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ABSTRACT
The present study deals with the numerical modeling of the turbulent flow in a rotor-stator
cavity with or without imposed through flow with heat transfer. The commercial finite volume
based solver, ANSYS/FLUENT is used to numerically simulate the problem. A conjugate heat
transfer approach is used. The study specifically deals with the calculation of the heat transfer
coefficients and the temperatures at the disk surfaces. Results are compared with data where
available. Conventional approaches which use boundary conditions such as constant wall
temperature or constant heat flux in order to calculate the heat transfer coefficients which later are
used to calculate disk temperatures can introduce significant errors in the results. The conjugate
heat transfer approach can resolve this to a good extent. It includes the effect of variable surface
temperature on heat transfer coefficients. Further it is easier to specify more realistic boundary
conditions in a conjugate approach since solid and the flow heat transfer problems are solved
simultaneously. However this approach incurs a higher computational cost. In this study, the
configuration chosen is a simple rotor and stator system with a stationary and heated stator and a
rotor. The aspect ratio is kept small (around 0.1). The flow and heat transfer characteristics are
obtained for a rotational Reynolds number of around 106. The simulation is performed using the
Reynolds Stress Model (RSM). The computational model is first validated against experimental
data available in the literature. Studies have been carried out to calculate the disk temperatures
using conventional non-conjugate and full conjugate approaches.
It has been found that the difference between the disk temperatures for conjugate and nonconjugate computations is 5 K for the low temperature boundary conditions and 30 K for the high
temperature boundary conditions. These represent differences of 1% and 2% of the respective
stator surface temperatures. Even at low temperatures, the Nusselt numbers at the disk surface
show a difference of 5% between the conjugate and non-conjugate computations, and far higher
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at higher temperatures. It has also been found that the Reynolds Stress Model (RSM) is the most
appropriate one for such kind of swirling flows with heat transfer. RSM can be used for all
boundary conditions for swirling flows to produce very satisfactory results. The other models
such as k-ε, k-ε Realizable and SST k-ω produce good results only for certain specific cases.
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NOMENCLATURE
𝐸𝑘 = Ekman number = 1/(𝐺 2 𝑅𝑒)
𝐺 = gap ratio = 𝐻/𝑅
𝐻 = axial clearance between rotor and stator (m)
𝑘 = thermal conductivity (W/mK)
𝑁𝑢 = Nusselt number
𝑄 = volume flow rate (m3/s)
𝑞 = Rossby number = 𝑄/(2𝜋Ω𝑅2 𝐻)
𝑅𝑒 = rotational Reynolds number = (Ω𝑅 2 )/𝜈
𝑅 = outer radius of the disks (m)
𝑟 = radial coordinate (m)
𝑟 ∗ = dimensionless radial coordinate
𝑇 = temperature (K)
𝑇 ∗ = dimensionless temperature
𝑈𝜃 = swirl (circumferential) velocity component (m/s)
𝑈𝑟 = radial velocity component (m/s)
𝑢𝜃 = dimensionless swirl velocity component
𝑢𝑟 = dimensionless radial velocity component
𝑍 = axial distance from mid clearance
𝑧 = dimensionless axial distance

Greek Letters
Ω = angular velocity of the rotor (rad/s)
𝜈 = kinematic viscosity (m2/s)

ix
Subscripts
0 = pertaining to conditions at inlet
1 = pertaining to conditions at the stator surface
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Chapter 1
Introduction and Literature Review
The study of the fluid flow and heat transfer in rotating-stationary disk systems is one that has
aroused a lot of interest due to the application of such systems in several engineering applications.
Rotor-stator disc cavities are formed as a consequence of supporting the alternate rows of
stationary and rotating blades in gas turbine engines as can be seen in figure 1-1. A single disk is
shown in figure 1-2. The blades are arranged around this disk for both the rotor and the stator.

Figure 1-1 - General Electric LM2500 Gas Turbine [1]
An increase in efficiency of these systems can be brought about by increasing the operating
temperature ratio by increasing the turbine inlet temperature. But this can only be done till a
certain point, beyond which the metals will reach their melting points. Thus airflow is imposed
between the rotor and stator to continually cool the rotor and stator and also the blades while they
are operating. But the energy required to pump this air is a detriment to the efficiency. Hence, a
proper understanding of the flow and heat transfer between a rotor and stator is required to
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optimize the quantity of air flow used to cool the system. It is also important to know heat
transfer more accurately for design of these components for reliability and longer life.

Figure 1-2 - A turbine disk [2]
Many research efforts have been directed towards this end over the past decade. Most of
these efforts have been experimental. Daily and Nece [3] found that the flow structure between a
rotor and a stator can be divided into two laminar and two turbulent regimes, with or without
boundary layers. Djaoui et al. [4] performed experiments on an unshrouded rotor-stator system
subjected to a superposed radial inflow. A shroud is an obstacle at the tips of the rotor and stator,
usually put in to control outflow and to avoid unnecessary backflow.
shrouded and unshrouded rotor-stator systems are shown in figure 1-2.

