumber models, low Reynolds
number k-g and second moment closuremode shave been used to computethe necessary description of
theflowinsidetherotor-stator system without super poseflow. Themost important dissmilaritiesamong
thecomputational calculationsof both theturbulencemodelsobtain at thelower radial locations, where
k-ge model predicted theprematuretransitional predictionsfrom laminar toturbulent flow. Themajor
featur eof thiscomputational wor k istheemergenceof four regionsof theflow i.e. sour ce, sink and two
boundary layer s. Computed velocity componentsof both modelsarecompar ed against theexperimental
measur ements. L ow Reynoldsnumber second moment closureshowstheimproved level of matchingwith
data, particularly on apex of theboundary layer sand recir culating corein themiddleof ther otor -stator

cavity.
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1 INTRODUCTION

as turbine engines are extensively used for the

elevated power generation and high thermal

efficiencies, in particular turbo jet engines and
power producing stations. The succeeding use of these
engines provided the incessant progress in the
performance, consequent of that the operating conditions
of the engine have been amplified and inlet temperature
and pressure ratios have been enhanced, 1200-1900K and
6:1-40:1 [1] respectively. This high heating operation
increase the temperature of different parts like turbine
blades, nozzle guide vanes and rotating discs,
consequently reduces the fatigue life of these parts. To

get rid of the overheating issue and increase the working
life of heat exposed components, a lot of research work
has been carried out for the improvement of materials
composition and designing of efficient engine cooling
system. Both the concepts are very helpful for the safe
and continuous working of gas turbine engines. The study
of materials composition is beyond the scope of this
research, while, computational predictions of internal air
cooling system has been focused in this study. Particularly,
much concentration has been provided to the secondary
air cooling system of turbomachinery, in which the two-
disc flow forms a model problem for rotor-stator flows.
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The actual engine geometry is so complicated to model
for the computational predictions; therefore, it is modelled
through the simplified geometrical configurations to
predict the correct fluid flow behaviour inside the closed

rotor-stator system as shown in Fig. 1.

In the present work two models: low Reynolds number
second moment closure of Memon, [1] and the low
Reynolds number k-¢ model of Morse, [2] have been
adopted for computational predictions in closed rotor-
stator system at isothermal conditions. The computational
results of two models have been validated through the
experimental data of Itoh, et. al. [3] and Kilic, et. al. [4].
Both the models performed well and show the basic flow
structure inside the rotor-stator cavity, which justified the
formation of four flow regions [1]. Furthermore, the
computed radial and tangential velocity components
illustrate the identical nature of variation as noted in the
computed flow structure. The main discrepancies between
the computations of two models have been observed in
the tangential velocity components at lower radial location.

2. PROBLEM SPECIFICATION AND
BOUNDARY CONDITIONS

The real engine geometries are very complicated and
difficult to simulate, therefore, these geometries are
presented in a simple plane disc geometrical configurations
as mentioned in schematic diagram (Fig. 1). These
geometries can bestow the basic features for the flow and

heat transfer in closed rotor-stator cavity. The shroud was
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FIG. 1. SCHEMATIC DIAGRAM OF CLOSED ROTOR-STATOR
SYSTEM

supposed to be fixed with the stator disc and worked as a
stator, while the right-hand disc is moving and worked as
a rotor. Two cases are investigated according to the
experimental data available for such cases. Following are
the specifications and boundary conditions for both the

cases.

Case-1: This case is related to the experimental work of
Itoh, M., et. al. [3]. In this case the rotational
speed of rotor is Re,=10° and gap ratio G=0.08
based on the axial distance between the rotor
and stator discs (s=0.02m) and the outer diameter
ofrotor (b=0.25m) as shown in Fig. 1.

Case-2: Second case of closed rotor-stator is presented
according to the experimental work of Kilic, M.,
et. al. [4]. The formation of the cavity is the same
as for the previous case with geometric
dimensions, s=0.047m, b=0.391m, G=0.12 and

value of rotational Reynolds number is Re,=1x10°.

