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ABSTRACT
In the last decade, a tendency in the usage of open-source softwares for CFD simulations has appeared. Among

these, the C++ library OpenFOAM is widely employed in many applications and has proven a suitable framework
for developing and delivering numerical tools. Unfortunately, it lacks an implicit density-based solver and its usage
is therefore limited when it comes to compressible turbomachinery simulations. The implementation and application
of such a new solver in the OpenFOAM environment is presented in this work. This type of solver is suitable
to obtain steady and transient solutions of the compressible Navier-Stokes equations when accurate simulation of
transonic/supersonic turbomachinery flows is required. The main features of the code are detailed, and a relevant
test case is provided to show the solver capabilities. Specifically, a 1.5 axial turbine stage with a stator-rotor cavity
is studied through an unsteady simulation in order to capture the interaction between different blade rows and the
coherent structures behaviour in the rim seal region.

INTRODUCTION
In the last years, the interest towards opensource CFD softwares has grown steadily, and it is likely to increase

further in the future. Among these, the finite volume C++ library OpenFOAM (OF) (Weller et al. (1998)) has recently
gathered momentum, rapidly establishing as a state of the art tool for academics and industries. In addition, OF is
a mature code, meaning that its off-the-shelf libraries provide the user with a wide variety of complex multi-physics
solvers and well-established modeling approaches. These include, but are not limited to, many CFD solvers ranging
from incompressible laminar to compressible turbulent flows. Other applications involve multiphase, lagrangian and
structural solvers, to cite some. Despite its versatility, the use of OF in the context of compressible turbomachinery
flows has been very limited so far. Even if a few dedicated turbomachinery libraries developed by Jasak and Beaudoin
(2011) can be found in the literature, this capability has largely lagged until now. The reason for this is twofold.
First, the segregated nature of the system matrix solution. Indeed, for a system of coupled PDEs, the solution of one
equation at a time often leads to convergence issues, especially when a strong coupling between the physical quantities
is expected (e.g. high speed flows). Second, the use of a pressure-based formulation. This method was originally
devised by Patankar (1980) for incompressible flows in its SIMPLE form, and was then extended to an entire class of
algorithms and also to compressible flows by Issa (1986). Indeed, historically, numerical gas dynamics has followed a
different path, with the usage of density-based solvers. Very good reviews can be found in the works of Laney (2008)
and Hirsch (2007). The main feature of density-based solvers is their wave detection capability. The key ingredients
to achieve this behaviour are the development of upwind schemes able to isolate propagating waves directions, and
the usage of high-resolution schemes to prevent the appearance of spurious oscillations in the vicinity of shock-waves.
These methods therefore still represent the state-of-art for the calculation of compressible turbomachinery flows and
are implemented in many commercial, opensource and in-house CFD codes.

To present, only one density-based solver is available in the official version of OF: rhoCentralFoam. Unfortunately
this is an explicit solver and therefore suffers from stability issues and strict limitations on the Courant number. Con-
versely, implicit solvers are unrivaled in terms of stability and performances in complex compressible flows, especially
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for steady-state solutions. Therefore, the main aim of the current work is to push forward the current state of the art
concerning the simulation of compressible, high speed flows in OF.

To validate and present the code capabilities, a typical turbomachinery configuration is analyzed. A transient
calculation is employed to study 1.5 axial turbine stage with a stator-rotor cavity. This allows to capture the unsteady
interaction between different blade rows and also to highlight the formation of coherent structures in the rim seal
region. As pointed out by Schädler et al. (2016), the presence of these structures can potentially influence hot gas
ingestion inside the cavity space. The authors also suggest a stabilising effect induced by higher purge flow rates. The
most relevant parameters for the classification of these structures are their number and rotational speed. See Horwood
et al. (2018) for a comprehensive summary on literature data. Although inviscid and viscous mechanisms have been
proposed for the physical origin of this structures, the exact physical phenomenon behind their formation and their
relation to hot gas ingestion are still not fully understood. Extensive reviews concerning the ingestion phenomenon
can be found in Scobie et al. (2016) and Chew et al. (2019). Moreover, the interaction of the purge flow with the main
annulus can lead to augmented losses through the blade passages. Therefore, the simulation of this configuration is of
potential interest for the engineering community and can help shedding new light on the ingestion phenomenon. At
the same time, it represents a suitable test case to assess the new solver performances and capabilities. In this way,
the current work aims to represent a step forward for those who want an opensource robust and accurate tool for the
simulation of high-speed/turbomachinery flows combined with the high flexibility of OF. The code is available in the
authors repository: https://github.com/stefanoOliani/ICSFoam, and can be freely shared, edited and distributed by
the users.