Simple sketches of

3

Figure 1-3 - General structure of shrouded and unshrouded disks
They presented the radial and circumferential velocity components, air temperature inside the
cavity, temperature and temperature-velocity correlations, and also local Nusselt numbers on the
heated stator. The gap ratio was kept small and the Ekman number corresponded to a turbulent
regime with separate boundary layers. Poncet et al. [5] have explored Batchelor and Stewartson
flow structures and the transition between the two in a high speed rotor-stator cavity with or
without superimposed throughflow. They also validated the experimental work with numerical
analysis using the Reynolds Stress Model. They found that the transition between the Batchelor
flow and the Stewartson flow was characterized by the non-dimensional radial location and the
modified Rossby number. Sparrow and Goldstein [6] performed experiments to obtain the local
heat transfer coefficients along the heated shroud of a shrouded parallel disk system. The disks
were superimposed with a coolant outflow and the temperature field within the enclosure formed
by the disks and the shroud was also measured. They used relatively large aspect ratios ranging
between 4/9 to 2 and rotational Reynolds numbers ranging from 0 to 106. Poncet et al. [7]
validated the experimental work carried out by [4],[5] and [6] by computationally simulating the
same experiments using the Reynolds Stress Model to model the flow and found that the model
agreed reasonably well with the experimental results. Beretta and Malfa [8] worked on the
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specific case of an adiabatic rotor and an isothermal stator. They developed a semi-empirical
model based on mass and angular momentum balances and the Reynolds analogy to evaluate the
temperature fields and heat fluxes. They then validated the model by performing computations in
FLUENT using the RNG k-ε model. Northrop and Owen [9] performed experiments on a
rotating cavity with a radial outflow for a range of rotational Reynolds numbers up to 3.3×10 6,
and validated the results with theoretical predictions. They used a gap ratio of 0.6. Faragher and
Ooi [10] validated the experimental work of Northrop and Owen [9] by performing CFD analysis
using k-ε turbulence model with the two-layer zonal model for near-wall treatment of Chen and
Patel [11]. Roy et al. [12] performed experimental and computational studies on a model rotorstator at rotational Reynolds numbers ranging from 4.65×105 to 8.6×105. The computations were
carried out on FLUENT using the RNG k-ε turbulence model. Debuchy et al. [13] analyzed the
asymptotic behavior of the motion of an incompressible fluid between a rotor and a stator with
low aspect ratio superposed with a radial inflow and assuming a small Ekman number (Ek).

Very few research efforts have been directed towards modeling the flow and heat
transfer between rotors and stators using a conjugate approach. The merits of the conjugate
approach have been documented, for instance, by Kane and Yavuzkurt [14]. Roy et al. [15]
computationally modeled the flow in an arbitrary shaped cavity using the realizable k-ε model in
FLUENT, but their geometry did not have any throughflow. Yet another key aspect in this area is
the choice of the turbulence model to solve the flow computationally. Since flows between rotor
and stator falls under the category of rotational and separating flows, they require special models
to accurately model them. Additionally, there is an imposed throughflow and heat transfer which
are severe conditions for turbulence modeling methods. Iacovides and Chew [16] found out that
the k-ε model with different wall treatments and the mixing length model are all inaccurate for
modeling rotational flows. For the current computational analysis, the Reynolds Stress Model is
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chosen which is derived from the Launder and Tselepidakis [17] model. Elena and Schiestel
[18,19] have shown that this model is adequate in flows with rotation whereas the usual k-ε
model is blind to any rotation effect and presents deficiencies. This model does not use the
Boussinesq approximation and instead models all the Reynolds stresses independently.

Chapter 2
Objectives
The main objective of this study is to calculate heat transfer coefficients and disk
temperatures using conventional (non-conjugate) and conjugate approaches in rotor-stator cavities
and to show the differences in results. This will be studied for two cases – a high temperature
case and a low temperature case.
A secondary objective is to ascertain the applicability of the Reynolds Stress Model provided
by ANSYS/FLUENT to rotational flows with heat transfer, by comparing the CFD results with
experimental data.
A further objective is to establish the best and most widely acceptable turbulence model
which can be used to model swirling flows with heat transfer.

Chapter 3
Theory
Based on the suggestions in literature [4,5,7] as well as by ANSYS/FLUENT [20], the
Reynolds Stress Model (RSM) in ANSYS/FLUENT is used to solve the flow. This is the most
elaborate RANS turbulence model that is provided by ANSYS/FLUENT. The main aspect of this
model is that it does not employ the isotropic eddy-viscosity hypothesis. Instead it solves the
transport equations for the Reynolds stresses along with an equation for the dissipation rate, in
order to close the set of Reynolds-averaged Navier Stokes equations. As an example, the
transport equation for the 𝜌𝑢𝑖′ 𝑢𝑗′ term, as given in [21] is given below.

𝜕
𝜌𝑢𝑖′ 𝑢𝑗′
𝜕𝑡

+

𝐿𝑜𝑐𝑎𝑙 𝑇𝑖𝑚𝑒 𝐷𝑒𝑟𝑖𝑣𝑎𝑡𝑖𝑣𝑒

= −

𝜕
𝜌𝑢𝑘 𝑢𝑖′ 𝑢𝑗′
𝜕𝑥𝑘
𝐶𝑖𝑗 ≡ 𝐶𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛

𝜕
𝜌𝑢𝑖′ 𝑢𝑗′ 𝑢𝑘′ + 𝑝 𝛿𝑘𝑗 𝑢𝑖′ + 𝛿𝑖𝑘 𝑢𝑗′
𝜕𝑥𝑘
𝐷𝑇,𝑖𝑗 ≡ 𝑇𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡 𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛

+

𝜕
𝜕
µ
𝑢′ 𝑢′
𝜕𝑥𝑘 𝜕𝑥𝑘 𝑖 𝑗

− 𝜌 𝑢𝑖′ 𝑢𝑘′

𝐷𝐿,𝑖𝑗 ≡ 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛

− 𝜌𝛽

𝑔𝑖 𝑢𝑗′ 𝜃

+

𝑔𝑗 𝑢𝑖′ 𝜃

𝐺𝑖𝑗 ≡ 𝐵𝑢𝑜𝑦𝑎𝑛𝑐𝑦 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛

−

2µ

𝜕𝑢𝑖′ 𝜕𝑢𝑗′
𝜕𝑥𝑘 𝜕𝑥𝑘

𝜀 𝑖𝑗 ≡ 𝐷𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑖𝑜𝑛

+

𝜕𝑢𝑗
𝜕𝑢𝑖
+ 𝑢𝑗′ 𝑢𝑘′
𝜕𝑥𝑘
𝜕𝑥𝑘

𝑃𝑖𝑗 ≡ 𝑆𝑡𝑟𝑒𝑠𝑠 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛

+

𝜕𝑢𝑗′
𝜕𝑢𝑖′
𝑝
+
𝜕𝑥𝑘
𝜕𝑥𝑘
𝜙 𝑖𝑗 ≡ 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑆𝑡𝑟𝑎𝑖𝑛

