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ABSTRACT

The next generation power generation turbines will be required to operate flexibly with frequent start-ups and shut-
downs due to the increasing presence of renewable sources. During the shut-downs regimes, the flow field within the steam
and gas turbines exhibits mixed convection type flow with varying contribution of buoyant flows depending on the operating
condition. Since the experiments on the real engines are often not possible due to the harsh operating conditions and the
limited access to the flow field, numerical methods are sought. Although the scale resolving simulations have gained a
great attention among scientific community, the RANS based turbulence models are still the industrial standard as they
require significantly lower computational resources. Traditionally, the emphasis in turbulence modelling has been given
to the pure natural and forced convection separately. Therefore, the literature lacks on the modelling of the mixed type
of convection. This paper investigates the capabilities of conventional RANS turbulence modelling for mixed convection
type of flows, and the limitations of commonly used Boussinesq hypothesis and simple gradient diffusion hypothesis for
the Reynolds stress and the turbulent heat flux modelling, respectively. The performance of these models is assessed using
the experimental data from the turbine cavity rig and the scale resolving simulation.

INTRODUCTION

The share of renewable sources has been continuously increasing due to the low carbon policies in the recent years.
Therefore, the main focus in the power generation systems is changing from overall system efficiency towards more flexible
operations with frequent start-up and shut-down regimes to enable these systems to operate along with the renewable sources.
During the shut-down regimes, complex flow interactions due to mixed (forced and natural) convection type of flows take
place inside turbine casing cavities, which affect the cooling of turbine components ( , ). Without reaching
a uniform temperature distribution inside the turbine casing, the engines cannot be re-started as the large thermal stresses
affect the turbine life detrimentally. Therefore, understanding the flow field and the heat transfer characteristics during these
regimes are crucial.

Although high fidelity scale resolving simulations (i.e., large eddy simulations (LES) and direct numerical simulations
(DNS)) have gained a great attention, the RANS based turbulence models are still gold standard in industry due to their
low computational resource and time requirements. However, these low order models may not provide a required degree of
accuracy since the employed modelling methods may not be adequate for all engineering problems. Of particular interest is
mixed convection type of flows occurring inside turbine casing cavities which can be represented by a horizontal concentric
annulus. The mixed type of flows fundamentally differ from pure natural and forced convective flows. If pure natural
convection takes place, the boundary layer starts forming at the bottom of heated cylinder, and progressively thickens as it
move towards the top. The thickest boundary layer occurs at the top where thermal plume separation is present. The plume
continues to rise until the impingement on the outer cylinder ( , ). In this type of flow, the flow
movement tends to be two-dimensional with thermal plume oscillation at radial and circumferential (» — 0) plane. In pure
forced convective flows, uniform boundary layer forms around the horizontal cylinder, and gradually gets thicker as the fluid
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Figure 1 HP turbine casing model with natural, forced and mixed type of flows

moves along the surface. However, in mixed convection type flows, complex flow interactions occur as the thermal plume
region due to buoyancy is now distorted with cross flow. This leads to strong flow instabilities, and the growing vortices
triggers early transition to turbulence ( , ). These flow behaviours in a turbine casing cavity represented
by a horizontal annulus are illustrated in Fig. 1.

TURBULENT STRESS AND FLUX MODELLING
In RANS decomposition, the instantaneous flow variables are decomposed into a mean and a fluctuating components
as shown in Eq. 1

i=U-+u,, T=T+T (1)

where the instantaneous, mean and fluctuations are denoted by tilde, bar and prime, respectively.
When the Reynolds averaging is applied to the Navier-Stokes equations, the following set of equations for incompress-
ible flows are obtained for the momentum and the energy equations, respectively.
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These equations Eq. 2 and Eq. 3 contain additional unknowns, namely Tu’] and u;-T’ , called Reynolds stresses and
turbulent heat fluxes, respectively, which leads to the closure problem as there are now more unknowns than the equations in
the system. Therefore, modelling is required for the Reynolds stresses and the turbulent heat fluxes (

