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ABSTRACT

Turbine flexible operations with faster startups/shutdowns are required to accommodate emerging
renewable power generations. A major challenge in transient thermal design and analysis is the time scale
disparity. For natural cooling, the physical process is typically in hours, but on the other hand, the time
step sizes typically usable tend to be very small (sub-seconds) due to the numerical stability requirement
for natural convection as often observed. An issue of interest is what time step sizes can and should be
used in terms of stability as well as accuracy?

In this work, the impact of flow temporal gradient and its modelling is examined in relation to
numerical stability and modelling accuracy for transient natural convection. A source term based dual-
timing formulation is adopted, which is shown to be numerically stable for very large time steps.
Furthermore, a loosely coupled procedure is developed to combine this enhanced flow solver with a solid
conduction solver for solving unsteady conjugate heat transfer problems for transient natural convection.
This allows very large computational time steps to be used without any stability issues, and thus enables
to assess the impact of using different time step sizes entirely in terms of a temporal accuracy requirement.
Computational case studies demonstrate that the present method can be run stably with a markedly
shortened computational time compared to the baseline solver. The method is also shown to be more
accurate than the commonly adopted quasi-steady flow model when unsteady effects are non-negligible.
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1- INTRODUCTION

The growing shares of renewable energy sources in the market and emerging solar power applications
have set higher requirements on steam turbine operations. In order to design reliably a steam turbine for
flexible operations, it is essential to understand dynamic thermal characteristics of steam turbine
components during a transient process. Nowadays a power plant’s competitiveness is measured not only
on the performance per se but also on the overall plant operational economy. This includes the ability to
start up and shut down quickly, and frequently for some applications, while having an adequate high cycle
thermal fatigue life. For instance, a cooling down process will have to take into account material strength
limits and usage factors [1], [2], and the residual temperature gradients when restarted may have some
considerable impact on turbine life span. An adequate prediction of component metal temperatures before
a restart becomes increasingly important, and is one of the key capabilities required for a transient steam
turbine cooling process. Note also that steam turbines in solar power plants would face many more startups
and shutdowns compared to typical base-load machines.

A number of efforts have been made to develop modelling based methods for prediction of turbine
shutdown and cooling processes. Marinescu et al [3, 4] developed a new procedure for assessing the
natural cooling of steam turbine components, validated with experimental measurements. The numerical
cooling calculation is effectively based on a concept to approximate the fluid gross buoyancy during a
natural cooling by an equivalent fluid conductivity, calibrated against experimental data. The procedure,
though with notable empiricism, was shown to work quite well for natural cooling predictions of steam
turbines.

In terms of higher fidelity CFD based convective heat transfer analyses for turbine applications, most
commonly used procedures have been based on heat transfer coefficient (HTC), with an assumption that
HTC is largely invariant with respect to wall temperature. A direct HTC based approach could be in
considerable errors under certain conditions for forced convection heat transfer in a gas turbine blade
passage, e.g. as observed by Maffulli and He, [5] [6], Zhang and He [7]. For a natural convection problem
of the present interest, the near-wall flow is dominantly driven by the wall temperature, making a HTC
based approach even more difficult. This strong dependence of flow on the wall thermal condition in
natural convection presents a clear case for pursuing conjugate heat transfer (CHT) solutions for coupled
fluid-solid domains.

For general CHT method developments and applications, the time scale disparity between fluid and

solid parts as a fundamental feature must be recognized. The ratio between the two-time scales can be up
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to 10* for gas turbine blades, as pointed out by He and Oldfield [8]. This time scale disparity presents a
challenge for numerical solution methods adopted for the two domains, as well as for the interface
treatment between them. A direct simultaneous coupling is a seemingly straightforward option, but can
be hugely time consuming. On the other hand, the time scale disparity can also serve as a justification for
using a quasi-steady flow model for transient CHT, i.e. coupling an unsteady solid solver with a steady
fluid solver at each physical time step. The quasi-steady flow based loosely coupled CHT methods have
been actively developed and applied to forced convection heat transfer problems for turbine configurations
and others, e.g. [9], [10], [11]. For natural convection, there have been some attempts to use the direct
coupled CHT solutions, e.g. [2] [12], [13], known to be computationally time consuming. However, the
present authors are not aware of any published efforts of using a loosely coupled CHT approach for natural
convection.