′ 𝜀
′ ′
− 2𝜌𝛺𝑘 𝑢𝑗′ 𝑢𝑚
𝑖𝑘𝑚 + 𝑢𝑖 𝑢𝑚 𝜀𝑗𝑘𝑚
𝐹𝑖𝑗 ≡ 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑏𝑦 𝑆𝑦𝑠𝑡𝑒𝑚 𝑅𝑜𝑡𝑎𝑡𝑖𝑜𝑛

𝑆𝑢𝑠𝑒𝑟
𝑈𝑠𝑒𝑟 −𝐷𝑒𝑓𝑖𝑛𝑒𝑑 𝑆𝑜𝑢𝑟𝑐𝑒 𝑇𝑒𝑟𝑚

(1)
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Details about the various terms and constants can be found in [23], [25] and [26]. Details
about the modeling of each term are given in [21]. Of the three options to model the pressure
term, the Linear Pressure-Strain Model derived from the proposals of Gibson and Launder [23],
Fu et al. [22] and Launder [21,22] is chosen for the present analyses as it provides far superior
results over the other two models, namely the Quadratic Pressure-Strain and the Low-Re StressOmega models. It should be noted that despite the strong evidence in favor of RSM, these two
other models – the Realizable and the k-ε models were also tested. The results were found to be
unsatisfactory.
The Nusselt number is calculated by choosing cavity width 𝐻 as the characteristic length.
Following a standard procedure for the derivation of the Nusselt number, the expression for 𝑁𝑢
on the stator becomes:

𝑁𝑢 =

k1 H
∂T H
r,
k 0 T1 − T0 ∂Z
2

(2)

Chapter 4
Methodology
As noted above, the initial efforts of the study were devoted towards simulating experimental
data available in literature using ANSYS/FLUENT code with the Reynolds Stress Model
provided.

Figure 4-1 - Experimental Setup used by Djaoui et al. [4]
For this purpose, the experiment carried by Djaoui et al. [4] was chosen because it involved
centripetal throughflow of air without any shroud in the path of the air, making the computation
relatively simple.

The accurate experimental data provided by the authors also aided the

validation. The experimental setup used by Djaoui et al. [4] is shown in figure 1 above.
The fluid (air) enters the cavity between the rotor and stator at its periphery radially through
the gap and leaves the system axially through the opening between the hub and the stator. The
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throughflow is said to be centripetal. The stator is heated whereas the rotor is exposed to the
ambient air. There is no shroud at the entry region blocking the inflow. The computational
modeling is performed by taking an axisymmetric section of the system and solving it
accordingly. This is done in order to save computational time. Since the air enters the inlet
directly from the surrounding atmosphere, a uniform velocity profile is assumed at the inlet. For
the present computations, G is 0.08 and rotational speed of the rotor is 1500 rev/min. This
corresponds to a rotational Reynolds number of 1.44×106. The Rossby number (q) is 7.2×10-3.
In the experiment carried out by Djaoui et al. [4], the stator is heated on the outside by
concentric heating tapes, the total power of which was 5.6 kW. The temperature distribution on
the inside face of the stator was maintained as constant as possible up to 𝑟 ∗ = 0.88 at 332 K and
the temperature was measured by the use of copper-constantan thermocouples connected to
electronic temperature controllers. Thus, in essence, the experiment has both conjugate and nonconjugate aspects. In order to validate the above experiment, two computations were carried out.
The first one was a non-conjugate computation in which a constant temperature boundary
condition was used for the inner surface of the stator.

The second one was a conjugate

computation in which a constant heat flux boundary condition was specified at the outer surface
of the stator.
Boundary Conditions for the simulations were:


Inlet: Velocity = 0.4239 m/s, Temperature = 297 K



Outlet: Pressure outlet, open to ambient air at 297 K



Rotor: Constant temperature of 297 K



Stator: Constant temperature of 332 K on the inner surface for non-conjugate simulation,
constant heat flux of 13641 W/m2 on the outer surface for conjugate simulation.

11


Material of rotor and stator for conjugate simulations: Steel of thickness 20 mm and
with k = 16 W/mK

The conjugate and non-conjugate computations with the above mentioned boundary
conditions are used for the purpose of comparing and verifying the validity of the computational
approach only, since they have different boundary conditions due to the nature of the
experimental setup. The two computations are compared independently with the experimental
results and not with each other. In order to compare conjugate and non-conjugate approaches, the
boundary conditions for both are kept identical as explained later. For clarity, these computations
are referred to as “External BC” and “Internal BC”, where BC stands for boundary conditions.
Thus, the External BC refers to the conjugate computation and the Internal BC refers to the nonconjugate computation.
It should be noted that he grid used for the non-conjugate computation has zero thickness for
the rotor and stator walls to save computational cost. The computations were carried out by
following the suggestions listed in [20] for simulating rotational flow. Accordingly, the flow was
first allowed to develop for zero rotational speed and then the rotational speed was slowly
increased till the final value allowing the flow to develop at each stage. Also, at each stage, the
momentum equation describing the swirl velocity, and the flow equations (continuity and
momentum) were first allowed to develop separately for some time and then they were allowed to
develop together. The details of the flow geometry and the coordinate system used for the
computations are shown in figures 4-2 and 4-3 below.
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Figure 4-2 - Geometry used for computations
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Figure 4-3 - Coordinate System

