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Abstract: Some recent advances in computational gas dynamics of exhaust diffusers are presented. The
compressor/turbine axial-radial exhaust diffusers and outlet devices of compressor/turbine units, exhaust
hoods for power steam turbines are considered. The peculiarities of gas dynamics of the above mentioned
devices are discussed. The formulations of problems for CFD analysis of these devices are discussed
including the coupling procedure for joint operation of the last stage and exhaust hood. The numerical
method and the implementation of a differential turbulence model are described. The new approach to the
description of computational domain and parallel numerical solution of transport equations based on the
unstructured set of structured grid blocks is also presented.
Keywords: gas dynamics, diffusers, exhaust devices, CFD

1. Introduction
The analysis of possible ways of design improvements in axial turbomachines shows
that the reserves of stage efficiency increase from reblading are moderate. The outlet
and exhaust diffusers have essential reserves of efficiency rise because of significant
pressure losses provoked by flow separation of high intensity. The operational reliability
of turbomachines depends on aerodynamic characteristics of outlet devices. Circular
nonuniformity of parameters influences the vibration characteristics of the last stage blading,
condenser or combustion operation. The diffusers are difficult to improve aerodynamically,
and the questions concerning flow simulation in them are the subject of our consideration.

2. Mathematical flow modelling through channels of complex shape
2.1. Basic equations governing fluid flow
The calculation of viscous compressible diffuser flow through the 3D channels
of complex shape requires the numerical integration of the full form of compressible
time dependent Navier-Stokes equations averaged after Reynolds-Favre [1]. Following the
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technique of Reynolds-Favre averaging for Navier-Stokes equations (RANS) in integral form
relative mean values of gas-dynamic variables can be written as:
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State equation of perfect gas reads as:
p = R² T .
Total shear stresses are divided into laminar and turbulent part:
−i j = −i j lam + −i j tur ,
−i j lam = 2¼lam (Si j − SÞÞ Ži j /3)

@u i @u j
, where Si j = 0.5
+
.
@ x j @ xi
The Reynolds turbulence stresses obtained after the averaging procedure are subject
to turbulence modelling techniques.
If the Boussinesq hypothesis used for modelling the turbulence stresses could be
represented in terms of the eddy viscosity in analogy with Stoke’s law for the molecular
stresses, then:
−i j tur = −²u 0i u 0j = 2¼tur (Si j − SÞÞ Ži j /3) − 2²kŽi j /3,


where k = 0.5 u 0i u 0j is the kinetic turbulence energy.
Heat flux rates read as:
q j = q j lam + q j tur = −(lam + tur )

@T
.
@xj

The turbulent heat transfer rates are modeled in correspondence with Fourier’s laminar flow
law in terms of the eddy thermal conductivity.