). These stresses are crucial for the prediction of mean flow (e.g., velocity) as evidently i # U; for turbulent ﬂows
where the momentum transfer due to the fluctuating field cannot be ignored ( s ).
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For the engineering problems, it is desirable that the mean flow variables are correctly predicted using turbulence
models which are applicable to a range of problems, and come at a reasonable computational cost. Besides scale resolving
simulations, Reynolds stress equation models (RSM) are also often avoided since transport equations (6 additional equations
in total) are required for each individual Reynolds stresses shown in Eq. 4 which adds up to the computational time. More
computationally affordable and robust option is the turbulent (or eddy) viscosity model which is based on the turbulent (or
eddy) viscosity hypothesis. The linear eddy viscosity (more commonly called as Boussinesq hypothesis or approximation)
hypothesis form the foundations of the commonly used two equation models (e.g., k — @ SST'). The Boussinesq hypothesis
assumes that there is a linear relation between the Reynolds stresses and the mean rate of strain ( , ) as given
in Eq. 5. The linear eddy viscosity models, however, are known to fail in predicting Reynolds stresses in flows where strong
streamline curvature, rotation and mixing are present.

P 2
ui’uj’ = —2V,S,’j + gkéij (5)

where v; is the turbulent viscosity, S;; is the strain rate, k is the turbulent kinetic energy, and J;; is the Kronecker delta.

Similar closure problem exists for the turbulent heat flux term ﬁ in the Reynolds averaged energy equation in Eq.
3, which therefore needs to be modelled. The simplest and the computationally least demanding way of modelling the
turbulent heat flux is to relate it to mean temperature gradient with turbulent viscosity and turbulent Prandtl number as
shown in Eq. 6.
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The assumption of linear relation between scalar flux and mean gradient hampers accurate numerical predictions of
buoyant flows. These type of flows are far more sophisticated than simple shear flows. Further complications are introduced
depending on the alignment of the temperature gradient with respect to the gravity vector ( , ).

Despite the well-known shortcomings of the linear eddy viscosity/diffusivity models, they are still default option in
many commercial and open source solvers for engineering problems for which the computational time requirement is pre-
requisite with a certain degree of compromise in accuracy.

As we have already discussed the importance of the mixed convection type of flows in turbomachinery applications,
we should now consider testing the performance of the aforementioned linear assumptions for turbulent stress and flux
computations with one of the widely used two equation turbulence models in industry, k — @ SST ( , s ), for
the mixed convection with simultaneous presence of both cross and buoyant flows.

METHODOLOGY
Experimental Methodology

Experimental data has been obtained from the recently developed experimental facility which has been designed for
the detailed investigations of mixed type of flows inside a horizontal concentric annulus which represents a turbine casing
cavity. The schematic of the facility with the measurement locations is given in Fig. 2. The further details regarding the
facility dimensions as well as the experimental data used in the present study can be found in the study of
( ):

A mixed convection case with Richardson number of Ri = 0.246 is considered, and the details of the corresponding
nondimensional numbers are tabulated in Table 1 where Dj, and L, refer to hydraulic diameter and gap width (between
inner and outer casing cylinder), respectively. The mixed convection case in the present study represents “relatively” high
Ri number which implies that the effects of both natural (with thermal plume development) and forced convection are
pronounced as previously shown in ( , ).

Numerical Methodology

Incompressible Navier-Stokes equations have been solved with ANSYS Fluent ( , ), and k — @ SST
( , ) turbulence model has been employed. Coupled pressure velocity scheme has been used with second or-
der upwind spatial discretization. The mesh consists 1.92 x 10° nodes, which is a structured hexahedral type. The mesh
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Figure 2 Experimental facility schematic and measurement locations

Table 1 Experiment Characteristics

$B(T;—Te)L3

GrLg = v ReDh = @ Ri(GrLg/Reth)
1.86 x 108 2.75 x 10* 0.246

nodes are clustered towards the inner and outer walls to maintain y* < 1, which can be seen in Fig. 3. The fluid proper-
ties were evaluated at the ambient condition which read as P, = 1.003 bar and T., = 295.65 K. The test section boundary
conditions are given in Table 2.

The Boussinesq approximation and the simple gradient diffusion hypothesis (SGDH) described in the previous section
have been used to model Reynolds stresses and turbulent heat fluxes, respectively. The RANS results will be compared
against the data from the experimental campaign and the LES. The details of LES methodology are not given here for
brevity, and can be found in ( , ).