Convergence Criteria, Grid Information and Grid Independence Studies

Figure 4-4 – Grid showing the details of the boundary layer
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Convergence of 1 × 10−6 was achieved for the velocity, continuity and momentum terms; and
1 × 10−9 for the energy terms. These values represent 3 orders of magnitude better than the ones
suggested by ANSYS/FLUENT. A flux report of the mass flow rate over the whole domain was
also computed and was found to be well within the convergence criteria set.
The grid used has a boundary layer grid attached to the rotor and stator surfaces with a first
cell height of 1 × 10−5 𝑚. It is a structured grid with 184408 quadrilateral cells. The details of
the grid used are shown above in figure 4-4. In order to ascertain the credibility of the grid with
regards to obtaining the correct results, grid independence studies were carried out. The criterion
upon which the studies are based is the first cell height of the boundary layer, because this is the
crucial region where momentum transfer occurs between the rotor and the fluid, and heat transfer
occurs between the stator and the fluid. Grids of the same structure but with first cell heights of
5 × 10−5 𝑚 and 2.5 × 10−5 𝑚 were chosen. It should be noted that all the cells of the boundary
layer are affected by the first cell height because the boundary layer grows at a fixed ratio with
the first cell as the base. These corresponded to 94506 (verification grid 1) and 116889
(verification grid 2) quadrilateral cells respectively.
A very good indicator of the adequacy of the boundary layer is plot of the wall y+ values.
Figure 4-5 below shows the y+ values along the rotor and stator walls. As shown by the plot, the
wall y+ is less than 1 for a large majority of the rotor and stator walls and never goes beyond 1.6.
These are in accordance with the standard accepted norms.
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Figure 4-5 - Wall y+ values at rotor and stator
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Figure 4-6 - Non dimensional swirl velocity vs axial distance at r* = 0.53
The results between the coarsest grid (first cell height of 5 × 10−5 𝑚) and the finest grid
(first cell height of 1 × 10−5 𝑚) differed by only 1%. It is felt that this is a very good indication
of the grid independence. Sample plots showing the swirl velocity and temperature distributions
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at 𝑟 ∗ = 0.53 for all the three grids are shown in figures 4-6 and 4-7. The non-dimensional
quantities in the two figures are described in equations (3), (5) and (6) below.
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Figure 4-7 - Temperature in the cavity vs axial distance at r* = 0.53
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Chapter 5
Results and Discussions – Verification of Computational Technique
The non-dimensional terms used in analysis below are defined as follows:

𝑟∗ =

𝑇∗ =

𝑟
𝑅

(𝑇 − 𝑇0 )
(𝑇1 − 𝑇0 )

𝑧=

𝑍
𝐺𝑅

(3)

(4)

(5)

𝑢𝜃 =

𝑈𝜃
𝛺𝑅

(6)

𝑢𝑟 =

𝑈𝑟
𝛺𝑅

(7)

Flow Field
Figure 5-1 shows the streamline pattern that is developed for the Internal BC case. It was
found that this streamline pattern is largely unchanged for different thermal boundary conditions
as long as the flow boundary conditions are the same. One main region of recirculation can
clearly be seen. The core of the recirculating region is near the entry region of the fluid. The
recirculating region gets thinner as the inward throughflow becomes stronger, i.e., when radial
velocity increases as the flow approaches towards the center. We also see the development of the
centripetal boundary layer adjacent to the stator (Bödewadt layer) and the centrifugal boundary
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layer adjacent to the rotor (Ekman Layer). Some of the fluid gets heated along the stator, flows
through the axis of the cavity and exits, while some other part of the fluid gets carried by the rotor
without getting heated along the periphery.

Figure 5-1 – Streamlines
Figure 5-2 shows the magnitudes and directions of the swirl velocities at various radial
locations. Some regions of the figure have been magnified for clarity. We see that the magnitude
of the swirl velocity in the mid plane of the cavity shows a decrease from the entry till a radial
location corresponding to 𝑟 ∗ = 0.2. Beyond this, the magnitude of the swirl velocity increases
till the fluid exits.

The rotor imparts angular momentum to the fluid, but since angular

momentum is a function of radial distance, the quantity of angular momentum imparted by the
rotor reduces with decreasing radial distance. Two contrasting processes occur in the fluid – the
decrease of the angular momentum due to the reduction in the quantity imparted by the rotor; and
the increase in the swirl velocity as the fluid moves inward towards the outlet as a consequence of
the conservation of angular momentum (the radius and the area of cross-section of the fluid
reduce as the fluid moves inward). Until a radius of about 𝑟 ∗ = 0.14, the reduction in angular
velocity due to decreasing angular momentum being imparted by the rotor dominates the increase
in angular velocity due to the inward motion of the fluid. But, beyond this, the converse happens
and the angular velocity increases till the outlet as a result. Another aspect of the flow structure is
the change in the direction of the swirl velocity in the region near the rotor wall at a certain
radius. This is once again caused due to the fact that the swirl velocity imparted by the rotor is a
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function of the radius. At the rotor wall, due to the no-slip condition, the fluid has to have the
same swirl velocity as the rotor. This keeps reducing with decreasing radial distance. At a radius
of 𝑟 ∗ = 0.14, the magnitude of the swirl velocity in the mid plane of the flow becomes higher
than the magnitude at the rotor wall. Thus, the direction of the swirl velocity of the fluid, in the
region near the wall, changes.
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Figure 5-2 - Swirl velocities at various radial locations (r*)
Figure 5-3 shows the magnitudes and directions of the radial velocities at various
radial locations. A change in the direction, similar to the one seen in the case of the swirl
velocity is also seen for the radial velocity in the region near the rotor wall at a certain
radius. When the fluid enters the cavity, the portion near the rotor is acted upon by a
centrifugal force caused by the rotation of the rotor. The fluid enters the cavity radially