2.2. Navier-Stokes numerical algorithm
The majority of results described in this study were obtained using the code [2], which
solves a time dependent form of three-dimensional RANS equations written in a generalized
coordinate system, using a time marching numerical formulation.
The RANS equations are solved numerically using the Godunov-type upwind differencing [3], which does not need additional artificial diffusion to obtain the convergence of
the algorithm. The cell-centered finite volume difference scheme applies ENO (essentially
non-oscillating) reconstruction [4] for convective derivatives, which ensures second order
spatial accuracy everywhere and third-order accuracy locally. The approximation of viscous
derivatives is provided with the use of second order central differences. The computational
efficiency is increased due to the implementation of a delta-form implicit operator of BeamWarming [5] used as a corrector stage. A more detailed description of the difference scheme
can be found in [3, 4, 6].
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2.3. Turbulence modelling
Being in frame of the Boussinesq hypothesis, the well-known differential turbulence
models [7] are convenient for implementation, because they can be expressed in the form
of the transport equation. The implementation of the one-equation Spalart-Allmaras (S-A)
turbulence model [8] is discussed bellow.
The S-A differential turbulence model is the low Reynolds model represented by one
differential equation. It shows excelent results in comparison with other models [7], and is
more efficient in implementation.
According to [8] the governing equation for the kinematic eddy viscosity variable ¹Q
can be written as:
D(² ¹Q ) @² ¹Q
=
+ r · (² ¹Q uE) = P + V − D + T ,
(2)
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where P = Cb1 .1 − f t2 /² SQ ¹Q , D = Cw1 f w − Ckb1
are the turbulence production and
2 f t2 ·² d
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destruction terms, respectively; V = ¦1 r · .²(¹lam + ¹Q )rQ¹ / + Cb2 ²(rQ¹ )2 is the diffusive term;
T = f t1 ²1U 2 is the flow turbulence transition term.
The eddy viscosity ¼tur is given by the transformation: ¼tur = ² ¹Q f¹1 , where f¹1 =
Ž
3
 3 ( 3 + C¹1
) is a smoothing function for the kinematic viscosity ratio   ¹Q /¹lam .
The auxiliary relations written below to complete the model include: SQ =  +
¹Q f ¹2 /(kd)2 , where d is the distance to the nearest wall, f ¹2 = 1 − /(1 +  f ¹1 ),  = jr × vEj
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The transition term describes the transition process from the laminar regime to the
turbulent one, if the external flow initially is not turbulent. The model generates the turbulent
viscosity in the flow region under a very small input value given in the initial inlet boundary
condition (0.1¹lam ), so the transition term usually is omitted [7]. The original constants for
this model are given in [8].

2.4. Turbulence model implementation
The original S-A transport equation describes the convective transfer of pseudoviscosity. It is basically of similar form as Equation (1) and so can be solved by the same
difference scheme and the technique mentioned. The Rieman problem for this transport
equation can be resolved to determine the turbulent viscosity flux through the cell walls.
In order to match the finite volume approach proposed, it is better to rearrange the
original S-A transport equation, in view of its application to the implicit part of the scheme:
Ł
²ð
D(² ¹Q )
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After application of generalized coordinate transformation the explicit part of this equation
is realised as the governing equations, i.e. the transport equation is decomposed into the
convective and diffusive fluxes through the hexahedral cell surfaces; the sources such as
destruction and transition terms are represented as cell centered averaged values. Explicit
approximation of the S-A transport equation reveals a small interval of stability, so the
implicit-in-time performance for the convective and diffusive terms is recommended [7, 8].
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Some solvers [7, 9] apply the first order approximation of ² ¹Q cell reconstruction to ensure
the stability of the scheme for this equation.
The main difference in comparison with Equation (1) consists in the presence of
a group of source terms with different nature and mathematical structure. Namely, the
diffusive first order term V can be implemented in the left hand side of equation and
calculated by splitting along three independent directions with the use of partial gas-dynamic
derivatives. The production, destruction and transition terms are calculated locally as cell
averages and implemented implicitly. For the implicit part, a simple linearization of source
terms is performed.
The numerical performance of source terms of this equation is of major importance
for the stability of the scheme. In correspondence with the original paper [8] the sum of
source terms is linearized. The method used here corresponds in general to the 4th method
of that reference. Because of strongly nonlinear behavior of these terms it is desirable to
linearize them when their sum increases the diagonal dominance of the implicit matrix
coefficient. So, the following representation of simple linearization in time for the source
terms could be effective:


P−D n
(² ¹Q n+1 − ² ¹Q n ).
Žn+1 [ P − D] = −
² ¹Q
In the examples of this paper, flow is supposed to be fully turbulent, which could be ensured
by inlet boundary conditions, so a trip function represented in the model equation by term
T is not used in the model.

2.5. Stability analysis and convergence acceleration technique
Explicit part of the numerical scheme is limited following the CFL-condition for the
convective operator of Godunov’s type [9]. The application of the implicit Beam-Warming
operator admits for majority of flows to increase the Courant number by 10–12 times.
The time step is a function of the cell minimum dimension, so for steady state
calculations the local time stepping is used.
The differential turbulence models based on one or two equations make some
restriction on the value of the stability criterion. It depends on the type of turbulence model
and general stability of difference scheme. S-A model with TVD schemes requires additional
subiterations in time within the time step of the basic scheme. Godunov’s type scheme [4]
in the case of low values of initial turbulence and for the starting period of calculations
requires usually one or two subiterations. An alternative solution is the individual time
lag technique for the turbulence pseudo-viscosity equation [10], which permits us to avoid
subiteration and ensures the accuracy of steady state modelling.