METHODOLOGY
Governing equations

In the present work, we solve the unsteady three-dimensional compressible Reynolds-averaged Navier-Stokes
(RANS) equations in conservation form: ∫

V

∂QQQ
∂ t

dV +
∫

∂V
(FFFccc −−−FFFvvv)dS = 0 (1)

where V and ∂V denote the control volume and the related closed surface, respectively. The vector of conservative
variables QQQ, the convective flux vector FFFccc and the diffusive flux vector FFFvvv are given by

QQQ =

 ρ
ρuuu
ρE

,FFFccc =

 ρuuu ·nnn
(ρuuu⊗uuu) ·nnn+ pnnn

ρuuuH ·nnn

,FFFvvv =

 0
τττ ·nnn

(τττ ·uuu+qqq) ·nnn

 (2)

where nnn is the surface outward-pointing normal vector, ρ is the density, uuu is the velocity, E is the total internal
energy, H is the total enthalpy, p is the static pressure, τττ is the viscous stress tensor and qqq is the heat flux vector.
The resultant equations represent the conservation of mass, momentum and internal energy for an arbitrary control
volume V . By using the structure described in the previous section, the continuity, momentum and energy equations
are solved together in a coupled manner. Conversely, to obtain the turbulent viscosity, the turbulence equations are
solved in a segregated manner in order to exploit the built-in OF structure. In this way, the turbulent quantities can
be obtained without modifying the related part of the code, and the user can freely choose the desired turbulence
model among the many present in OF. Therefore, support for RANS and LES simulations is automatically included
in the new solver. Finally, the ideal gas law is used to close the system of equations. In the present work, the working
fluid is calorically perfect air with γ = 1.4 and µ = 1.8×10−5 Pas.

Numerical discretization
We use a cell-centred finite volume method to carry out the spatial discretization of Eqs. (1), obtaining a set of

semi-discretized equations:

V DDDtttQ = RRR(((QQQ))) (3)

where DDDttt is the physical-time derivative operator and RRR(((QQQ))) is the numerical flux residual term. The dual time-
stepping (DTS) technique of Jameson et al. (1981) is typically used to perform the time integration , by adding a
pseudo-time term τ in the equations:

V
∂QQQ
∂τ

+V DDDtttQ = RRR(((QQQ))) (4)

When an implicit method is employed to march the equations in pseudo-time to the iteration n+1, the residual
is linearized about iteration n as
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RRR(((QQQn+1))) = RRR(((QQQnnn)))+
∂RRR(((QQQ)))

∂QQQ

∣∣∣∣
QQQ===QQQnnn

∆QQQnnn +O(∆QQQ2) (5)

∆QQQnnn = QQQn+1 −QQQnnn (6)

Since at each physical step, the system of equations is solved as a steady state problem in pseudo-time, a first-order
backward scheme is used for the pseudo-time term. For time-accurate simulations, a second-order backward scheme
is employed in the present work. All this being considered, at each iteration one needs to solve the linear system of
equations for the solution increment ∆QQQnnn:[

V
( 1

∆τ
− 3

2∆t

)
I− ∂RRR(((QQQnnn)))

∂QQQnnn

]
∆QQQnnn = RRR(((QQQnnn)))+

(
V

3QQQnnn −4QQQkkk +QQQk−1

2∆t

)
(7)

where k is the current physical time level and ∆τ and ∆t represent the pseudo and physical time-steps, respectively.
If the numerical flux Jacobian is derived from an exact linearization of the numerical flux RRR(((QQQ))), Eq. (7) represents
a standard Newton iteration for the nonlinear system (4). Nevertheless, only approximate Jacobians are usually
employed since an exact linearization of second-order inviscid fluxes requires large storage and can be excessively
expensive to compute, as reported by Luo et al. (1998). Here, for a generic face between cell i and cell j we choose
the approximate Jacobian as follows:

∂RRR(((QQQiii)))

∂QQQiii
=

1
2

S f (JJJ(((QQQiii)))+ |λi j|I) (8)

∂RRR(((QQQiii)))

∂QQQ jjj
=

1
2

S f (JJJ(((QQQ jjj)))−|λi j|I) (9)

where S f is the face area, JJJ is the convective flux Jacobian and λi j is the sum of the spectral radii of the Roe and
viscous flux matrices as described in Blazek (2015):

|λi j|= |uuui j ·nnni j|+ ci j +
1

∥xxxiii − xxx jjj∥
max

(
4

3ρi j
,

γ
ρi j

)(
µ
Pr

+
µt

Prt

)
(10)

where ci j is the sound velocity and the subscript ij denotes quantities interpolated at the face between cell i and cell
j. This approximate Jacobian form has also the important advantage that the application of LUSGS preconditioner
requires only scalar diagonal inversion (Yoon and Jameson (1988)). This significantly speeds up the computation with
respect to the inversion of matrix blocks used in other smoothers or preconditioners.

A linear interpolation based on the MUSCL reconstruction-evolution approach of van Leer (1979) is used to achieve
a second-order accuracy in space. To avoid spurious oscillations in the vicinity of shocks, the slope of the interpolation
is limited to obtain TVD schemes. Several limiters are already available in OF and can be used for this purpose. After
the reconstruction, left and right states are available at each internal face of the mesh and are used to compute the
numerical flux. Due to variable limiting, these states need not match each other, and approximate Riemann solvers
are usually employed to calculate the upwind fluxes basing on waves directions and strength. The reader is referred
to Toro (2009) for a comprehensive analysis of Riemann solvers and their application. Three approximate Riemann
solver have been implemented: Roe, HLLC and AUSM+Up. The integration of the fluxes (cfr. second term of Eq.1)
over all faces of a cell i gives the numerical flux residual term RRR(((QQQiii))). Moving to the implicit part, the upper, lower
and diagonal contribution of convective fluxes are given by Luo et al. (1998):

U =
1
2

S f (JJJ(((QQQ jjj)))−|λi j|I) (11)

L =
1
2

S f (−JJJ(((QQQiii)))−|λi j|I) (12)

D = ∑
j

1
2

S f (JJJ(((QQQ jjj)))+ |λi j|I) (13)

Due to the approximations (8) and (9), the influence of the viscous fluxes is only on the spectral radius λi j and
on the residual flux term RRR(((QQQ))). A standard second-order central discretization is therefore employed to approximate
viscous fluxes. For moving meshes or simulations employing multiple reference frames (MRF), convective fluxes need
to be made relative to the mesh/frame motion. Moreover, for a relative rotating frame, the rotational source term
Ω× uuu can be treated implicitly, in opposition to segregated OF solvers.Finally, the GMRES linear solver (Saad and
Schultz (1986)), together with the LU-SGS preconditioner of Yoon and Jameson (1988) is used to find the solution of
the system of equations.
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RESULTS AND DISCUSSION
Computational model

The geometry analyzed is the 1.5 axial turbine stage rig of the University of Bath designed by Siemens. The
experimental facility was designed to study ingress into the wheel-space cavities of an axial turbine and is discussed
in details by Scobie et al. (2016). The rig operates at fluid-dynamically scaled conditions at relatively low Reynolds
numbers, and is composed of 32 upstream vanes, 48 rotor blades and 32 downstream vanes. A double radial overlap
seal is placed in the wheel-space upstream of the rotor and included also in the computational domain. Thanks to
the vane/blade count ratio, a reduced 22.5° sector with two vanes and three blades could be employed by exploiting
periodic conditions at the pitchwise boundaries. Although the usage of reduced sectors can potentially have an impact
on the unsteady structures development inside the wheel-space cavity, a preliminary analysis revealed that the 22.5°
sector is adequate to capture the relevant flow features. In addition, the computational domain was further simplified
by not including the entire wheel-space of the cavity and placing the purge flow inlet at the radius of the first radial
seal. A previous analysis with full wheel-space modeling by De Cosmo et al. (2022) showed that at this location the
flow typically has also a tangential components. Therefore a swirl angle of 57° was prescribed for the purge inlet. This
stub domain is the best compromise between computational cost and accuracy.