20
in the – 𝑋 direction. The centrifugal acceleration is in the +𝑋 direction. Near the entry
region the centrifugal acceleration is high. But as the fluid flows inwards, the centrifugal
acceleration decreases since it is a function of the radius. At the same time, the radial
velocity of the fluid in the – 𝑋 direction increases due to the conservation of mass, since
the area of cross-section keeps reducing (in the three-dimensional flow geometry; not in
the computational domain). Thus, at a certain radius, the inward acceleration of the fluid
reverses the direction of the fluid flow in the region close to the rotor wall. This happens
at a radius of 𝑟 ∗ = 0.14.
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Figure 5-3 - Radial velocities at various radial locations (r*)

Figure 5-4 - Non-dimensional locations chosen for comparisons or data and computations
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Figure 5-4 shows the three non-dimensional locations which are chosen to perform the flow
and thermal field analysis below. These are the same measurement locations chosen by Djaoui et
al. [4].
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Figure 5-5 - Non dimensional swirl velocity vs axial distance at r* = 0.53, Re = 1.44x106 and q =
7.2x10-3
Figures 5-5, 5-6, 5-7 and 5-8 show the non-dimensional swirl and radial velocity distributions
in the axial direction at two radial locations. From these results it can be seen that the results of
the computations are well matched with those of the experiment conducted by Djaoui et al. [4].
The trends match almost exactly and the magnitudes have a maximum deviation of 20% from the
experimental results. These deviations could be explained by the fact that the thermocouples and
flux meters used by Djaoui et al. [4] had an uncertainty of ±5% each, and also due to the fact that,
as discussed before, the experiment conducted by Djaoui et al. was slightly different than the
present simulations. For the complexity of the problem studied, it is thought that these are
acceptable deviations. This gives us the confidence to believe that such a system can indeed be
modeled in ANSYS/FLUENT by using the Reynolds Stress Model.
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Figure 5-6 - Non dimensional swirl velocity vs axial distance at r* = 0.69, Re = 1.44x106 and q =
7.2x10-3
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Figure 5-7 - Non dimensional radial velocity vs axial distance at r* = 0.53. Re = 1.44x106 and q
= 7.2x10-3
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Figure 5-8 - Non dimensional radial velocity vs axial distance at r* = 0.69. Re = 1.44x106 and q
= 7.2x10-3

Temperature Field
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Figure 5-9 - Non dimensional temperature vs axial distance at r* = 0.53. Re = 1.44x106 and q =
7.2x10-3
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Figure 5-10 - Non dimensional temperature vs axial distance at r* = 0.69. Re = 1.44x106 and q =
7.2x10-3

0.5
0.4

0.3
0.2

0.1

z

0
-0.1 0

-0.2

Djaoui et al.

T*
0.2

0.4

0.6

0.8

Poncet et al.
1

External BC

Internal BC

-0.3
-0.4
-0.5

Figure 5-11 - Non dimensional temperature vs axial distance at r* = 0.83. Re = 1.44x106 and q =
7.2x10-3
Figures 5-9, 5-10 and 5-11 show the axial variation of the non-dimensional temperature at
three radial locations for the External BC and the Internal BC computations. Along with these,
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the experimental results of Djaoui et al. [4] and computational results of Poncet et al. [7] (it
should be recalled that Poncet et al. used the Reynolds Stress Model, but with some
modifications) have also been shown.
Since constant temperature boundary conditions were specified at the rotor and the stator, it is
no surprise to see the curves tending to 1 at the stator and 0 at the rotor in the non-dimensional
plot due to the way 𝑇 ∗ has been defined. The distribution of 𝑇 ∗ in the region away from the walls
is almost uniform. This is due to the fact that there is very good mixing of the flow due to the
swirling and high turbulence and this causes the temperature to average out. Also, as the flow
proceeds into the cavity, the value of 𝑇 ∗keeps on increasing. This is due to the fact that as the
fluid proceeds inwards, more and more heat is transferred to it by the stator causing its
temperature to rise, which causes 𝑇 ∗to rise.
Once again, the non-dimensional temperature distributions obtained by the computation
match those obtained by experiment very well. These are also corroborated by the computational
results of Poncet et al. [7] Another aspect to be observed is that, as mentioned before, the
experiment carried out by Djaoui et al. [4] involved heating the stator from the outside, but at the
same time, controlling the temperatures on the inner surface of the stator. Thus the experiment
contains both conjugate and non-conjugate aspects in essence. Thus, it is not surprising to note
that the conjugate and non-conjugate results from the computations, for the large part, fall on
either side of the experimental results.
The disparity between the External BC and the Internal BC results increases as the fluid
moves further inward into the cavity. This is because the effect of a conjugate calculation grows
with distance from the entrance. Conjugate calculations cause change of the surface temperature
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in the radial direction which leads to different heat transfer coefficients than a non-conjugate
calculation.

Nusselt Number
Figure 5-12 shows the Nusselt number at the stator surface as a function of the nondimensional radial distance. The External BC and Internal BC computations, as well as the
experimental results of Djaoui et al. [4] and the numerical results of Poncet et al. [7] are shown.
The External BC and Internal BC results compare well with the experimental data.

The

experiment data shows some scatter probably because, as stated by the authors, the
thermocouples had an uncertainty of ±5%. They fall on either side of the experimental results
due to the same reason as mentioned before. The difference between the two results grows as the
fluid moves through the cavity as a result of the conjugate effect playing a stronger role with the
passage of the fluid.
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Figure 5-12 - Nusselt number at the stator surface vs non-dimensional radial distance
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The Nusselt number is nearly the same in the entry region for both the External BC and
Internal BC cases but, near the exit, the Nusselt number of the External BC case is about 25%
higher than that of the Internal BC case. The Nusselt number is initially high in the entrance
region of the fluid but falls as the fluid flows towards the exit. This is because in the entry region,
the difference between the fluid and the stator temperatures is the highest and the boundary layer
is very thin. This produces a high Nusselt number. But as the fluid proceeds in the cavity, its
temperature increases and the difference between the stator and the fluid temperatures falls and
with increasing boundary layer thickness, Nusselt numbers decrease.