2.6. Unstructured multiblock topology of computational region
The uniform numerical technique for multiblock CFD-solver proposed in [11] (see
also [12]) to integrate the RANS and turbulence model equations on the structured
description of the computational region is modified in this paper.
In correspondence with the original version [11], the 3D algorithm is split, both for the
explicit and implicit parts, into three independent directions in correspondence with three
families of faces of hexahedral cells, and calculations are executed uniformly for all the cells
and sequentially for all the directions. The algorithm has certain analogy with the process
of textile weaving with threads in the region with complex configuration of boundaries.
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Figure 1. Tightly fitting meshing samples

According to [12] the preprocessor generates the association of threads of every family,
named by chain, taking into account the structure of every domain of the whole region.
The chain of each of the three families is processed by solver sequentially along the three
independent directions in such a way that every cell is run three times and the difference
approximation of every equation in each cell for a time-step is fulfilled.
This approach can directly be applied to structured meshes of H-, C-, O-types. In
the case of a region of complex shape, a combination of the above mentioned meshes may
occur, which leads to a deviation of meshes exponentially condensed at the walls. Certain
difficulty of the approach consists in the necessity to apply the interpolation procedure on
the internal boundaries of meshes between the domains or groups of domains of different
texture or meshing topology.
In the present paper the development of this approach is proposed, which introduces
tightly fitting meshes independently of the domain structure (Figure 1). This modification
permits us to apply the exponentially condensing meshes tightly fitting all rigid boundaries
by analogy to physical boundary layers and allows us to use 3D structured meshes of H-,
C-, O-types in the domains.
The advantages of the modification proposed are:
• relatively uniform meshing in the flow kernel independent of the complexity of the
region;
• ensuring the acceptable meshing parameters in the boundary layer;
• no necessity of interpolation between the chains.
This technique also provides the economy of computational resources and the adequate
description of flow physics both in the kernel and in the boundary layer due to the possibility
of using 3D structured meshes of H-, C-, O-types in different domains of the computational
region.
The decomposition of the computational region into threads is accomplished in the
code [10] on the preprocessor level, the reconstruction of the region and computational
results are executed by the postprocessor.
An important feature of the technique proposed is its versatility and generality of mesh
systems upon which the analysis may be performed. The code permits the use of a multipleblock mesh discretization, which provides high flexibility for analysing complex geometry.
The thread-tightly fitting meshing technique enables the joining of complex, multiple-region
domains without overlapping grid interface boundaries.
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2.7. Parallelization
The organization of the solver proposed permits us to use effectively the decomposition
of the computations on the parallel processes for the computational platform with several
CPU. On the contrary, the structure of the code is not determined by the requirements
of parallelization, namely, the block topology and thread organization determine the code
structure.
To perform the parallelization, an individual subprocess can be created which operates
simultaneously with one thread only or the proportional count of threads. These two
strategies are able to use effectively the arbitrary number of processors and can be performed
at any platform.

2.8. Conditions at the boundaries of computational region
For the inlet part of the boundaries, the total energy, direction of velocity vector
and entropy function distributions are formulated. For the outlet part, the static pressure
distribution is formulated. For the turbulence model equation, the inlet boundaries require
the pseudoviscosity value as an initial value of turbulence, which could make a part of the
laminar viscosity. At the vicinity of the outlet boundaries, the pseudoviscosity is a constant.
At the rigid boundaries the usual non-slip condition is used [6].