2.1  Boundary Conditions

The simple geometry for the closed rotor-stator system is
shown in the Fig. | and assumed that the flow is steady,
incompressible and axisymmetric. In these cases, there is
no inflow and radial outflow inside the discs space,
however, very small radial clearance between shroud and
rotor S =0.00637, which is not shown in Fig. 1. When
system is closed geometry, obviously flow boundary
conditions at inlet and outlet equal to zero at constant
inlet temperature of 20°C. In general, the boundary
conditions for these cases may be written as follows:

U=V=Ww=0 atz=0
U=V=0,W=Qr atz=s
U=v=w=0 atr=0
U=V=W=0 atr=b

In the above conditions, U, V and W are the mean velocities
in axial, radial and tangential directions respectively,
whereas, b, r, s and z are the outer radius, radial distance,

disc spacing and axial distance respectively.
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3. COMPUTATIONAL PROCEDURE

31 TurbulenceModels

Two turbulence models have been adopted for numerical
predictions. 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.
3.1.1 LowReynoldsnumber k-¢ Model

In the first approach, a well known two equation mean
flow closures (low Reynolds number k-¢ model) of Morse,
[2], which is depend on the model of Jones, et. al. [5-6] has
been 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) and its dissipation rate
(¢).The hypothesis, 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:

X 6xi
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where A.V is the divergence of the velocity vector:
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312 Low Reynolds Number Second
Moment Closure

In this Reynolds stress model, the supposition of
an-isotropic eddy viscosity is not considered and the
transport equations in near wall region are resolved for
each Reynolds stress component, the so-called Reynolds
stress closure. Further details of these models are
described in Memon, [1], Morse, [2] and Long, et. al. [7].

The leading transport equations for the conservation of
momentum and energy are describe as axisymmetric,
steady and in the cylindrical polar-coordinate system for

a general variable ®:
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where the ', , T, are the diffusivities terms in z-r direction

and S ® 1S a source term.

3.2 Numerical M ethod

The computations are carried out by implementing
TEACH method, which is depend on Finite Volume
Method with the line-by-line method. A TDMAN (Tri-
Diagonal Matrix Algorithm) is adopted to determine the
discretised transport equations. The variables of
transport equations are calculated at the main grid node
points, while, the momentum equations in axial and radial
direction are solved by the staggered grid arrangement
of Harlow, et. al. [8]. To upgrate and couple the pressure-
velocity field and to assure the mass continuity, the
SIMPLEC algorithm of Van Doormal, et. al. [9] has been

employed for this work.
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To obtain the numerical solution, the governing equations
are changed into the discrete algebraic form. During
transformation process, the unknown values of the
variable appeared in the algebraic equations that are
required to be discretized at afinite number of grid points
of the calculation domain.

To evaluate these unknown variables, the finite volume
approach of Patankar, et. a. [10] has been adopted. The
schemes, which are adopted in the present work, are
HYBRID Scheme, Second-order Linear Upwind
Differencing Scheme HOUS and combinations of both.

3.3  GridArrangement

To maintain the strong and stable coupling between the
velocity and pressure fields astaggered grid arrangement
of Harlow, et. al. [8] has been adopted. In this grid
arrangement, the axial and radial velocity componentsare
stretched from its main grid nodes to the control volume
faces, which help in the maintaining of pressure driving
force between the adjacent nodes of the velocity.
Otherwise, pressure gradient components are evaluated
at the alternate grid points rather than adjacent nodes. In
such situation there is no importance of pressure at the
central point anditwill vanish[1].

Furthermore, the non-uniform grid arrangement has been
used for the accurate and economical solutions. The non-
uniform grid is a combination of two-grid arrangement:
finer at the close-wall region and coarser at the middie
core area as shown in Fig. 2. The closest off-wall node
distance kept y*<0.5 ensuring a fine distribution of the
nodes in the near-wall region [1]. A grid-independence
test was conducted for the computed moment coefficients
accordingtotheDaily, et.d.[11] correlations, Memon, [1]
also employed the series of meshes for the grid
independents solution.