Chapter 6
Results and Discussion – Comparisons between Conjugate and NonConjugate Approaches

As mentioned before, for the purpose of comparing conjugate and non-conjugate approaches
for this configuration, separate computations were carried out where the boundary conditions for
both the conjugate and non-conjugate computations are the same. The boundary conditions are:


Inlet: Velocity = 0.4239 m/s, Temperature = 297 K



Outlet: Pressure outlet, open to ambient air at 297 K



Rotor: Constant temperature of 297 K



Stator: Constant heat flux of 13641 W/m2



Material of rotor and stator for conjugate: Steel of thickness 20 mm and with k = 16
W/mK

For the conjugate computations, the boundary conditions specified for the rotor and stator
refer to their external surfaces, with the „coupled‟ boundary condition being applied at the inner
surfaces.

These two computations, with conditions given above are referred to as „low

temperature‟ computations in the discussions below.
Since it is expected that we would see better differences between the conjugate and nonconjugate approaches if the temperatures involved are higher, two computations, one conjugate
and the other non-conjugate were carried out using the same grid but with the following boundary
conditions:
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Inlet: Velocity = 0.4239 m/s, Temperature = 700 K



Outlet: Pressure outlet, open to ambient air at 700 K



Rotor: Constant temperature of 1400 K



Stator: Constant temperature of 1600 K



Material of rotor and stator for conjugate: Steel of thickness 20 mm and with k = 16
W/mK

These temperatures were chosen because they are close to the temperatures encountered in
rotor-stator systems in turbines today [27]. The inlet velocity was maintained the same since the
goal was to compare the effect of higher temperatures with the flow structure remaining very
largely unchanged. These two computations are referred to as „high temperature‟ computations in
the discussion below.
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Figure 6-1 - Stator temperature vs non-dimensional radial distance for low temperature case
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Figure 6-1 shows the temperature at the inner surface of the stator (adjacent to the fluid) as a
function of the non-dimensional radial distance. We see that the stator surface temperature is
higher for the conjugate computation when compared to the non-conjugate computation. The
difference between the two is around 5 K, which is about 1 % of the non-conjugate stator
temperature. In the conjugate case, the heat flows through the solid before entering the cavity and
as a result the distribution of the convective heat transfer coefficient at the stator surface is
affected. Due to this, the temperature distribution at the stator surface is affected. Thus we see
that even for the relatively low temperatures encountered here, the difference in the stator
temperatures between the conjugate and the non-conjugate cases is significant.

Another

implication of this result is the calculation of the coolant needs in a rotor-stator system. If the
coolant needs were to be calculated based on the non-conjugate results, it could be
underestimated because the stator temperature comes out higher for the conjugate case. Such an
underestimation could lead to a potentially undesirable situation.
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Figure 6-2 – Stator temperature vs non-dimensional radial distance for high temperature case
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Figure 6-2 shows the stator surface temperature variation for the high temperature case.
Again, we see that the stator surface temperature for the conjugate computation is higher than the
non-conjugate computation. The important point to observe is that the temperature difference
between the conjugate and the non-conjugate computations is higher here than the low
temperature case.

While the higher difference can be attributed to the higher operating

temperatures, a difference of 30 K, as is the case here, is a very significant one. Even when
expressed as a percentage of the non-conjugate stator temperature, the difference is about 2 %,
which is higher than the low temperature case. Thus, we see that at higher temperatures, a
conjugate computation is really important particularly at high turbine temperatures.
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Figures 6-3 and 6-4 show the Nusselt number at the stator surface as a function of the nondimensional radial distance for the low temperature and high temperature cases respectively. As
expected from the stator temperature data, the Nusselt number is higher for the non-conjugate
computation. The lower Nusselt number in the conjugate computation leads to lesser heat
transfer at the stator surface leading to higher temperatures as was seen. For the low temperature
case, the Nusselt number for the non-conjugate computation is about 4.5% higher than the
conjugate computation. For the high temperature case, the Nusselt number for the non-conjugate
computation is dramatically higher than the conjugate computation. This is because, in equation
(2), the (T1 – T0) term is a large number for this case and any small change in the (∂T/∂Z) term is
magnified by the (T1 – T0) term.
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Chapter 7
Exploration of the Iterative Conjugate Technique
An Iterative Conjugate Technique is a technique through which many non-conjugate
computations are carried out and the results adjusted at each stage to effectively mimic a full
conjugate computation. The technique is commonly used to separate the heat transfer phenomena
in the fluid and the adjacent solid in a system. Doing so is very useful in certain situations where
a full conjugate calculation is computationally very expensive. In other words, the full conjugate
calculation may involve far too many cells. This type of procedure is also used by many gas
turbine manufacturers.
In the present study, an iterative conjugate analysis was performed for the validation cases.
This was done in order to explore the applicability of the Iterative Conjugate Technique to this
problem as well as to ascertain the accuracy of the full conjugate computation. Since an iterative
conjugate approach involves many non-conjugate computations, the results can be considered to
be independent of the full conjugate approach.
The process is started by running a non-conjugate calculation with the same boundary
conditions as mentioned previously. They are mentioned below again for lucidity:


Inlet: Velocity = 0.4239 m/s, Temperature = 297 K



Outlet: Pressure outlet, open to ambient air at 297 K



Rotor: Constant temperature of 297 K



Stator: Constant temperature of 332 K
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The convective heat transfer coefficient along the stator surface is extracted from the
calculation once it is completed. This is fed to a separate mesh made for heat transfer through the
stator (shown in figure 7-1). The outer edge of the stator that is exposed to the ambient air is
supplied with the constant temperature (332 K) boundary condition. This simulation is then run
until convergence. The temperature profile thus produced at the inner edge of the stator, adjacent
to the fluid is the result of the first iteration.
Now, this temperature profile is fed to the fluid and another non-conjugate computation is
carried out to find new values of convective heat transfer coefficients along the stator. These are
once again fed to the solid and computed to find the new temperature distribution along the fluidstator interface.