2.9. Numerical tests
In order to demonstrate the efficiency of the numerical algorithm and turbulence
model, examples of viscous flow simulation are presented below. The figures illustrate the
running results of test cases that were performed to ensure the model accuracy. The typical
CPU time for one Intel Pentium III 650MHz processor is (3.3–3.9)·10−5 sec/cell/cycle. For
a dual CPU system the time is diminished by 1.8–1.9.
The first test case presented (Figures 2–5) is the subsonic flow through the strongly
curvilinear U-duct with experimental data [13]. The nominal Mach number is Ma = 0.1,
the Reynolds number is Re = 26.0 · 106. The cross-flow finest grid is 150 points that yields
the minimum spacing at the wall about 1.0 · 10−5 cm and the y + value of less than 0.2.
The location and extent of separation are: 168° versus 150° (data [13]); separation length
l/ H =1.57 vs. 1.26–1.76 [3]; reattachment x/ H =1.47 vs. 1.0–1.5 ( [13]).
The second test case presented (Figure 6) is the transonic flow over the axially
symmetric bump compared with experimental data [14]. A subsonic flow with Ma = 0.875
and Re = 13.1 ·106 accelerates over a bump creating a shock wave with a recirculation zone
behind the shock. The cross-flow finest grid is 100 points that yields the minimum spacing
at the wall about 7.0 · 10−5 cm. The format of the presented results is replicated from the
cited references to better complement the existing knowledge base.

3. Flow simulation through axial-radial diffusers and exhaust hoods
The aerodynamic improvement of the turbine and compressor exhaust diffusers by
means of CFD is a problem successfully solved during the last decade [15–18, 9]. There are
some specific problems, which distinguish the flow simulation through axial-radial diffusers
and arbitrary curvilinear channels. The low-pressure recovery, considerable pressure losses,
developed flow separation bubbles with reverse flow from the outflow boundary to the inlet,
or aerodynamic flow instability are among them.
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Figure 2. Inner surface skin friction coefficient
(a)

(b)

Figure 3. (a) Outer surface pressure coefficient; (b) Inner surface pressure coefficient
(a)

(b)

Figure 4. (a) Streamwise velocity at 90° in the bend;
(b) Streamwise velocity at x/ H = 0.5 in the separated region

Figure 5. Velocity contours in curvilinear U-duct
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Figure 6. Static pressure and Mach numbers near axisymetric bump

3.1. Isolated compressor and turbine exhaust diffusers
According to experimental data [19] the axial-radial compressor diffusers of the same
external dimensions have a difference in full pressure losses by 1.5–2.0 times depending on
the profiling law, so the possibilities for their aerodynamic improvement exist.
Full pressure losses for the axial-radial diffusers consist of internal losses and outlet
velocity losses. When the diffuser operates jointly with the casing its outlet velocity losses
cannot be added to the loss balance of the whole exhaust system. Diminishing the outlet
velocity losses indirectly effects the aerodynamic characteristics of the exhaust device
due to diminishing of exhaust nonuniformity. When the pressure recovery occurs due to
diminishing of internal losses, the diminishing of full losses for the isolated diffuser and
exhaust device is approximately the same. In this case the study of the isolated diffuser for
aerodynamic improvement is especially desired.
Taking into account recent advances in CFD, flow simulation in compressor and turbine axial-radial diffusers requires full N-S analysis, accurate turbulence stresses modelling
and adequate realisation of inlet and outlet boundary conditions.
In some cases the inverse swirl flow can appear at the outlet or at another boundary
as a separation region, as it usually occurs for radial diffusers, exhaust pipes, exhaust hoods
and other aerodynamically imperfect devices. So, certain part of the outlet boundary is
physically the inlet one and requires the formulation of the inlet condition, i.e. certain
values of the total pressure and temperature.
The examples of flow simulation for compressor diffusers are presented below.
Reattached and detached flow separation are considered at the outer diffuser contour. The
test cases presented (Figures 7 and 8) are subsonic flows through a series of compressor
diffusers with experimental data [19] regarding the full losses. The nominal Mach numbers
are Ma = 0.4–0.6, the Reynolds numbers are within Re = 1.1 · 105–1.4 · 106. The cross-flow
finest grid is 80 points that yields the minimum spacing at the wall about 1.5·10−6 m and the
y + value of less than 2.5. The calculation region contains (consists of) a 4 cell sector in the
circular direction and the calculations were done under the angular periodicity condition.
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Figure 7. Flow in diffusers No. 8,9 for Mainlet = 0.4–0.47, Re = (1.1–1.6) ·106