A particularly relevant issue as has been observed is related to the time step size allowable in natural
convection simulations with common commercial codes (e.g. FLUENT). The numerical stability
requirement tends to restrict the time step size to a very small value (typically sub-seconds), e.g. [12],
[13], [14]. When a transient CHT solution for turbine flexible operations is pursued, this time step limit
can be particularly restrictive, given the time scale disparity between the fluid and solid domain.

The present effort is chiefly motivated to investigate the applicability of a URANS based loosely
coupled CHT method for transient natural convection. Central to this study is the impact of unsteadiness
and its modelling in the context of transient natural convection at conditions relevant to steam turbine

flexible operations. There are several related questions in this regard:

i) First of all, how restrictive is the time step limit in common commercial solvers?

i) If, as will be shown later, a modified flow solver can work stably for much larger time steps,
how large should a time step be for adequate time accuracy then?

iii) In relation to the common quasi-steady assumption adopted in previous loosely coupled CHT
methods for forced convection, what is its impact on both accuracy and computational efficiency

for natural convection?

The presentation of the computational studies is organized to help identify and understand the issues
by contrasting two scenarios: a fluid-domain only problem versus a fluid-solid coupled CHT problem.
After the baseline and the present solvers are introduced, two kinds of analyses are presented. We first

consider the natural convection in a fluid domain only with a prescribed isothermal wall condition. The
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computational case studies for the fluid-domain will highlight the problem of the time step restriction of
the baseline flow solver. After the case studies to underline the problem statement, the baseline solution
results are then contrasted with the present source term based dual time stepping solver enabling a much
larger time step. The results of the present solver with different time step sizes are then compared to
identify the limits posed by the temporal accuracy. Furthermore, an assessment on the quasi-steady model
is also included. Following the fluid-domain only results, transient CHT analyses are then presented.
Again, the usable time step sizes in relation to the stability and accuracy requirement are examined, and
the implications of the present results will also be discussed.

2 METHODS FOR ANALYSES

All the analyses are carried out based on a common commercial code FLUENT. The baseline methods
are simply those of FLUENT as they are. The present methods are implemented by adding source terms
to standalone flow and solid solvers from FLUENT and linking them via the User-Defined Function
(UDF), as will be described. The overall unsteady conjugate heat transfer method has been recently
developed based on a multi-scale framework methodology proposed by He and Fadl [15], validated and
demonstrated for a range of transient forced convection cases. It is however the first time that such a
loosely coupled CHT procedure is adopted for natural convection problems.

2-1 Baseline Flow Solver for Direct Coupled CHT

The flow is governed by the 3D unsteady compressible flow equations, in a short form.

LR V) =5,V) ®

where U is the vector of conservative variables and Ry is the standard residual for forced convection
computations. It is noted that the source term for the buoyancy effect Sy is added and listed separately, as
it is the treatment of this term which does have a very significant impact on the usable time step due to
numerical stability. In all the present studies, regardless of numerical procedures, we adopt the full
buoyancy term due to gravitational acceleration. Thus, the term is directly proportional to fluid density in
line with the fully compressible flow model adopted.

For turbulent flows at high Rayleigh number conditions, the flow governing equations become the

Reynolds-averaged Navier-Stokes equations (RANS for steady flows or URANS for unsteady flows),
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more precisely the density weighted (Favre) time averaged equations. In the present studies, the k-¢ two
equation model is used for turbulence closure.

For unsteady flows, a pseudo time t can be introduced for local sub-iterations by time-marching at
each physical step. A dual timing form with an implicit source term treatment should be in a form (for a

physical time step N):

LR, (UMY =5, (UM) (2)

(auj”* L LBUM —2u"t rosU M
ot At
where Kk is the index of the sub-iterations. When the sub-iterations converge, the pseudo time term
vanishes, and the full 2nd order temporal approximation of the unsteady flow equation (Eq.1) fully
recovers.