In thisregard four meshes made of 25x32, 45x65, 75x92
and 85x110 nodes in axial and radial directions
respectively have been employed. The Computed

moment coefficients for all the finer grid arrangement
45x65, 75x92 and 85x100 show the same behaviour except
coarser one 25x32 as shown in Table 1. The grid
arrangement 75x92 showsthe closer agreement with Daily,
et. al. [11] moment coefficient correlation with respect to
number of iterations and CPU time consumption. Though
small size meshes consume less time, but do not
reproduced the correct values of computed moment
coefficient, while the large size meshes reproduced the
exact values of moment coefficient on the cost of higher
number of iterations and CPU time as shown in Table 1.
Therefore, 75x92 grid arrangement is best suited meshing
for this particular work.

TABLE 1. GRID-INDEPENDENT TEST

Daily, et. a
Grid C, Number of CPU Correlation
Size x103 Iterations Time
(Sec) [11]
25x32 4,178 500 25
45x65 2.653 1000 80
2.50x103
75%x92 2.554 1300 247
85x110 2.556 1600 384
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FIG. 2. NON-UNIFORM GRID ARRANGEMENT
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4. DISCUSSION OF NUMERICAL
RESULTS

4.1  Computed Flow structure

Fig. 3 shows the computed flow structures for closed
rotor-stator system according to the geometric dimension
of Itoh, et. al. [3] and Kilic, et. a. [4] at the different
rotational speeds, Re,=10° and Re,=10°respectively. The
differential rotation of thetwo discsresulted recirculating
nature of flow structure, whichisdriven by theimbalance
between the centrifugal forces acrossthetwo discs. The
fluid centrifuged out in the vicinity of the rotating disc,
which is driven by viscous shear and secondary flow in
the cavity dueto rotational effects. The secondary flow
generally consists of four flow regions: source, central
core and two boundary layers, one outward along the
upstream disc (rotor) and other inward along the
downstream disc (stator), depending on the values of
the aspect ratio and Reynolds number. Among the
boundary layersrecirculating structure has been formed
inwhich radial velocity component approximately equal
to zero. It can be seen that for higher rotational speed
Re,=1x10°, the change of flow from laminar to turbulent
occursearlier and the boundary layer thicknessincreases
with the radius, whereas, for the lower rotational speed
and high gap ratio, the behaviour of flow islaminar inthe
entire cavity with thinner boundary layers on rotor-stator
discs and developed a recirculating core region in
between the boundary layers. The earlier development
of rotor boundary layer at higher rotational speed formed
therecirculating flow pattern in the vicinity of two discs,
which justified the basic flow structure and same trends
have been observed in the corresponding theoretical
and experimental works: Morse, [12] conducted numerical
study for arange of Reynolds number and assessed its
influence on the computed flow structure and he found
that at lower rotational Reynolds number (Re,=1x10°) the
computed flow structure was completely laminar, Lygren,
et. a.[13] carried out predictionsin rotor-stator cavity at
lower Reynolds number and observed no turbulence

effects at lower rotational speed, Serre, et. al. [14-15]
pointed out that for lower speed and lower flow rate the
radially outward laminar flow wasformed parallel to the
walls, Jacques, et. al. [16] also noted that for moderate
Reynolds number the rotor boundary is approximately
steady and higher order of turbulence wasfound on stator
boundary layer and Tuliszka-Sznitko, et. al. [17-18]
presented the 3D LES (Large Eddy Simulation) study for
varying rotational Reynolds number and they revealed
the laminar boundary layer on the rotor disc at lower
rotational Reynolds number, Poncet, et. al.[19] conducted
experimental and numerical work for rang of parameters
and they pointed out that at weak flow the computed
flow structure retained characteristics of a closed rotor-
stator flow. Recently, Owen, [20] discussthe El (Externally
Induced) and RI (Rotationally Induced) ingress problems
on the bases of radial pressure gradient in the rotor-
stator system.