Near wall mesh, y*<1

Figure 3 Mesh used in the simulation

RESULTS AND DISCUSSION

As discussed already, the flow behaviours of pure natural and pure forced convective flows are well known and pre-
dictable. The mean flow field and heat transfer characteristics can therefore be approximated with a certain degree of
accuracy with low order turbulence models. The detailed analyses of one of the widely used turbulence model, k — @0 SST
will be presented. The temperature and heat transfer predictions will be shown, and the discrepancies between k — w SST



Table 2 Test section wall boundary conditions

Test Section Temperature (K)
Heated inner cylinder 422.5

L Half 315.5
Section 1 Outer Casing owerHa

Upper Half 314.5

. . Lower Half 320.6

Section 2 Outer Casing

Upper Half 318.6

L Half 316.1
Section 3 Outer Casing ower Ha

Upper Half 317.6

and experiment/LES will be discussed by investigating the Reynolds stresses and turbulent heat fluxes to explain the failure
of the turbulence model at certain regions.

Temperature Profiles

Non-dimensional temperature, T* = (T — T.,) /(T; — T.), contours at each measurement section are given in Fig. 4
where LES and RANS can be qualitatively compared. Both LES and RANS exhibit a developing thermal boundary layer as
the flow progresses from Section to Section 3. Although these numerical predictions look similar, there are some discrepan-
cies between LES and RANS, which can be visually inspected. For instance, RANS suggests an elevated temperature region
at the top of the heated cylinder at Section 2 compared to LES. In the same Section, RANS predicts smoother boundary layer
thickness whereas LES shows some alternations in the upper half. At Section 3, the thermal plume is more pronounced with
RANS which also yields a temperature inversion in the plume region. Overall, RANS with k — @ SST turbulence model
manages to predict the general flow field characteristics captured by LES.

The temperature field predictions from RANS and LES are compared against the experimental data in Fig. 5. The
uniform temperature boundary layer around the heated cylinder is accurately predicted by both RANS and LES at Section
1. The thermal plume development at 8 = 90° at Section 2 and Section 3 is captured by both simulations. However, RANS
suggests a temperature inversions at the plume regions, leading to temperature overpredictions compared to the experimental
and LES data. Although there is a discrepancy between experimental and both numerical results at 6 = 90° at Section 2,
RANS exhibits stronger temperature overprediction which leads to failure in predicting the near wall gradients. Accurate
prediction of these gradients are particularly important for heat flux calculations which will be discussed in the next section.
RANS performs well for the lower half of the annulus where the flow is mostly laminar.

Heat Transfer Profiles

Heat transfer profiles are presented in Nusselt numer form, Nu = (¢ D;)/((T; — T.)k). The experimental heat flux
is calculated using the linear temperature gradients in the conductive viscous sublayer ( ),
captured by fine resolution traverse systems. Further details regarding the heat flux calculations can be found in the study
of ( ). Experimentally and numerically calculated Nu numbers around the heated inner cylinder at Section
1, 2 and 3 are depicted in Fig. 6. The errors from RANS and LES predictions are given in Table 3, and explicitly plotted in
Fig. 7 for better visualization.

Table 3 LES and RANS heat transfer errors

Section 1 Section 2 Section 3
0 Ergs (%)  Erans (%) | ELgs (%) Erans (%) | ELgs (%)  Erans (%)
30° 1.33 1.49 -4.74 -60.11 7.85 11.28
90° 243 -1.26 -20.19 -48.23 -3.07 -27.11
150° 1.67 0.91 6.01 -73.14 1.78 -45.93
210° 12.11 0.56 3.24 16.11 0.49 18.95
330° 21.95 9.72 1.81 20.82 1.97 23.32

At Section 1, the heat transfer characteristics are captured well with RANS which even predicted more accurate heat
transfer rate than LES except at 6 = 30°. RANS appears to capture the trend with increased heat transfer due to thin
temperature boundary layer at the lower half.

RANS exhibits satisfactory agreement against the experimental data and LES in lower half at Section 2. However,
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Figure 4 Temperature contours at each measurement section

there are significant heat transfer underpredictions from RANS at the upper half, which are consistent with the turbulent
heat flux and Reynolds stress observations discussed in the next sections. Despite the severe deviation from experimental
results at the upper half, RANS predicts the heat transfer reduction at the top of the heated cylinder at 8 = 90° where
the thermal plume causes small temperature gradient ( , ). It is also worth mentioning that the large heat
transfer fluctuations, as seen in Fig. 6, are predicted by RANS at the upper half despite suffering from the accuracy at the
measurement locations.