For a solid domain, the temperature field is governed by the unsteady conduction equation.

oT
o FR(1)=0 ©)

which is effectively in the same form as the unsteady fluid energy equation with zero velocity, but also
with all fluid properties being replaced by those of the solid. The semi-discrete unsteady conduction

equation in the dual timing form for time step N and sub-iteration k is:

(6T j“’k 15T 27" 05T

— R(T"**) =0 4
ot At FRs( ) )
When a directly coupled CHT problem is solved, the physical conditions of temperature and heat flux

continuity [16] between the fluid side (‘f”) and solid side (‘S’) are:
ds (Ts)"* =q, (T (5a)
T =T, (5b)
A discretized form of Eq (5a), making use of Eq (5b), leads to an explicit expression of the wall

temperature, so that the wall temperature is updated at each iteration, enabling the solutions on both sides

to be marched forward concurrently.

2-2 Present Source Term Based Unsteady Flow Solver for Loosely Coupled CHT

The present methodology has been implemented in the commercial code FLUENT facilitating the
UDF. The overall approach is to convert an unsteady CHT problem to a steady-like problem. The basic
intent stems chiefly from the observation that unsteady natural convection solutions are subject to severe

time step restriction for convergence due to numerical instabilities (as shown later), whilst neither does a
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steady natural convection nor an unsteady forced convection solution seem to have problems with
convergence.

Consider the fluid domain first. We take a standard stand-alone fluid solution method for a steady natural
convection problem as the baseline solver. Unsteady solutions are enabled completely through an extra
source term explicitly added through UDF. The corresponding dual timing form of the fluid equation for

physical time step N and sub-iteration step k becomes:

U\ i Lo LEUMNE _oyNt LBy
(E) SR, (UM =8, U ")~ = Joor (6)

Note that both the physical temporal gradient term and the gravitational buoyancy term are in an
explicit form, directly contributing to the balance of the unsteady flow equations when the pseudo-time
term vanishes. A general dual timing formulation is known to be stable for large time steps due to the
implicit backward difference for the physical temporal term, after Jameson [17]. It has also been widely
used for URANS applications for unsteady turbomachinery flows with much larger physical time steps
than that dictated by the Courant-Friedrich-Levy (CFL) number restricted numerical stability (e.g. Arnone
et al [18], He [19]). It is noted that the dual timing procedure may require the physical time step to be
smaller than that limited by CFL. This small-time step restriction, though not of concern for the present
work, can be effectively overcome by simply limiting the pseudo time step [18]. As will be illustrated by
the present results, this seemingly simple treatment of the physical temporal gradient completely as a
source term, which is explicitly updated after each sub-iteration by UDF, is shown to have a clear and
significant impact on the usable time step size for natural convection.

Similarly, for a solid domain, a stand-alone steady conduction solver is adopted. An unsteady
conduction solution is also enabled by a source term by UDF, which is updated after each sub-iteration.
The corresponding dual timing form for time step N and sub-iteration k is:

Nk Nk-1 5T N-1 N-2
(@T] R TV :_(1.5T 2TV 4+ 05T )

At )UDF

In a loosely coupled CHT system, the fluid solution and the solid solution exchange information across
the interface only after a number sub-iterations are completed. Each exchange between the two domains
is called a CHT coupling cycle. A simple and stable interface treatment is to specify a wall temperature
condition for the fluid domain and to specify a heat flux for the solid domain iteratively [20]. Within the
physical time step N and marching from CHT coupling cycle i to i+1, the fluid domain is solved first with
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the Dirichlet condition provided from the solid solution, followed by a solid domain solution with the

Neumann condition provided from the fluid one:
(Tf ):11 = (Ts)iN (8)

(qS)i’\il = (Qf )ll\il )
When the CHT coupling cycles converge, Egs. 8 and 9 will be a direct manifestation of the physical

temperature and flux continuity across the interface.

3 UNSTEADINESS MODELLING FOR NATURAL CONVECTION (FLUID-DOMAIN
ONLY)

3-1 Computational Set-up and Grid Sensitivity

Three cases with concentric cylindrical configurations (the first two in 2D and the third in 3D) have
been analysed. The first test case is for a simple unsteady natural convection in a 2D annulus domain. The
configuration of the problem is shown in Fig.1. The annulus is filled with air. The inner and outer walls
of the annulus are isothermal. Initially, the fluid is in a thermally steady-state from a previous steady-state
natural convection solution, a cooling process is achieved by linearly decreasing the inner wall
temperature to a specific temperature over a certain time and the wall temperature is then maintained at
that value.