The inlet flow was considered of low turbulence level with ¹Q = 0.1¹l . Calculated full losses
for diffusers with reattached flow separation better correspond to experimental data [19]
than for the cases with open flow separation into the outlet boundary. One reason consists
in incomplete information regarding the experimental conditions. The second one could be
because of inadequate boundary data formulation: namely, distributions of flow angle, total
pressure and temperature for the suction part of the outlet boundary.
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Figure 8. Full losses in diffusers No. 7–15

Exhaust diffusers of turbines for power generation provide for bleeding of steam to the
condenser. The coefficient of full losses for the exhaust system exceeds as a rule 1.0 [19–21].
This one can be explained by peculiarities of velocity flow field behind the last stage and
because of flow pattern under the casing. The typical velocity distribution in the diffuser
inlet [21–23] is determined by the design philosophy and functional specification of the last
stage. Even for partial regimes up to 60% of the operational regime, the velocity in inlet
peripheral layers of the diffuser increases to supersonic values because of the tip clearance
jet [20]. The supersonic region interacts with the stream kernel, leads to the developed flow
separation which diminishes the effective outlet area of the diffuser.
For certain regimes and diffuser geometry, the periodic shock wave occurs [22, 23]
along the outer diffuser shell which provokes the dynamic deformation, periodic change of
inlet/outlet flow rate and inverse dynamic effect on the last stage blading. Total pressure
losses of the last compartment essentially rise. The presence and geometrical characteristics
of the casing influence the decrement of oscillatory phenomena in the diffuser [18, 22–26].
The one-side steam exhaust into the condenser causes flow turning and its part curls
up into two vortex jets. These vortex jets induce a large intensity secondary flow, stimulating
the rise of losses in the exhaust chamber. For highly loaded turbine operational regimes and
high inlet velocities in the diffuser, the choking occurs whose occurrence is determined by
the level of losses in the exhaust hood [21].
The above mentioned factors emphasize that aerodynamic study of diffusers is more
valuable when coupled with the exhaust chamber than for the isolated model.
Numerical investigations of exhaust hoods are represented by works of the last decade
[1, 15, 17, 25–38]. The keynote work of EPRI [33] should be marked which proposed in
1995 the Program of Low Pressure Steam Turbine Thermal Performance Improvements
with wide application of CFD. In works [21, 29] the experience was summarized on
modernization of hoods of old design with the use of CFD analysis. Certain advances
were achieved in study of oscillatory phenomena in exhaust hoods [22, 24, 26]. During
the last five years the modern differential turbulence models [6–8] have been tested, power
workstations have been created making possible the implementation of CFD analysis into
exhaust hood specification.
The author’s experience in flow simulation of turbomachinery exhaust systems is
briefly presented below in examples of a gas turbine exhaust pipe [39], compressor outlet
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chamber for gas pump units [40], the turbine exhaust hoods of the modern model and olddesign 200MW turbine [32]. The samples of tightly fitting meshes for flow paths of the
above devices are shown in Figures 9 and 10.
The model of modern exhaust system of the Kharkov Turbine Plant (Figure 9)
represents a free exhaust hood. The model is formed by 180 domains, the fine level mesh is
near 579 000 cells. The exhaust system of a K-200-130 old-design 200MW turbine produced
in Poland licensed from Russia as a free hood is formed by 196 domains, the fine level
mesh is near 587 000 cells. The outlet chamber (Figure 10) contains 157 domains and is
described by a fine mesh of 590 000 cells. The exhaust pipe (Figure 10) is a curvilinear duct
with a central rotational body behind the last gas turbine stage, and contains 13 symmetric
blades. The geometry description needed the use of more than 555 domains, the fine level
mesh is near 835 000 cells. For all meshes the ratio h max /h min is not less than 2.0 · 103.
Some samples of flow visualization in these devices under model inlet/outlet conditions are
shown in Figures 11 and 12. A series of calculations made for NPP Mashproekt [39] show
the correspondence between the predicted and experimental data regarding the full pressure
losses (main discrepancies are equal to 10–30%) and outlet parameter distributions.
The exhaust system of the old-design K-200-130 turbine was also studied experimentally in the framework of a program of modernization [32], and using the inviscid code [34].
This hood contained a large quantity of different scale internal elements such as walls
with holes, blades, honeycomb etc. (Figures 13 and 14), so the viscous flow modelling met
difficulties in description of the flow region, and was not performed for that stage.
The solver [34] allowed us to simulate the unsteady 3D flow in the hood with all
main internal elements. The numerical analysis was used to determine the effectiveness
of design decisions: putting into construction the asymmetrical diffuser with elliptic cutoff, whose side surfaces are mounted with negative covering with respect to the last stage
blade; mounting a special honeycomb cascade in the pitch plane of the exhaust chamber;
the system of modernized stiffening ribs with new holes to reduce the choking of the steam
flow. The actual values of the parameters used in computations such as flow rate, inlet
boundary distributions of flow parameters are taken from measurements carried out on
a real turbine [32]; the rate of tip clearance flow amounting to about 10–15 per cent.
The flow modelling was done for subsequent selected new elements of the exhaust
hood design and after the complete cycle of modernization. Such an approach permits us to
evaluate the effect of every element, or step in design, on the change of spatial flow pattern.
Analysing the predicted and experimental data one can see [29, 32] that the main features
of the exhaust diffuser flow path and flow structure were qualitatively described:
• an aerodynamically non-perfect and short profile of the diffuser outer contour in the
upper part;
• flow choking due to a relatively small area of the diffuser exhaust and space under
the casing in this sector;
• the screening effect of the tip clearance jet in certain sectors;
• periodic choking of the lower part of the diffuser by a shock under regimes of inlet
velocity level more than 0.5Ma provoking oscillations of the flow rate.
The calculated frequencies were close to those obtained in the experiment [32]. The
dangerous level of vibration was removed due to installation of the honeycomb to obtain
a more rigid construction of the casing.