The boundary conditions used for the simulations are reported in Table 1 and correspond to the experimental
test operating conditions.

Table 1 Operating conditions

Parameter Value
Rotational Reynolds number, Reϕ 7.2×105

Flow coefficient, CF 0.41
Nondimensional sealing parameter, Φ0 0.018;0.104
Inlet total temperature 300 K
Purge flow total temperature 300 K
Outlet static pressure 99300 Pa
Disc rotational speed 3000 rpm
Purge inlet swirl angle 57°

The rotational Reynolds number, the flow coefficient and the nondimensional sealing parameter are respectively
defined as

Reϕ
ρΩdb2

µ
; CF =

W
Ωdb

; Φ0 =
U

Ωdb
(14)

where Ωd is the angular speed of the disc, b is the outer seal radius, W is the inlet axial velocity in the annulus
and U is the mean velocity at the purge inlet. To match the operating conditions, appropriate mass flow rates were
imposed at the annulus and purge flow inlets, while at the outlet a static pressure boundary condition was set. As
shown in Table 1, two different purge flow rates were investigated.

A structured multi-block grid composed of 6.3 million elements was generated using ANSYS ICEM CFD. The tip
clearance region of the rotor was fully meshed using six grid points in the radial direction. Nonmatching grid interfaces
were employed between stationary and rotating domains. The dynamic mesh support was employed to impose a
rotating motion to the rotor domain. A new type of coupled interface was implemented to transfer the required
information in non overlapping areas of the domain appearing during the relative motion of different zones. To this
purpose, information at both sides of domain interfaces was replicated an integer number of times to cover the full 360
sector and then exchanged. Second-order accuracy in space was achieved by limited linear variables reconstruction
from cell centers to faces employing the Van Leer limiter. The parameters for the dual time stepping algorithm were
chosen as follows. The physical timestep was selected to resolve 100 instants per blade passing period employing a
second-order accurate backward scheme. For the pseudo-time convergence, 20 subiterations with a Courant number of
50 were selected to guarantee a drop in the residuals of at least three orders of magnitude during the inner loops. The
two-equations k−ω SST model of Menter et al. (2003) was used for the turbulence closure of URANS equations. The
average y+ values on the airfoils and endwalls are about 14 and 36 respectively, allowing the usage of wall-functions
on every no-slip wall.

For both purge flow rates, the unsteady calculations were initialized using a steady simulation with frozen-rotor
interfaces and ran for at least 10 complete rotor revolutions. This was necessary to achieve a periodic behaviour of
flow quantities in the cavity due to large difference in convective time scales between the main flow and the cavity
flow itself. Calculations were run on 1,024 cores and required approximately 100,000 core hours each to achieve the
convergence.

4



(a) 1.5 axial turbine stage domain. Walls are coloured by the time-averaged
pressure field.

(b) Circumferential distribution of time-averaged
Cp for the low purge flow case: experimental and
numerical results

Figure 1

(a) Vane 1 exit (b) Blade exit (c) Vane 2 exit

Figure 2 Entropy evolution through the turbine rows for the low purge condition.

Numerical results
Fig. 1a shows the time-average pressure field on solid walls of the domain for the three rows considered in the