This completes the second iteration.

This process is carried on until the

temperature distribution along the stator surface converges and continuity of temperature and heat
flux is achieved.

Stator

Figure 7-1 - Grid used for heat transfer through the stator
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The results of the first and second iterations as well as the results of the full conjugate
computations are shown in figure 7-2. As we clearly see, the results of successive iterations of
the iterative conjugate technique tend to converge to the full conjugate results. This gives
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Figure 7-2 - Variation of Stator surface temperatures with non-dimensional radial distance for
iterative and full conjugate apporaches

Chapter 8
Exploration of other Turbulence Models
As mentioned before, the Reynolds Stress Model has been used for all the computations in
this study because it has been found to be the one that performs the best when swirling flows are
encountered. But in order to ascertain how better this model performs when compared to other
models, one simulation was performed using three other models:


k-ε model



k-ε Realizable model



Shear Stress Transport k-ω model (SST k-ω)

Another reason for performing the simulations with other turbulence models is to try and find
a model which produces results reasonably close to the RSM but at a cheaper computational cost.
The RSM model as explained before, involves the simultaneous solution of 5 equations for 2-D
flows. On the other hand, the k-ε, the k-ε Realizable and the SST k-ω models all involve only 2
equations for 2-D flows. The reduction in the number of equations is due to the fact that these
models all use the Boussinesq approximation [28]. It basically involves relating the Reynolds
stresses in the Navier Stokes equations for turbulent flow to the mean velocity gradients as:

−𝜌𝑢𝑖′ 𝑢𝑗′ = 𝜇𝑡

𝜕𝑢𝑖 𝜕𝑢𝑗
2
𝜕𝑢𝑘
+
− 𝜌𝑘 + 𝜇𝑡
𝛿
𝜕𝑥𝑗 𝜕𝑥𝑖
3
𝜕𝑥𝑘 𝑖𝑗

(8)

where 𝜇𝑡 is the turbulent viscosity, 𝑘 is the turbulent kinetic energy and all the other terms

have their usual meaning. Further information about equation (8) or about any of the
above mentioned models can be found in [21].
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The following two conjugate cases, which have already been run using RSM were
simulated using the three above models.

The high temperature case was run by

employing variable properties.
Boundary Conditions for low temperature case:


Inlet: Velocity = 0.4239 m/s, Temperature = 297 K



Outlet: Pressure outlet, open to ambient air at 297 K



Rotor: Constant temperature of 297 K



Stator: Constant heat flux of 13641 W/m2.



Material of rotor and stator for conjugate simulations: Steel of thickness 20 mm and
with k = 16 W/mK

Boundary Conditions for high temperature case:


Inlet: Velocity = 0.4239 m/s, Temperature = 700 K



Outlet: Pressure outlet, open to ambient air at 700 K



Rotor: Constant temperature of 1400 K



Stator: Constant temperature of 1600 K



Material of rotor and stator for conjugate: Steel of thickness 20 mm and with k = 16
W/mK