tq0405b7/505

26 I 2002

BOP s.c., http://www.bop.com.pl

506

V. G. Solodov

Figure 9. Tightly fitting mesh for exhaust hoods of different design turbines
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Figure 10. Tightly fitting mesh for exhaust pipe and outlet chamber of turbounits
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Figure 11. Velocity and pressure losses fields for models of K310 (top) and K200 (bottom)
turbines exhaust hoods
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entropy function

velocity

Figure 12. Pressure losses (left column) and velocity (right column)
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Figure 13. Scheme of old design modernized hood

4. Flow model through exhaust comparament
“Exhaust Hood-Last Stage”
The experiments [19, 20, 30, 41] show significant periodic nonuniformity of the static
pressure (till 20%) in the circular direction behind the last row because of the one-sided
exhaust, which leads to reduction of the stage efficiency and appearance of variable low
frequency aerodynamic forces on the blading. So the 3D nonstationary flow model of the
last turbine stage and exhaust hood interaction is important to study the nonstationary low
frequency phenomena occuring in the last stage during the revolution of the rotor.

4.1. Nonstationary 3D model of the last turbine stage-exhaust hood
compartment
One of the first simple interaction algorithms was proposed in [30, 31], where the
effect of nonuniformity at the inlet plane of the exhaust hood on the nonstationary force
characterics at the blading was considered. In [35–37] the full scale aerodynamic coupling
procedure was used for the inviscid gas model basing on the fully nonstationary stage
model [42]. In [27] the similar coupling procedure was utilized for the viscous gas model
with the wall function under the steady stage model. In [28] such a formulation was repeated.
In [26, 35] the phenomenon of shock oscillation was qualitatively simulated along the
outer diffuser shell using the ideal gas model and measured data of the tip clearance jet. In
works [18, 43] the axisymmetrical model was realized using the viscous gas model, algebraic
turbulence model and artificial tip clearance jet model. In [18], viscous nonstationary flow
in the diffuser was studied using the Baldwin-Lomax turbulence model, and quantitative
agreement with measured data [22] was obtained. The dependence of the unsteady region
on the outer diffuser shell, flow regime, tip clearance flow was shown.
According to [27, 31, 35–37] the solution of the problem consists in a coupling
calculation procedure based on the full 3D stage model and 3D exhaust hood model
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(b)