The fluid domain has an outer diameter (OD) of 1 m and an inner diameter (ID) of 0.5 m. The inner
and outer walls are subject to initial (at t = 0) isothermal temperature conditions of Ti=800 K, T,=400 K.
The RANS solver is used for the fluid domain with the k-¢ turbulence model. The fluid properties for air
are calculated at 600 K. The values of dynamics viscosity, thermal conductivity and specific heat are 3.017
x10° kg/m's, 0.04661 W/m K, 1.0511 kJ/kg K, respectively. The Prandtl number is 0.68. For the natural
convection in an annulus, the Rayleigh number based on the gap-width is equal to 2.64x107. The pressure-
based solver is selected. Typically, 20 sub-iterations are taken for each physical time step in a direct

solution.
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Fluid domain

Fig. 1, Computational Domain and Mesh (fluid-domain only).

Grid-dependency tests are carried out first to ensure that a sensible mesh density is chosen so that the
results are mesh independent. The details of the different meshes tested are given in Table 1, where the
average wall heat fluxes on the inner and outer walls are presented. It can be seen that good grid
independent results can be obtained when the number of the total mesh cells is equal to or above 22500

(300 x 75). This mesh density has been chosen for subsequent analyses.

Table 1. Heat Flux with Different Mesh Sizes
Grid Size 100x25 | 200x50 | 300x75 | 400x100

Heat Flux (ID) | 1382.6 |1372.8 | 1395.9 | 1395.1
Heat Flux (OD) | -691.3 | -686.4 | -698.0 |-697.5

3-2 Time-Step Restriction of Baseline Flow Solver

As discussed in the introduction, common flow solvers in commercial codes have been previously
shown to exhibit severe restrictions on time step size due to the numerical stability requirement of the
solvers for unsteady natural convection. We would thus like to see how restrictive this might be for a
URANS based natural convection prediction for configuration dimensions and conditions relevant to
steam turbine flexible operations. The computations are first performed with the baseline flow solver, i.e.
‘asitis’ in FLUENT, using different physical time steps. After the steady natural convection is obtained
for the initial condition, the transient process is initiated by changing the inner wall temperature linearly
from 800K to 600K in 10 seconds, which is then kept at 600K.

The sensitivity of the solution convergence to the time step size At is illustrated in Figure 2. The
solutions are all started from the same initial flow. We look at how the residuals vary with sub-iterations

when different physical time steps are adopted. For a small time, step (< 0.2 s) the numerical procedure
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marches in a stable fashion. At each physical time step, the residuals are shown to drop with the sub-
iterations, and the solutions are driven to converge. However, for larger time steps (> 0.2 sec), the

numerical solutions exhibit a clear divergence behaviour.
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Fig. 2, Residual histories for different time step sizes (Direct unsteady solver of FLUENT).

3-3 Present Source Term Based Dual Time-Stepping Solutions with Large Time Steps

The severe time step restrictions of the baseline flow solutions can now be contrasted with the much
larger time step sizes usable when the present source term based dual time stepping procedure is adopted.
For this case, the present results have shown no upper limit of the time step size. Figure 3 indicates the
convergence characteristics of the present solver. For the range of time step sizes between 1 s and 100 s,
no convergence issues are indicated.

Having identified the completely different usable time step range for the present flow solver, we now
need to first establish if the present method does produce valid unsteady solutions. We address this basic
validation requirement by comparing the present solutions with the baseline direct solutions, using
different time step sizes for the transient natural convection when the inner surface temperature is changed
linearly in time from 800K to 600K. In this case, the linear change of the inner wall temperature is
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specified to occur in different lengths of time corresponding to different sizes of the time steps used in the
present solver. Here we only present the results for three time steps sizes, At =10 s, 40 s and 160 s. Thus,
the corresponding inner boundary temperature varies linearly in time at a rate of 100K/10s, 100K/40s, and
100K/160s respectively. The wall heat flux distributions at the end of the time periods are shown in Fig.4,
and compared to the corresponding direct solutions. For the direct solutions, the time step limits are shown
to be independent of the temporal gradient of the wall thermal conditions. So, all the three direct solutions
are obtained at a physical time step of 0.2 s which is the maximum time step size allowed by the numerical
stability. We can see the excellent agreement between the present source term solutions and the direct
solutions, though with hugely different time step sizes. In Fig.5 and Fig.6, the instantaneous temperature
and velocity contours are compared for t=10 s and 160 s respectively. Clearly both field solutions are also
in excellent agreement.