Furthermore it is observed that at high rotational speed
and smaller gap the fluid departed earlier from the core
region and rapidly changed from laminar to turbulent.
Based on the above argument it is revealed that the gap
ratio and rotational Reynolds number are the important
parameter, which show the significant effect on the fluid
flow behaviour inside the closed rotor stator cavity.

0.25
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0.10 -
0.05— -
0.054 =
0.00 0.00
0.00 0.02 0.00

Case-1 Case-2

FIG 3. COMPUTED FLOW STRUCTURE IN CLOSED ROTOR-
STATOR CAVITY
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4.2  Computed Velocity Profiles

Computational predictionsof theradial and thetangential
velocity profilesfor two cases, Re,=1x10° and G=0.08 and
Re,=1x10° G=0.12 are presented in Fig. 4(a-d), Fig. 5(a-b)

respectively. The computational resultsare validated with
the relevant data of Itoh, et. a. [3] and Kilic, et. a.[4] at
different radial locations. The measurements and the
predictions illustrate their agreement with conventional
trend of the rotor-stator system.
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FIG 4(A). CASE-1 AXIAL VARIATION OF THE RADIAL AND TANGENTIAL VELOCITY FOR GAP RATIO = 0.08, FOR ROTATIONAL
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FIG. 4(B). CASE-1 AXIAL VARIATION OF THE RADIAL AND TANGENTIAL VELOCITY FOR GAP RATIO = 0.08, FOR ROTATIONAL
REYNOLDS NUMBER = 1.0E+06 AT RADIAL LOCATION (r/b) b=0.6
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Fig. 4(a-d) shows a comparison between the predicted
and measured radial and tangential velocity profiles for
Re,=1x10° and G=0.08 at four radial locations (1/b=0.4, 0.6,
0.8 and 0.94). The computed radial velocity components
show the formation of separate boundary layers on each

disc and almost zero radial velocity in the recirculating
core region between the boundary layers. Moreover, the
thickness of the Ekman layers on both discs increases
with radius and the peak of the rotor boundary layer
decreases quickly than that of the inward flow on the
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FIG. 4(C).CASE-1 AXIAL VARIATION OF THE RADIAL AND TANGENTIAL VELOCITY FOR GAP RATIO = 0.08, FOR ROTATIONAL
REYNOLDS NUMBER = 1.0E+06 AT RADIAL LOCATION (r/b) c=0.8
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stator side. This quicker decreased in the rotor boundary
layer attributesthat thetransition from laminar to turbulent
flow takes place earlier on the stator side than along the
rotor side. Further assessing the performance of two
modelsat radia location r/b=0.4,wherethe computed radial
velocity profilesby k- model are slightly underpredi cted
at the rotor boundary layer peak and overpredicted at the
stator boundary layer. This effect is more noticeable with
the emergence of the thicker rotor boundary layer at
r/b=0.6. This trend suggests that k- model reproduce
dlightly higher level turbulence at near-wall regions,
whereas, the Reynolds stress model has produced
marginally lower intensity of turbulence on the rotor and
higher level on the stator side, which is closer to the
measurements. In contrast, at the higher radial locations
(r/b=0.8 and 0.94), the second moment closure predicted
the higher level of turbulence along both the rotor and
stator side as compared to the k- model. This behaviour
of the models attributed that the low Reynolds number
second moment closuremodel ismoreefficient in turbulent
typeflows.