Figure 14. Flow rate (a) and flow pattern (b) in hood of old design after modernization

Figure 15. Conception of joining between the stage and exhaust hood

(Figure 15). The calculation region of the stage consists of two interacting channels of
the stator and rotor, inlet, outlet interstage spacings. The periodic solution in the calculation
region is ensured by integrating the governing equations within the stage periodicity interval.
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For the formulation of inlet, exit boundary conditions the usual channel approach is
used. For interrow axial spacing the generalized conditions of spacing and periodicity (GSPconditions) are assigned [42], which take into account the flow pulsation phase shift in the
adjacent channels. In the case of the steady stage model, the simple procedure of averaging
for the conservative gas-dynamic values of mass, momentum and energy is applied [3].
The most general approach to numerical simulation of exhaust compartment operation
supposes the common computational region, being built in the exhaust hood and all channels
of stage. But the realization of such approach meets technical difficulties. Namely, as
a consequence of difference in scales of volumes of the exhaust hood and stage channel,
the spatial division of the exhaust hood has to be sufficiently fine for joining of the exhaust
hood and rotor domains. The time needed for getting the periodical flow regime through
all channels of the stator and rotor may be equal to the time of several rotor revolutions.
The described procedure directly simulates the interaction process of the stage and exhaust
hood, but is not acceptable for mass predictions.
The experiments for estimation of circular nonuniformity in the stage-diffuser axial
spacing of the exhaust compartment [20, 32, 41] exhibit a sufficiently smooth character of
circular distributions of gas-dynamic parameters. This fact leads to the use of quasi-static
approach in simulation of stage-exhaust hood interaction, which consists in exclusion of
transfer processes in the rotor channels, caused by their movement in the field of largescale nonuniformity from the exhaust hood. In this case the nonuniformity of fields of gasdynamic parameters in the stage-diffuser spacing is approximated by a piecewise-constant
function (Figure 15), as it was first proposed in [30, 31]. This hypothesis is based on the
fact that the ratio of the time interval of particle translation through the rotor channel to
the time interval of revolution is essentially less than 1.
Actually, comparing the Strouhal number for the nonstationarity in the interrow
spacing due to pitch nonuniformity St1 = nz1 b2 /w2 and its analogue because of large-scale
circular nonuniformity from the exhaust hood St 2 = nb2 /w2 , one can see that they differ by
z1 times. Therefore, the flow nonstationarity in the rotor due to nonuniformity behind them
is z1 times less than high frequency nonstationarity due to interaction with the stator blades.
According to the quasi-static approach, every piecewise-constant sector i is correlated to the corresponding flow in the stage fragment S Fi (Figure 15), being calculated on
the basis of constant boundary conditions from i and under GSP-condition. The general
solution for a fixed time point in the stator and rotor domains is given by the superposition
of solutions in all stage fragments for all sectors i .
There are a number of joining models that assure data transfer from the exhaust hood
to the stage and in the opposite direction. In papers [27, 37] all conservative gas dynamic
parameters are transferred upstream and downstream. The general interaction problem is
solved by global iterations in a common time scale with a parameter transfer for every time
iteration. The receipt of periodic flow in the stage and steady flow in the exhaust hood is
based on the time-marching procedure.
As it has already been mentioned, relatively low circular gradients of parameters in the
interstage spacing are a characteristic peculiarity of the stage-exhaust hood interaction. Its
exclusion leads to a full stationary model of interaction in the exhaust compartment, which
is rigorous for the case of “stage-axisymmetrical diffuser” interaction and is representative
to characterize the radial parameter distributions in the interstage spacing. In this case the
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Figure 16. Pressure oscillation in rotor channel (nz1 and f p components)

flow is calculated only in a single diffuser sector with parameters from i under hypothesis
of flow axial symmetry. The solution of this problem is found in the 3D computational
region of a single stage fragment and corresponding diffuser sector i .