In terms of computing effort, the direct solution for a 10 s period needs 1000 iterations (a physical time
step of 0.2 s with 20 sub-iterations per step). The present solution for the same physical time (one step)
needs about 100 iterations. So, for this case, the present solution is 10 times faster than the direct solution.
This is already quite considerable. When the time step of 160 s is taken, the number of sub-iterations
required is increased to 400-500. But this increase is not proportional to the increase in the physical time

step size, thus the net gain in computational effort then becomes a factor of 32-40.

1.0x10'

At=1s

1.0x10°

1.0x107

1.0x107° b

Residuals of Energy Eq

1.0x107° b

1 -0x1 074 [ i [ i
0 10 20 30 40

Iterations

Fig. 3, Residual histories for different time step sizes (Present source term based unsteady solver).
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Present (=10 s, At= 10 s)
Direct (t=10 s, At=0.2 s)
Present (=40 s, At= 10 s)
Direct (t=40 s, At=0.2 s)
Present (=160 s, At= 10 s)
Direct (t=160 s, At= 0.2 )

180

Fig. 4, Comparisons of wall heat fluxes (in W/m?) along circumference (in °) between the present
method with large time steps (At=10s, 40s, 160s) and the direct method of FLUENT with a stability
restricted small time step (At=0.25s).

Clearly, we shall need to consider the temporal errors for the cooling process particularly for the
situation where the temporal gradient is higher as at the start of a transient process. Overall, the present
results clearly illustrate that time step sizes can be taken much bigger than those of the baseline FLUENT
solutions whist still giving an excellent accuracy. And because of this much-enlarged time step range; the

corresponding trade-off between temporal accuracy and computational efficiency can now be considered.
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Present Direct

(@ t=10s.
T(K)

Present Direct

(b) t=160s.
Fig. 5, Instantaneous temperature fields for the Present solutions (At =10 s, 160 s, respectively) and
the Direct baseline solutions (At = 0.2 s for both cases).
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Present Direct
(@ t=10s.
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0.40
0.35
0.30

Present Direct

(b) t=160s.
Fig. 6, Instantaneous velocity fields for the Present solutions (At=10 s, 160 s respectively) and the
Direct baseline solutions (At = 0.2 s for both cases).
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3-4 Impact of Quasi-Steady Flow Model

Having identified the levels of differences in terms of the time step size, we now examine the impact
of using a quasi-steady model for natural convection. A quasi-steady model can be easily realized in the
present procedure by simply switching off the temporal gradient term (i.e. the UDF source term in Eq. 6),
when the fluid solution proceeds in the physical time, subject to corresponding transient boundary
conditions in time. Here, we consider the solution behaviour when the boundary condition is subject to
two different temporal gradients. In the first case, the boundary temperature is linearly varied by 20 K in
0.2 s. In the other, the gradient is reduced by a factor of 4. 1t is5 K in 0.2 s.

Figure 7 shows the instantaneous heat flux distributions with the different models for the high temporal
gradient case. The impact of the temporal errors associated with the quasi-steady model are clearly shown
to be non-negligible for this case. Note that for the low gradient case (Fig.8), although the instantaneous
heat flux distributions tend to show only small differences, the accumulated effects at a later time may be
much larger. The transient load in the solid domain at a later time will depend on the total integrated heat
transferred across all the boundaries during the entire time period prior to that time instant. Thus, care will
have to be taken with a quasi-steady fluid model for predicting transient thermal loads, even for some

rapid ramping in a very short period of time in an otherwise seemingly slow process.