For tangential velocity profiles two models show the
uniform axial variation in the coreregion and the level of
the corerotation increases with increase in radius but the
most significant difference between the two models is
visible at r/b=0.4, the low Reynolds number k-¢ model
predicts a higher corerotation (W/Qr=0.4) at thisradius,
in comparison to the second moment closure (W/Qr=0.325)
and the measurements (W/Qr=0.3) whichisvery closeto
theprediction of latter model. These discrepanciesbetween
two modelsmay be endorsed to the significance of laminar
effectsat thisradial location. Daily, et. . [11] also pointed
out the same significant effects near the centre of cavity
and estimated a value of the transitional local Reynolds
number ( Re =(r/b)? Re,) of 1.5x10°. For the present study
(Re,=1x10° the value of the local Reynolds number
correspondsto theradial location r/b=0.39. Thedifferences
indicated by both the models near to thislocation (r/b=0.4)
suggest that the k-¢ model compute the premature
trangition from laminar to turbulent and the same difference

also noted in the corresponding predictions of the radia
velocity components at the lower radial locations. Morse,
[2] and Memon, [1], obtained the samelevel of agreement
with the measurements at thisradia location.

The possible reasons of discrepancies in predictions of
the k-¢ model of Morse, [2] may be the grid size,
discretization scheme or isotropic form of the model. On
contrary, thelow Reynolds number second moment closure
for the sameflow conditionsshowsitsability and reliability
to predict the laminar flow effects at this lower radial
location. This may be attributed to the correct behaviour
of the turbulent shear stress as well as the correct decay
rate of the turbulenceintensitiesin the central coreregion
(Morse, [12] and Memon, [1]) during the recircul ation of
flow.

Fig. 5(a-b) presents acomparison between the computed
and measured vel ocity components (radial and tangential)
for Re,=1x10° and gap ratio G=0.12 for tworadial locations
(r/b=0.6 and 0.85). The prediction of radial velocity
components show the formation of separate boundary
layersonrotor-stator discs, inward flow on the stator side
and zero radial velocity components in the central core
region between the two boundary layers. Conversely, to
case-1 the thickness of the Ekman layers on both discs
decreases with radius and the peak of the both the
boundary layers do not show the abrupt change. This
behaviour of theflow signifiesthat dueto lower rotational
speed (Re,=1x10°) and higher gap ratio (G=0.12) theflow
islessturbulent. Furthermore, assessment of two models
illustrated that the computed radial and tangential vel ocity
profiles have the same level of consistency with the data
of Kilic, et. a. [4], except for stator boundary layer at radia
location r/b=0.6, where both the model sare overpredicted.

In general the measurements and the computati ons show
all the basic features of the rotor-stator system and
obtained the laminar flow behaviour in the entire cavity
dueto high gap ratio and lower Reynolds number. Overall
comparisons show that both the models have the same
level of agreement with the measurements of Kilic, et. al.

[4].
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4.3  Computed Moment Coefficients

Conventionally models are assessed by the comparison

of the computed moment coefficients | Cmo =%2 025 )
where M is the frictional torque on the rotor surface).

For this study two Rotational Reynolds numbers
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number and the gap ratio and identified four regimes of
flow in enclosed rotor-stator, where regimes | and Il
correspond to merged and separated boundary layers
for laminar flow and regimes |11 and IV correspond to
merged and separated boundary layersfor turbulent flow.
For the each regime they introduced the moment
coefficient correlations,

For thelaminar flow:

C,,=1.850G"'Re,® ©
For turbulent flow:

C,,=0.051G"'Re, 2 ™

In the present computations, the values of the gap ratio
(G=0.08, 0.12) androtational Reynoldsnumber (Rg,=1x10°
and Re,=1x10°) are considered, which arerelated with the
flow conditions expressed through correlation of turbulent
boundary conditions. Thus the predicted moment
coefficients for both the cases are compared with the
correlation (11) asshownin Table 2.

For the first case (Re,=10° G=0.08), the low Reynolds
number second moment closure overestimates 1.4%
moment coefficient as compare to the Daily, et. al.
correlation measurements, whereas the k-¢ model
underestimatesby -11.2%thanthe Dalily, et. d. correlation.
The comparison of both the models demonstratesthat the
Reynolds stress model has very closer agreement with
correlation of Daily, et. al. [11].