Low Temperature Results
The flow, temperature and the Nusselt number results are shown below in figures 8-1, 8-2
and 8-3 respectively for the low temperature simulations. From the plot showing the variation of
the non-dimensional swirl velocity at r* = 0.69, we see that surprisingly, the results of the other
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three models seem to be better than the RSM since they compare better with the experimental
results of Djaoui et al. [4]. Amongst the three models new models tested, it is very surprising to
find that the best results are obtained by using the simplest of the three models, k-ε model. The
other two models, SST k-ω and k-ε Realizable models follow the experimental data closely for
the large part but are not as good as k-ε at some axial locations.
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Figure 8-1 - Non dimensional swirl velocity vs axial distance for various turbulence models at r*
= 0.69, Re = 1.44x106 and q = 7.2x10-3 (Low Temperature Case)
These results primarily highlight one aspect of the present flow. While it is true that the
assumption that the Reynolds stresses are isotropic does not hold in general for flows with high
swirl, the current case seems to have nearly isotropic Reynolds stresses. This is because the main
difference between the three models considered and RSM is that the three models assume
isotropic Reynolds stresses as part of the model while RSM does not. It is seen that the more
complex models give worse results than the simplest one. This is probably because as the models
become more complex, they become stiffer and not amenable to large types of flows. However,
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concluding that the k-ε model is better just based on the flow results is erroneous. We also need
to see how the different models perform for the thermal results. These are discussed below.
The stator surface temperature distribution and the Nusselt number distribution along the
stator surface are shown below in figures 8-2 and 8-3.
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Figure 8-2 - Stator temperature vs non-dimensional radial distance for various turbulence models
(Low Temperature Case)
We see that for predicting the thermal results, the RSM clearly outperforms the other three
models which are based on the Boussinesq approximation. In fact, the stator surface temperatures
predicted by the other three models are off by well over 50 %. This is also reflected in the
Nusselt numbers along the stator surface. The other three models severely under predict the
values of the Nusselt numbers. From this, we can infer that in the present case, while the
Reynolds stresses may be nearly isotropic, the transport of heat in the fluid by turbulence is most
certainly not isotropic. It needs to be modeled in the extensive way that RSM does in order to
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obtain the correct prediction. Another inference that we can draw from these results is that, since
the flow results produced from the other three models are good, it may be possible that the
thermal results are wrong purely due to the fact that the turbulent Prandtl number used in these
models may be wrong when they are applied to swirling flows with heat transfer.
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Figure 8-3 - Nusselt number at the stator surface vs non-dimentional radial distance for various
turbulence models (Low Temperature Case)
Thus, on the whole, we can conclude that for the present boundary conditions, the RSM is
still the best turbulence model to model flows of this nature, i.e., flows with high swirl and
simultaneous heat transfer. Even though the flow results seem slightly better for the simpler
models when compared to RSM, they perform very badly when it comes to predicting the thermal
results.
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High Temperature Results
The flow, temperature and the Nusselt number results are shown below in figures 8-4, 8-5
and 8-6 respectively for the high temperature simulations. It is seen that the flow results are quite
similar to the low temperature case. The reason for this has been discussed before – the flow
structures are not affected too much by temperature provided all other factors like the angular
velocity of the rotor remain the same. Once again we see that the results of the three new cases
are bunched together with the RSM results a little different. Based on the low temperature case
where experimental results were available to be compared with, we can suspect once again that
perhaps the three new cases do indeed predict the flow structures a little better than the RSM.
The discussions of the temperature and Nusselt number results are given below. A judgment
can be made about the models only after taking these also into consideration.
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Figure 8-4 - Non dimensional swirl velocity vs axial distance for various turbulence models at r*
= 0.69, Re = 1.44x106 and q = 7.2x10-3 (High Temperature Case)
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From the plots below, it is observed that the distribution of the stator temperatures for this
present simulation isn‟t as dramatically different between the models as was found in the low
temperature case. In fact, the results of the k-ε, k-ε Realizable and RSM are largely the same
with the SST k-ω model showing some deviation.
The reason why the other models are not dramatically different in this case is most probably
because of the type of boundary condition specified here. In the low temperature case, a constant
heat flux boundary condition was specified at the stator surface whereas in the high temperature
case, a constant temperature boundary condition has been specified.
The temperature at the interface between the stator and the fluid is decided by the heat being
supplied to the stator at its outer surface and the rate at which the heat is being carried away by
the fluid. For a constant heat flux boundary condition, the temperature at the interface is largely
decided by the rate at which the heat is being carried away by the fluid. But for a constant
temperature boundary condition, even if there are differences in the rate at which heat is being
carried away at the interface, the temperature is still limited by the constant temperature condition
at the outer surface of the stator. Since heat transfer through the solid is essentially the same
regardless of the model used, maintaining a constant temperature at the outer surface of the stator
exercises a good amount of control on the temperature at the stator-fluid interface as well. But,
the temperature field at regions within the flow away from the stator is bound to be different
between the models because here, the temperature field is largely influenced by the rate at which
heat is being carried away by the fluid.
Based on these results, we can conclude that for the special case when we are interested in the
fluid-solid interface temperatures when a constant temperature boundary condition has been
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specified, it might be possible to get away by running the simulation using a relatively simply
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Figure 8-5 - Stator temperature vs non-dimensional radial distance for various turbulence models
(High Temperature Case)
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Chapter 9
Conclusions
The present study explored the application of a conjugate analysis to a problem involving
flow and heat transfer between a rotor and a stator.

It was found out that even at low

temperatures, the Nusselt numbers at the stator surface vary by about 5% between the conjugate
and the non-conjugate computations. The temperature distributions on the stator surface show a
difference of 1% (5 K) of the non-conjugate stator surface temperature for the low temperature
case and a difference of 2% (30 K) for the high temperature case. This shows the need to use
conjugate approach to obtain more accurate disk temperatures and heat transfer in the cavity.
Upon comparing with experimental data, the computational results are an indicator that the
Reynolds Stress Model provided by ANSYS/FLUENT is a very good computational model to
model such flows.

The temperature and the Nusselt number results produced from these

computations indicate strongly that for modeling applications with coupled conduction and
convections it is very prudent to employ a conjugate approach, especially when the temperatures
involved are high.
The Iterative Conjugate Technique has been explored for the purpose of validating its
usefulness as compared to the full conjugate calculation and it has been found to be successful.
Simpler turbulence models, k-ε, k-ε Realizable and SST k-ω have been found to be
inadequate for swirling flows with heat transfer especially for predicting the temperature data.
However, they have been found relatively satisfactory for swirling flows with heat transfer with

45
constant temperature boundary conditions when the interest is to obtain the fluid-solid interface
temperatures and Nusselt numbers.

Chapter 10
Future Work
The present study has primarily explored centripetal flows in a rotor-stator system. Since a
real turbine has both centripetal as well as centrifugal flows in it, a similar study should be carried
out on a rotor-stator system with centrifugal flow. This will make the conclusions about the
importance of considering conjugate heat transfer to calculate disk temperatures even more broad
and comprehensive. An experiment which involves such a configuration is [29]. These results
can be simulated using the RSM turbulence model and a comparison can be made between
conjugate and non-conjugate approaches. It can then be extended to simulations at realistic
turbine temperatures as has been done here.
In chapter 8 it was found out that the relatively simple turbulence models like k-ε, k-ε
Realizable and SST k-ω models predicted the flow structures well, but performed badly at
predicting the thermal results. It was suspected that one possible reason for this was that the
turbulent Prandtl number employed by these turbulence models is wrong when applied to
swirling flows with heat transfer. Thus, a study can be made to find out if this is indeed true, and
if so, to obtain the correct turbulent Prandtl numbers for these turbulence models when modeling
such flows. As a primer, figure 10-1 below shows the distribution of the stator temperature for
four modified k-ε models. It can be seen that the results are still some way from being accurate,
but the results do seem to improve by decreasing the turbulent Prandtl number.
Apart from this, more experimental work can be done with a specific aim to produce
conjugate results. This is because, as it has been mentioned before, not many research efforts
have been aimed towards conjugate heat transfer in rotor-stator systems. Availability of more
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experimental data will help to further validate and strengthen the computational approaches to
model conjugate heat transfer.
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Figure 10-1 - Stator surface temperature vs non-dimensional radial distance for regular and
modified k-ε models and RSM
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