Direct
0 O Present (Unsteady)
Present (Quasi-steady)

270

180
Fig. 7, Wall heat fluxes [W/m?] along circumference (boundary temperature gradient of 20K/0.2s)

It should also be pointed out that the present method including the unsteady source terms should
consume largely the same amount of computing time as a quasi-steady transient approach without the
unsteady fluid source term. Thus, the present method does have a clear advantage with a much-expanded
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validity at little or no extra cost compared to a quasi-steady model, particularly when integrated to a

loosely coupled CHT procedure.

Direct
0 O Present (Unsteady)
Present (Quasi-steady)

270

800

180
Fig. 8, Wall heat fluxes [W/m?] along circumference (boundary temperature gradient of 5K/0.2s)

4 UNSTEADINESS MODELLING CHARACTERISTICS FOR NATURAL
CONVECTION (FLUID-SOLID CHT)

4-1 Steady CHT for Coupled Annular Fluid-Solid Domains

The first conjugate heat transfer test case is for a simple 2D concentric annulus domain configuration
as shown in Figure 9. The fluid domain is the same as that used for the fluid-only analyses. The outer
boundary of the fluid domain is an isothermal wall at 400 K. The solid domain has an inner diameter (ID)
of 350 mm, and its outer boundary is the interface with the fluid domain. The inner boundary of the solid
domain is an isothermal wall at 800 K. The solid material is taken to be steel with a thermal conductivity
of 16.3W/m.K™*.

Fluid Domain

Fig. 9, Fluid and solid domains and mesh.
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The present loosely coupled CHT solution is compared to the direct fully coupled CHT solution of
FLUENT, firstly for a steady natural convection. Figure 10 shows temperature distributions at the
interface by the present loosely coupled method, compared to those calculated by the direct fully coupled
CHT of FLUENT. It can be seen that the loosely coupled and the direct fully coupled CHT solutions are
in excellent agreement. Figure 11 shows the wall heat fluxes on both the solid and fluid sides of the
interface, they are practically identical. Given the sequential updating of temperature and heat flux for the
two sides of an interface for the present loosely coupled approach (see EQs.8, 9), the heat fluxes on both
sides of the interface should match each other exactly, which is a clear and consistent manifestation of the

physical interface condition.

Direct
o Present

45

270

180

Fig. 10, Comparison of fluid-solid interface temperatures [K] between the present loosely coupled
CHT (“Present’) and the direct fully coupled CHT (*Direct’) solutions.
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Fig. 11, Heat fluxes [W/m?] on both sides of interface

4-2 Usable Time Step Sizes for Transient CHT Solution

For the fluid domain natural convection analyses, we have seen clearly a maximum time step restriction
due to the stability of the baseline flow solver. For a transient CHT analysis, we would like also to check
first if the time step restriction is changed by coupling with a solid domain.

For a transient natural convection process, the inner wall of the solid domain is now subject to a linear
decrease in temperature (800 K to 600 K) in 10 s, and then kept at 600 K.

Numerical tests are conducted for the direct CHT solver in FLUENT by using At=0.2s, 0.4s, 0.5s, 1.0s
and 10 s. It is observed that the solutions again can only be stable for a time step less than 0.2 s. Figure
12 shows the convergence histories of the direct solver with different time steps sizes. In clear contrast,
Figurel3 shows the convergence histories of the present loosely coupled procedure. The results confirm
that the time step limit is more or less the same as that for the fluid-domain only case.

Thus, the results of the present cases indicate that it is the numerical instability of the flow solver that
completely dictates the allowable time step size, independent of the fluid-solid CHT coupling. The test
results also suggest that the time step restriction on the baseline flow solver should remain largely the

same regardless of the temporal gradient of the flow field.
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Fig. 12, Convergence histories of the baseline direct coupled CHT solutions for different time steps.
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Fig. 13, Convergence histories of the present loosely coupled CHT solutions for different time steps.

On the other hand, the present loosely coupled CHT methods shows no upper limit on the time steps
sizes, similarly to the fluid-domain only cases, e.g. as shown Fig.3. The stark contrast can have some
considerable implications on the computational efficiency comparison as will be discussed in the

following section.
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4-3 Effect of Time Step Size on Accuracy and Speed of Loosely Coupled CHT Solution

Now we examine the conjugate heat transfer capability of the present loosely coupled CHT
implementation for transient natural convection. We first look at the effect of time step size on both
accuracy and stability of simulation results for the given transient wall temperature variation (thus the
same temporal gradient). The loosely coupled CHT solution is obtained for matching in time at different
physical time steps to check the accuracy and stability of the simulation results. For consistency of the
comparisons, all solutions are restarted from the same initial solution with Ti=600K obtained at the end
of the 10 s period of the linear variation of the inner solid wall boundary temperature.