For second case of lower Reynolds number high gapratio
(Re,=10° G=0.12) both the models are overpredicted and

TABLE 2. COMPARISON OF THE MOMENT
COEFFICIENTS

Re, ke Daily, et. al.
G y; Llj [11]
) | ©v )
0.08 108 2.220x10% | 2.535x10%| 2.500x103
0.12 108 5.946x102 | 5.951x10° | 5.045x103

computed 22% higher moment coefficient ascompared to
the Daily, et. a. correlation, which shows the sensitivity
of the moment coefficient to the Reynolds number asthe
value has been decreased from Re,=1x10° to Re, =1x10".
The identical trends of variation in moment coefficient
were observed by Morse, [12] and Memon, [1].

The comparison of two models for varying Reynolds
number verified that when the turbulence effects are
dominant then the second moment closure shows the
better performance as compared to the k- model. This
proposed that the Reynolds stress closure is better tool
to adopt for turbulent flow at higher operating conditions.

S. CONCLUSIONS

The computational predictions were made for the close
rotor-stator disc system for varying rotational Reynolds
number and gap rati os by adopting two turbulence models,
k-¢ model and low Reynolds number second moment
closure. The two cases of relevant experimental
measurementsweretested for radial and tangential velocity
components and computed moment coefficients. The
predictions of the models confirm the consistency with
basic flow structure and the Reynolds analogy of closed
rotor-stator system. The discrepancies between
predictions of two modelswere noted for higher Reynolds
number. This may be endorsed to the complex nature of
the rotor-stator flows, where even for the larger value of
therotational Reynolds number, the flow behaviour within
the Ekman layersislaminar on therotor sideand turbulent
on the stator side at the inner part of the cavity dueto the
flow recirculation. The computed velocity profiles for
higher Reynolds number show the development of
boundary layers on both the discs; these boundary layers
increased with the radius and developed the central core
region between the two boundary layers where the radial
velocity componentsare almost equal to zero. On contrary,
for lower Reynolds number the thickness and peak of
boundary layers decreases with radius. The noticeable
differences between the predictions of radial velocity
components for case-1 were found at the lower radial
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locations, where the low Reynolds number k-g model
indicated dightly ahigher level of theturbulence compared
to the second moment closure and the measurements.
However, for the higher locations of the cavity, theresults
of the both modelswerefound to be almost identical. The
significant differencewasfound in the predicted tangential
velocity components of two models at lower radial
locations, wherek-¢ model predictsearlier transitionfrom
laminar to turbulent flow. This fact has been observed in
the corresponding predictions of the radial velocity
profiles. This is attributed that the k-¢ model predicts
prematuretransition fromlaminar to turbulent flow at the
lower radial locations. Onthe other hand, thelow Reynolds
number second moment closure estimate correct behaviour
of velocity components as compared to the measurements
at the sameradial location.

The computed moment coefficientsfor varying Reynolds
number confirmed that the nature of flow in the closed
rotor-stator system is dependent on the rotational
Reynolds number and the gap ratio. The effects of these
parameters on the moment coefficients were found to be
in accordance with the measured correlations of Daily and
Nece for separated turbulent boundary layers.

Theoverall, comparisons of two models concludethat the
Reynolds stressmodel isrobust and reliable model for the
computation of complex wall bounded shear flows.

6. NOMENCLATURE

b outer radius of cavity

Cm = %Zpgzbs moment coefficient

G=gb cavity gap ratio

k turbulent kinetic energy

M frictional moment at north, south, east and
west turbulence Reynolds number| rotational
Reynolds number

r radial coordinate

r/b non-dimensional radial coordinate

r. inner disc radius

S source term
S axial gap between the discs
S, clearance between the disc and shroud
u,v,Ww mean velocity components in z,r,0
u,v,w fluctuating velocity components in z,r,0
Ujuj Reynolds stress tensor
z axial coordinate
2ls non-dimensional axial coordinate
€ dissipation rate of turbulent kinetic energy
v kinematic viscosity
n dynamic viscosity

. turbulent viscosity

generalised transport variable

Q rotational speed of the discs
p density

. Kronecker delta
r diffusivity
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