4.2. Flow nonstationarity in the “stage-exhaust hood” compartment
The general “stage-exhaust hood” model permits us to reveal and separate high
frequency (HF) nonstationary phenomena of stator/rotor interaction and low frequency
nonstationarity due to non-axial symmetry of the diffuser or exhaust hood. Low frequency
(LF) nonstationarity due to possible shocks has a frequency spectrum with an a priori
unknown range and values of main harmonic frequencies which depend on the inlet swirl,
regime, geometry of the outer shell etc. These frequencies are not multiple to the rotational
frequency, so all the advantages of the quasi-static stage-hood joint model vanish and selfexited oscillations cannot be correctly described in this model.
The phenomenon can be evaluated by the use of the simple stage-axisymmetric
diffuser model. This model contains HF nonstationary flow phenomena and LF self-exited
nonstationarity for every diffuser section.
Some examples [37] (see also details in [44]) of flow simulation in “stage-diffuser”
and “stage-exhaust hood” compartments of the LP cylinder of a “Škoda” old design turbine
500MW illustrate the nonstationarity of flow parameters in the rotor channel and variable
force on the blading.
Figure 16 presents pressure oscillations in points of rotor channel when the compartment operates out of the design regime and the channel is near the horizontal joint. The tip
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clearance flow model, being present in the compartment model and based on the experimental data [22], provokes the self-exited flow oscillations in the diffuser, axial spacing and
bevel cut domain of the rotor channel of frequency range f P . In the inlet part of the channel,
the HF pressure pulsation due to stator/rotor interaction can be seen. The amplitude of the
1st harmonic of the oscillatory force component on the blade near the horizontal joint is
given in Figure 17.

Figure 17. Amplitude of 1st harmonic of oscillatory force component on blade near horizontal joint

Figure 18. Amplitude of 1st harmonic of HF and LF force component on blading of last compartment

In the case of absence of self-exited flow oscillations, the other two modes of
oscillations can be separated. The HF component of the full aerodynamic force over the stage
period due to the “stator/rotor” interaction (with nz1 main frequency) and LF component
due to the rotor rotation (with n main frequency) presented in Figure 18, were obtained
thanks to the Fourier analysis of full aerodynamic blade force over a full blade revolution.
One can see that the absolute values of amplitudes of initial harmonics of the blade force
rise when the volumetric rate diminishes, but at the same time the mean blade force A0
diminishes. For the regular regime the amplitudes of initial harmonics of high frequency
pulsation of the full aerodynamic force (FAF) on the stage period are comparable to those
of low frequency pulsation of FAF on the rotor revolution. The increase of the volumetric
flow rate through the compartment leads to the increase of the velocity at the exit from the
stage, and the supersonic zone locked by a shock appears in the outer diffuser shell. For such
high load regimes, the flow in the bevel cut becomes supersonic and the disturbances up
to flow are getting weaker. These regimes are accompanied by the rise of vorticity near the
horizontal joint and MC2 , but at the same time the diminishing of the circular nonuniformity
in the axial spacing occurs.
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5. Conclusion
Some recent advances in computational gas dynamics of exhaust diffusers are
presented. The compressor/turbine axial-radial exhaust diffusers and outlet devices of
compressor/turbine units, exhaust hoods for power steam turbines are considered. The
formulations of problems for CFD analysis of these devices are discussed including the
coupling procedure for joint operation of the last stage and exhaust hood. The numerical
implementation of differential turbulence model is described. The new approach is developed
to the description of computational domain and parallel numerical solution of transport
equations based on the unstructured set of structured grid blocks with tightly fitting meshes.
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