calculation. To validate the solution, Fig.1b shows the comparison between CFD and experimental data for the time-
averaged pressure coefficient on a probe located on the hub downstream of the first vane over two passages. The
silhouette on the right shows the location of the probe in the meridional passage. The transient analysis allows also to
identify accurately the secondary flows across the blade passages. These are inherently unsteady and their intensity
is often underpreditced by steady-state analysis. Fig.2 shows the instantaneous entropy contours in three axial planes
located downstream of each row for the low purge flow condition. Dotted white lines indicate the extension of one
vane passage. Although the low aspect ratio of the turbine geometry does not give rise to a high degree of secondary
flows, some typical vortex structures are found to develop inside the passage. Hub passage vortices (HPV) can be
clearly identified at the exit of the two vane rows in Figs.2a and 2c. Downstream of the rotor, tip leakage vortices
(TLV) are present and interact with the shroud passage vortices (SPV). As can be noticed from the strong difference
from one passage to the next in Fig.2b, these structures are highly unsteady. Moreover, the vorticity generated is
maintained through the successive vane row. The tip leakage vortex is the structure showing the highest vorticity
and is stretched and pushed against the shroud during the deviation undergone by the flow through the successive
row (Fig.2c). These observations are consistent with the experimental findings of Behr et al. (2006) for a similar 1.5
axial turbine stage. Finally, at low spans the downstream vane operates at off-design conditions since boundary layer
separation (SB) occurs on the suction side of the vane. This is evident from the big separation bubble in Fig.3a which
shows entropy contours at 25% span for the low purge condition. The high entropy zone around mid-chord of the
blade passage represents the interaction area between the sealing flow and the incoming flow from the main passage.
For the high purge flow condition (Fig.3b) this interaction is clearly enhanced due to the increased mass flow exiting
from the cavity. It is also noticed that the interaction area continuously shifts upstream and downstream inside the
blade passage according to the relative position of the upstream vane trailing edge. This effect is more evident for the
high purge flow case. Clearly, the interaction between the annulus and the rim gap flows influences the amount of gas
swallowed into the cavity. In high-temperature gas turbine applications, hot gas ingestion can jeopardize the rotating
discs integrity.
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(a) Φ0 = 0.018 (b) Φ0 = 0.1

Figure 3 Instantaneous entropy contours at 25% span for the low and high purge flow cases.

It is therefore interesting to analyse more in detail the fluid dynamics occurring inside the cavity and the rim gap
regions. First of all, we compare the results obtained with the present solver with the numerical data from Horwood
et al. (2018). The authors employed the well-know and validated TRACE solver developed at DLR Becker et al.
(2010). Fig.4a shows the radial traverses of time-averaged effectiveness for Φ0 = 0.104 upstream and downstream of
the blade row, as sketched in the silhouette. In practice, the effectiveness can be obtained by solving a passive scalar
transport equation where a unitary concentration is uniformly injected at the purge flow inlet and transported inside
the domain. Available experimental data is also reported for comparison. It can be seen that the two numerical
solutions are in good agreement with each other, especially upstream of the blade. Comparing also the results to
experimental data, there is a large overprediction at lower spans, while for r/b > 1.04 the trend is well reproduced. For
the downstream radial traverse, CFD from Horwood et al. appears to better predict the effectiveness peak location
related to the migration of purge flow towards higher spans. On the other hand, the present solver better captures
the peak entity and the profile decay at lower spans. Fig.4b reports the radial variation of the swirl profile along
the cavity wheel space for the low and high purge flow conditions obtained numerically. Available experimental data
at three radial locations is also reported. Swirl is defined as Uθ/Ωdr, where Uθ is the tangential component of the
absolute velocity. As can be expected, increasing the purge flow rate reduces the corresponding swirl level. Excellent
agreement is found between the two CFD solvers for both purge flow conditions. Furthermore, for Φ0 = 0.104, the
experimental data are accurately reproduced throughout the cavity. Conversely, for Φ0 = 0.018, at lower radii the
numerical and experimental results closely match to each other, while near the rim gap bottom the swirl intensity
tends to be underpredicted.