At Section 3, LES results indicate that there is a slight heat transfer reduction at the bottom of the heated cylinder
at 8 = 270° since the boundary layer progressively thickens. Similar observation can be made using the RANS results.
However, RANS error further increases at 6 = 210° and 8 = 330° at Section 3. This can also be seen in increased wall
normal turbulent heat flux predictions from RANS in Fig. 9. At the upper half, RANS still significantly underpredicts the
heat transfer at 8 = 90° and 6 = 150°. Interestingly, RANS underprediction at Section 2 turns to overprediction at Section
3 at 8 = 30°, leading to much better agreement with the experimental data.

Overall, it could be stated that RANS tends to yield underpredictions at the top and the overpredictions at the bottom
of the heated cylinder in regions where the buoyancy effect is distinctive. This, however, clearly does not reflect the actual
physics since the buoyant flows are expected to suppress the turbulent fluctuations below a heated wall. Similarly, at the
upper half, these fluctuations, which enhance the heat transfer, should be more pronounced due to the buoyancy effect.
These heat transfer reductions and enhancements are not accurately captured with the linear eddy diffusivity model.

Reynolds Stresses

The normal Reynolds stresses, u/u’, v'v/ and w'w’, Reynolds stresses normalized by friction velocity, u, are given in
Fig. 8. The profiles predicted by RANS are compared against the wall resolved LES at all axial (Section 1,2 and 3) and
circumferential (6 = 30°,90°,150°,210° and 330°) locations.

At the lower half of Section 1, LES exhibits streamwise fluctuations (x-direction) which RANS fails to predict. RANS
predicts very similar u/u/ profiles in all circumferential locations at Section 1, which leads to better agreement near the outer
wall (r/Ly — 1) with LES for streamwise stresses. At the upper half, there is no fluctuation present which is accurately
predicted with RANS.
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Figure 5 Time-averaged temperature profiles

At Section 2, the most prominent difference between LES and RANS occurs at the top of the heated cylinder at 90°
where the boundary layer thickens due to the buoyancy effect as seen in the temperature profile given in Fig. 5. Besides
the streamwise fluctuations (x-direction), the fluctuations in y-direction are also maximized in the thermal plume region.
Beyond the thermal plume region where the severe /s’ under-prediction is present, RANS returns much more accurate
results at /L, > 0.4 where the bulk flow is aligned with the streamwise (x) direction. At both sides at 6 = 30° and
6 = 150°, the fluctuations exist near the walls, for which RANS exhibits underpredictions.

Further downstream at Section 3, the largest fluctuations occur at the top of the heated cylinder where the thermal
plume is further developed, which now exist closer to the outer wall. The plume region marks the location where the largest
variation occurs between fluctuations in x and y-directions. This trend is not captured by the RANS. Although there is
still under-prediction of streamwise (x-direction) Reynolds stress by RANS in the plume region near the heated wall, the
disagreement is not as severe as that in Section 2. The fluctuations in x and y-directions are further increased at both sides at
6 =30° and 6 = 150° at Section 3, which are attributed to the presence of the enlarging side structures reported in (
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Figure 6 Heat transfer distribution Figure 7 Heat transfer errors (solid line: 0 %)

, ). It is interesting to note that, RANS over-predicts all Reynolds stresses at the lower half at Section 3 near the
heated wall.

Overall, it is clear that RANS underpredicts the normal Reynolds stresses in the majority of the test section. RANS
yields the same stress predictions at all directions which are not strictly correct at all locations, particularly in the thermal
plume region where the non-equilibrium effects due to the body forces are present. This trend manifests the main deficiency
of the linear eddy viscosity models which assume the isotropic turbulence. It is important to note that the linear eddy viscosity



model returns no fluctuations at the region where the thermal plume departure starts at Section 2.
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Turbulent Heat Fluxes

The turbulent heat flux profiles predicted by LES and RANS are shown Fig. 9. At Section 1, LES predicts higher
streamwise (x-direction) heat fluxes compared to the other directions near the heated inner wall, where RANS is not capable
of capturing the trend, yielding zero fluxes. Moreover, RANS yields almost zero streamwise (x-direction) fluxes in the entire
domain. This is due to the linear eddy diffusivity assumption which fails in predicting fluxes in the streamwise (x) direction.