Figure 14 shows the effects of different time step sizes on the numerical predictions of wall temperature
distributions at t = 700 s. Here, the physical time step sizes of 10 s, 12.5 s, 15 s, and 20 s are examined
respectively. These solutions are compared with the direct CHT solution at the same time instant but
marched at a much smaller time step due to the stability requirement (At = 0.2 s). It can be seen that for
this initial stage of the transient natural convection process of a relatively large temporal gradient, the
loosely coupled solutions agree well with the direct CHT solution if a physical time step of 10 s is used.

The solution accuracy deteriorates with larger time steps, as expected.

Coupled CHT(At=105)
Coupled CHT(At=135 5)
Coupled CHT(At=20s)
@ Dhrect CHT(At=0.2 s)

45

270 a0

§79 680 681 682

180

Fig. 14, Interface temperatures [in K] at t = 700 s by the Direct CHT method with a small-time step
(At =0.2 s) and the present loosely coupled CHT method with different time steps.
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A long-term evolution and the validity of the present CHT coupling can be illustrated by instantaneous
interface temperature distributions at different instants in time. In Figure 15, temperature variations along
the solid-fluid interface are compared between the direct solution (At = 0.2 s) and the present loosely
coupled solution (At =10s), plotted for different time instants. The comparison between the direct coupled
CHT and the loosely CHT shows very good agreement for all the time instants. Temperature contours for
fluid and solid domains corresponding to t = 500 s and 1000 s respectively are shown in Figure 16. In
both cases the results by the present loosely coupled CHT and the direct CHT methods are in excellent
agreement.

In terms of the computational efficiency, the loosely coupled CHT typically needs only 1-2 coupling
cycle at each time step. Given the difference in the time step sizes (10 s vs 0.2 s), and the number of sub-
iterations needed, the present loosely coupled CHT is about 10 times faster than the direct CHT method.

A further point worthwhile making is regarding the prospect of using an adaptive time stepping in
predicting a transient natural convection, particularly in relation to the typically long-time scales relevant
to a steam turbine natural cooling process. It is noted that for the present loosely coupled CHT procedure,
there is practically no upper time step limit. Also, we make an observation that the most stringent temporal
accuracy requirement would typically occur at the initial stage of the process. Hence in terms of the
computational accuracy, our maximum time step will be confined by that at the initial stage, whilst we
can make a far bigger computational efficiency gain if we use larger time steps at a later stage of the

cooling process.
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Direct CHT{t=500 &)
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180
(a) 200s-500s

Coupled GHT(t=2500 s)
0 L] Direct CHT(t=2500 &)
Coupled CHT(t=3000 3)
A Direct CHT(t=3000 s)
Coupled CHT(t=4000 s)
45 & Direct CHT (t=4000 s)
Coupled CHT(t=5000 5)
Direct CHT(t=5000 2)

270

180

(b) 2500s-5000s
Fig. 15, Time evolution of interface temperature profiles [K] (Direct CHT: At =0.2 s; Loosely
Coupled CHT: At = 10s).
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Solid
Direct Loosely Coupled
(a) t=500s
T (K)
Fluid
Solid
Direct Loosely Coupled

(b) t=5000

Fig. 16, Comparison of temperature contours in solid and fluid domains between the direct solution
(At = 0.2 s) and the present solution (At =10 s) at t =500 s and t = 1000 s, respectively.

To illustrate the point regarding an adaptive time stepping, we take the pre-run solution at t = 2000 s
as the initial field and then compare the solutions marched to t = 3000 s with different time steps (Fig.
17). We also check the solutions with different time step sizes marched from 3000 s to 4000 s, shown in
Fig. 18. It is clear that we can use much larger time steps with good accuracy at these later stages. For the
phase from 3000 s to 4000s, a time step size of 100 s gives the results as accurate as those by the direct
solution using a time step of 0.2 s. Thus, for this period, the time step can be enlarged by 500 times relative
to the direct solution.