To highlight the flow structures developing in these areas, it is useful to study the effectiveness of the rim sealing
for the two purge flow conditions. Fig.5 shows meridional and axial sections of the effectiveness for Φ0 = 0.018 and
Φ0 = 0.104. The white and black arrows represent the flow swirl direction in the cavity and the annulus, respectively.
It can be noticed that for the high purge condition, the cavity is fully sealed, while for Φ0 = 0.018, main flow ingestion
occurs (effectiveness < 1). This is in agreement with the experimental data reported by Scobie et al. (2016). The
position of the leading edges of the three blades is denoted by the three grey rectangles. It is worth noticing that
effectiveness contours enables to distinguish three coherent structures which form within the rim gap area at both
flow rates. According to Horwood et al. (2018), these structures are relatively stable and rotate at the disc speed but,
at the low sealing flow rate, they coalesce into a larger structure. This larger unstable structure appears to rotate
slower than the disc speed and drives ingress deeper into the wheel-space. On the other hand, at the higher purge flow
rate, these structures are suppressed, while smaller ones result more stretched and pushed outside the cavity (Fig.5b).
To calculate the rotational speed of these structures, we follow a simplified approach recently devised by De Cosmo
et al. (2022) based on the simultaneous sampling of two probes. These are placed close to each other, but one in the
synchronous frame and one in the stationary frame. Basing on the Doppler shift of the signal sampled by the two
probes, one can obtain the number and the rotational speed of the structures. Fig.6 shows the one-sided FFT of the
signals of the stationary and rotating probes for the two sealing flow rates. The frequencies are normalized by the disc
frequency fd . Probes positions in a meridional plane are depicted in the silhouette enclosed in Fig.6a. The spectrum
of the low purge flow rate reveals, as expected, marked peaks at the blade passing frequency (BPF) in the stationary
frame, and at the vane passing frequency (VPF) in the rotating frame. This tonal content is represented respectively
by the peaks at 48 fd and 32,64 fd in Fig.6a. The pair [13,3], instead, corresponds to 16 large scale structures rotating
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(a) Radial traverses of time-averaged effectiveness upstream
and downstream of the blade row (Φ0 = 0.104).

(b) Swirl profiles along the cavity wheel space for low and high
purge flow conditions.

Figure 4 Comparison between experimental data, CFD results from Horwood et al. (2018) and results from the present
solver.

(a) Φ0 = 0.018

(b) Φ0 = 0.104

Figure 5 Meridional and axial views of instantaneous effectiveness across the cavity and the annulus.

at 0.81Ωdisc. This corroborates the remarks relative to Fig.5a. Finally, the peak at 35 fd represents a non linear
interaction between the tonal content and the rotating structures. Conversely, as can be seen in Fig.6b, for high
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(a) Φ0 = 0.018 (b) Φ0 = 0.1

Figure 6 Single-sided spectrum of the unsteady pressure signal.

purge flow rate only the tonal content is present with the first two harmonics of the BPF and the first harmonic of
the VPF. Apart from some broad frequency activity, especially at low frequencies, no other evident peaks appear
in the spectrum. Therefore, for this case no clear coherent structure pattern appears in the cavity region, further
confirming the observations relative to Fig.5b. All the aforementioned findings are in agreement with the numerical
data obtained by Horwood et al. (2018) for the same geometry and similar flow conditions, further testifying the
goodness of the obtained results and the capability of the new solver of capturing three-dimensional, unsteady flow
features in a complex turbomachinery environment.

CONCLUSIONS
A new library for compressible turbomachinery simulations has been developed in the opensource software Open-

FOAM and is freely accessible in the authors repository (https://github.com/stefanoOliani/ICSFoam). A novel struc-
ture for implicit coupled solutions has been used as the backbone for the implementation of a density-based solver
for the solution of complex turbomachinery flows. The simulation of these type of flows has been very limited so
far in OF since pressure-based solver typically diverge. To validate and test the code performances an unsteady
simulation of 1.5 axial turbine stage was performed. It is shown that the new solver combines robustness and accu-
racy compared to experimental data and previous CFD calculations. Three dimensional flow features were correctly
identified, including endwall secondary flows, tip leakage vortices and interaction between the rim seal flow and the
main flow. Furthermore, unsteady structures formation and interaction in the cavity space for two different purge
flow rates was investigated. A frequency analysis revealed a slipping behaviour with respect to rotor blades and found
good agreement with other literature data. This highlights the capabilities of the new solver of capturing complex
three-dimensional flow features evolving in time. For this reason, the present work aims to represent a step forward
in the growing application of open-source codes to industrial problems. Given also the wide diffusion of the C++
library OpenFOAM, the research community could benefit from this work as a starting point to enrich the current
capabilities of compressible turbomachinery simulations.

ACKNOWLEDGMENTS
The work has been performed under the Project HPC-EUROPA3 (INFRAIA-2016-1-730897), with the support

of the EC Research Innovation Action under the H2020 Programme; in particular, the author gratefully acknowledges
the support of Mauro Carnevale of University of Bath and the computer resources and technical support provided by
EPCC.