The presence of the strong streamwise (x-direction) turbulent heat fluxes can be clearly seen in LES predictions in the
plume regions (6 = 90°) at Section 2 and Section 3. In fact, the turbulent heat flux in the streamwise direction (x-direction)
is as high as the flux in y-direction in the plume region at Section 2. At both sides (6 = 30° and 6 = 150°), the streamwise
(x-direction) fluxes are remarkably larger than those in Section 1, which are again not predicted by RANS.

At Section 3, the streamwise (x-direction) turbulent heat fluxes are further increased at each side where the y-direction
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Figure 9 Turbulent heat flux profiles
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fluxes are also pronounced near the heated wall. Towards the midgap at 8 = 90°, the steamwise (x-direction) fluctuation is
reduced whereas the y-direction flux is increased. The locations of the highest y-direction flux marks the point to which the
thermal plume reaches. Beyond this point, the fluid cools down to the free stream temperature as seen in Fig. 5. All of these
observations cannot be made with RANS. At 8 = 210° and 8 = 330° at Section 3, RANS overpredicts the turbulent heat
fluxes in y-direction. In a pure natural convection case, if the fluid appears under a heated wall (for instance (

, )), a large temperature gradient (thin temperature boundary layer) occurs due to the buoyancy effect. As opposed
to a pure natural case, LES results suggest that the streamwise (x) fluxes are always stronger than the fluxes in y-direction
in the lower half as the cross flow consistently convect the fluid in the streamwise (x) direction.

CONCLUSIONS

This paper has investigated the performance of widely used turbulence model, k — @ SST in modelling mixed type
of convection occurring in turbine casing cavities. Detailed analyses have been performed for Reynolds stresses, turbulent
heat fluxes, temperature field and heat transfer. The results have been compared against the results from both the experiment
and the scale resolving simulation.

The limitations of the k — @ SST turbulence model in predicting the temperature field and the heat transfer charac-
teristics of a mixed type of flow have been highlighted. It has been found that the discrepancies in the temperature field
predictions exist in the thermal plume regions. More importantly, the k — @ SST turbulence model has performed poorly
for the local heat transfer predictions around the heated cylinder although circumferentially averaged Nusselt number pre-
dictions by RANS and LES are comparable. Severe heat transfer underpredictions by kK — @ SST model have been observed
at the regions where the flow is highly unsteady.

After highlighting the deficiencies of the k — @ SST turbulence model, further analyses have been perform to elucidate
the reasons to the failure. As expected, the linear eddy viscosity assumption leads to the same stresses in all directions. More
importantly, this model has severely deviated from the predictions by scale resolving simulation in the region where the ther-
mal plume starts to depart from the heated wall. Even in the developed plume region, the increased wall normal Reynolds
stress has not been captured. Similarly, the Simple Gradient Diffusion hypothesis has failed to reconstruct increased turbu-
lent fluctuations in the thermal plume regions where the buoyancy effect is pronounced the most. These deficiencies have,
inevitably, caused remarkably inaccurate heat transfer predictions.

Since the literature still lacks the experimental data for these type of flows in turbine casing cavities, the capabilities
of linear eddy viscosity/diffusivity models have not been extensively reported before. This paper has highlighted the short-
comings of the commonly used turbulence model, k — @ SST, and the needs for improvements for Reynolds stress and
turbulent heat flux calculations for more accurate predictions of mixed type of flows in industrial applications.

NOMENCLATURE
Re Reynolds number
Symbols Ri Richardson number
C, Specific heat capacity (J/kgK) S Strain rate (1/s)
D, Hydraulic diameter (D, — D;) (m) T Tlme;avergged temperature (K)
Dy, Inner/Outer diameter (m) T , Ambient (1n1.et) temperature (K)
E Error (%) TL: q"/ (uprC ») Friction temperature (K)
g Gravitational acceleration (m/s) T = W'T"/(u:T;) Turbulent heat flux
Gr Grashof number Ug Friction velocity (m/s)
h Heat transfer coefficient (W/m?K) Wi = w'' /u? Reynolds stress
k Thermal conductivity (W/mK) Y Kinematic viscosity (m?/s)
L, Gap width (m) 0 Angle (°) or circumferential direction
Nu Nusselt number Acronyms
P Ambient (inlet) pressure (Pa) LES  Large eddy simulation
q” Heat flux (W/m?) RANS Reynolds-averaged Navier-Stokes
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