It is reminded that the time step limit for the direct CHT is shown to hardly change with the temporal
gradient, i.e. a time step of 0.1~ 0.2 s will still have to be used here for the direct CHT method. Thus, a
difference in time step size for the later stage of a cooling process can be of a factor of ~10°. Based on

these results and discussions, we can thus see a very strong case for adopting a loosely coupled CHT
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procedure for transient natural convection predictions for steam turbine flexible operations and similar

applications.

Present (At=20s)
Present (At=50 s)
Present (At=100 s)
<& Direct (At=0.2 s)

270 90

#1500 600 61

180
Fig. 17, Effect of the time step sizes on the predicted interface wall temperature [K] distributions
(t =3000 s).

Present (At=20 s)
Present (At=50 s)
Present (At=100 s)
Direct (At=0.2 s)

270

596 5985 597 597.5 598 59B.5

180
Fig. 18, Effect of the time step sizes on the predicted interface wall temperature [K] distributions
(t=4000 s).
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4-4 3-D Transient CHT Case

So far, the computational case studies are all for 2D configurations. The method also has been
implemented and verified for 3D configurations. The final case is a simple extended 3D geometry for the
fluid-solid coupled domains from the 2D CHT cases. The configuration is shown in Fig. 19. The axial
dimension of the domain is 0.3 m. All boundary and interface conditions on those circumferential surfaces
are the same as those in the previous sections. The two outer surfaces of the two side walls in the third
dimension are adiabatic. The corresponding inner surfaces of these side walls are subject to the fluid-solid

interface treatment.

Fluid Domain

Solid Domain

Fig. 19, 3D computational configuration

Figure 20 shows the comparison in instantaneous heat flux on the fluid-solid interface at t = 200 s
between the direct CHT solution (At = 0.2 s) and the present loosely coupled CHT (At = 10 s). The
corresponding comparison in the temperature contours between the two solutions is given in Fig.21 for a
cut plane normal to the axis at the middle point of the domain.

All the comparisons demonstrate excellent agreement between the present loosely coupled solutions
and the baseline direct CHT solutions for this 3D configuration. The hugely different time steps usable

for the two methods indicate a similar computational efficiency gain in a 3D case to that in a 2D case.
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Wall Flux
(w/m?)

1493.43
1215.15
936.87

658.59
- 380.31
102.03
-176.25
-454.52
-732.80
-1011.08
-1289.36
-1567.64
-1845.92
-2124.20
-2402.48

(a) Direct CHT (b) Loosely Coupled CHT
Fig. 20, Comparison of instantaneous heat flux contours at fluid-solid interface (at t = 200 s),
between the direct solution (At = 0.2 s) and the present loosely coupled solution (At =10 s).

(a) Direct CHT

Solid domain Fluid domain
(b) Loosely Coupled CHT
Fig. 21, Comparison of instantaneous temperatures on a mid-domain cut plane (at t = 200 s), between
the direct solution (At = 0.2 s) and the present loosely coupled solution (At =10 s).
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5 CONCLUSIONS

Impact of the temporal gradient of unsteady flow and its modelling in relation to numerical stability
and modelling accuracy is assessed for the transient natural convection prediction relevant to steam
turbine flexible operations. A source term based dual timing formulation is adopted and implemented in
a commercial solver. Furthermore, a loosely coupled procedure has been applied, for the first time, to
transient conjugate heat transfer predictions for natural convection. The results have consistently
demonstrated that the present source-term based unsteady flow solver allows for much larger
computational time steps to be used without the stability issues as often encountered in common
commercial codes for unsteady natural convection.

The possibility of using a much larger time step size has led to the need to assess the impact of using
different time step sizes wholly dictated by the temporal accuracy requirement. Numerical simulations
demonstrate that the present method can drastically reduce computational time compared to the baseline
method in the commercial code. The present method is also shown to be more accurate at hardly any extra
costs compared to a quasi-steady flow model based procedure when unsteady effects are non-negligible.
Several 2D and 3D test cases relevant to a natural cooling process of steam turbines are presented for

validations and demonstrations.
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