References
Becker, K., Heitkamp, K. and Kuegeler, E. (2010), Recent progress in a hybrid-grid cfd solver for turbomachinery

flows, Fifth European Conference on Computational Fluid Dynamics ECOMMAS CFD.

Behr, T., Kalfas, A. I. and Abhari, R. S. (2006), ‘Unsteady Flow Physics and Performance of a One-and-1∕2-Stage
Unshrouded High Work Turbine’, Journal of Turbomachinery 129(2), 348–359.

8



Blazek, J. (2015), Computational Fluid Dynamics: Principles and Applications, third edn, Butterworth-Heinemann.

Chew, J. W., Gao, F. and Palermo, D. M. (2019), ‘Flow mechanisms in axial turbine rim sealing’, Proceedings of the
Institution of Mechanical Engineers, Part C: Journal of Mechanical Engineering Science 233(23-24), 7637–7657.

De Cosmo, G., Scobie, J. A., Lock, G. D., Sangan, C. M. and Carnevale, M. (2022), Fluid dynamics of turbine rim
seal structures: a physical interpretation using URANS, Vol. Volume 2C: Turbomachinery of Turbo Expo: Power
for Land, Sea, and Air.

Hirsch, C. (2007), Numerical Computation of Internal and External Flows, second edn, Butterworth-Heinemann.

Horwood, J. T. M., Hualca, F. P., Scobie, J. A., Wilson, M., Sangan, C. M. and Lock, G. D. (2018), ‘Experimental and
Computational Investigation of Flow Instabilities in Turbine Rim Seals’, Journal of Engineering for Gas Turbines
and Power 141(1).

Issa, R. (1986), ‘Solution of the implicitly discretised fluid flow equations by operator-splitting’, Journal of Computa-
tional Physics 62(1), 40–65.

Jameson, A., Schmidt, W. and Turkel, E. (1981), Numerical solution of the Euler equations by finite volume methods
using Runge Kutta time stepping schemes.

Jasak, H. and Beaudoin, M. (2011), Openfoam turbo tools: from general purpose cfd to turbomachinery simulations,
in ‘Proceedings of the ASME-JSME-KSME 2011 Joint Fluids Engineering Conference, AJK2011-05015’.

Laney, C. B. (2008), Computational Gasdynamics, Cambridge University Press.

Luo, H., Baum, J. D. and Löhner, R. (1998), ‘A fast, matrix-free implicit method for compressible flows on unstructured
grids’, Journal of Computational Physics 146(2), 664–690.

Menter, F. R., Kuntz, M. and Langtry, R. (2003), ‘Ten years of industrial experience with the sst turbulence model’,
Turbulence, heat and mass transfer 4(1), 625–632.

Patankar, S. (1980), Numerical Heat Transfer and Fluid Flow, first edn, Taylor and Francis Group.

Saad, Y. and Schultz, M. H. (1986), ‘Gmres: a generalized minimal residual algorithm for solving nonsymmetric linear
systems’, Siam Journal on Scientific and Statistical Computing 7, 856–869.

Schädler, R., Kalfas, A. I., Abhari, R. S., Schmid, G. and Voelker, S. (2016), ‘Modulation and Radial Migration of
Turbine Hub Cavity Modes by the Rim Seal Purge Flow’, Journal of Turbomachinery 139(1).

Scobie, J. A., Sangan, C. M., Michael Owen, J. and Lock, G. D. (2016), ‘Review of Ingress in Gas Turbines’, Journal
of Engineering for Gas Turbines and Power 138(12).

Toro, F. E. (2009), Riemann Solvers And Numerical Methods for Fluid Dynamics: A Practical Introduction, Springer
Nature.

van Leer, B. (1979), ‘Towards the ultimate conservative difference scheme. v. a second-order sequel to godunov’s
method’, Journal of Computational Physics 32(1), 101–136.

Weller, H. G., Tabor, G., Jasak, H. and Fureby, C. (1998), ‘A tensorial approach to computational continuum mechanics
using object-oriented techniques’, Computers in Physics 12(6), 620–631.

Yoon, S. and Jameson, A. (1988), ‘Lower-upper symmetric-gauss-seidel method for the euler and navier-stokes equa-
tions’, AIAA Journal 26(9), 1025–1026.

9


