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ARTICLE INFO ABSTRACT

In the development of products involving fluids, computational fluid dynamics (CFD) has been increasingly
applied to investigate the flow associated with various product operating conditions or product designs. The
batch simulation is usually conducted when CFD is heavily used, which is not able to respond to the changes in
flow regime when the fluid domain changes. In order to overcome this defect, a rule-based intelligent CFD
simulation system for steam simulation is proposed to analyze the specific product design and generate the
corresponding robust simulation model with accurate results. The rules used in the system are based on physical
knowledge and CFD best practices which make this system easy to be applied in other application scenarios by
changing the relevant knowledge base. Fluid physics features and dynamic physics features are used to model
the intelligent functions of the system. Incorporating CAE boundary features, the CFD analysis view is fulfilled,
which maintains the information consistency in a multi-view feature modeling environment. The prototype
software tool is developed by Python 3 with separated logics and settings. The effectiveness of the proposed
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system is proven by the case study of a disk-type gate valve and a pipe reducer in a piping system.

1. Introduction

As computational fluid dynamics (CFD) is gaining maturity rapidly,
it is extensively applied in product development. In practice, CFD can
be used to investigate the flow under various product operating con-
ditions. Each operating condition is associated with a specific func-
tioning of a component which affects the flow field. CFD can also be
applied to improve the design in CFD-based optimization [1] in which
metamodeling [2] is commonly used as the algorithm. Even though the
design of experiments (DOE) [3] can be adopted to select a reasonable
number of points to represent the design space and reduce the com-
putational cost, a considerable number of CFD tests is still needed. In
such kind of application scenarios, CFD is heavily used to process the
simulations of different operating conditions or different designs. In
order to eliminate the idle time, the simulations are usually conducted
in batch mode in which the pre-defined solver configuration is applied
to all the design points. When there are big changes in design which
induce flow regime alteration, the solver would not be able to respond
to the changes. As a result, wrong simulation results will be generated.

To conquer this deficiency, an intelligent CFD simulation system is
proposed in this paper. This system is supposed to analyze each specific
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design and configure the solver with the best-fit physics models in-
telligently. An effective approach to achieve this is to embed knowledge
into the system. The knowledge is represented as rules and coded into
the system. Such kind of rule-based system is also known as the expert
system which is the simplest form of artificial intelligence [4]. The rules
are established using physical knowledge and CFD best practices, and
the whole system is developed by feature modeling.

The review of the feature modeling technology and the CFD best
practices is introduced in the next section. The structure, modeling, and
implementation of the proposed intelligent CFD simulation system are
given in Section 3. Following that, the case study of a disk-type gate
valve and a pipe reducer in Section 4 is used to show how the proposed
system works. The conclusion of the contribution and future work is
made at last.

2. Literature review
2.1. Feature-based modeling

Feature-based modeling has been widely used in different aspects of
engineering such as design, modeling, process control, and system
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integration [5]. In its early development, features are specifically de-
signated as form features which are generic shapes for product devel-
opment purposes [6]. For example, there may be form features like the
hole, slot, pocket, and chamfer in a product model [7]. In practice,
constructive solid geometry (CSG) and boundary representation (B-rep)
are commonly used to represent geometry [8]. Among those two
schemas, CSG represents the geometry at the implicit level while B-rep
is an explicit representation scheme in which an object is formed by its
boundary like faces, edges, and vertices [9].

Later, features are further developed to model the non-geometric
product properties which are useful in different stages of the whole
product lifecycle. Hence, the feature definition is usually driven by a
specific application in product development [10]. In the conceptual
design stage, the design intent is embedded in the customer’s re-
quirement for functions, which is a set of geometric and functional
rules satisfied by the final product [11]. Cheng and Ma [12] propose
functional features to interpret the design intent and provide modeling
guidance during the detailed design stage. In the analysis stage using
computer-aided engineering (CAE), CAE features are used to represent
engineering analysis knowledge [10]. In the product assembly stage,
an assembly feature is defined as a generic way to mate the compo-
nents by relationships [13,14]. In the manufacturing stage, a ma-
chining feature can be defined as an object with geometric and to-
pological characteristics which are associated with a set of machining
operations [15]. As an early application of the feature technology,
machining feature also extends its applicability in many aspects. For
example, Liu and Ma [16] introduce 2.5D machining features into
topology optimization to improve the manufacturability of the opti-
mized product. The method was later extended to design for hybrid
additive-subtractive manufacturing [17]. Further, associative optimi-
zation features are proposed to capture the optimization intent in the
optimization stage [18]. Clearly, features have their specific defini-
tions in different product development stages, which hinders the in-
teroperability. Therefore, a generic feature definition is needed to
associate product geometry and engineering knowledge in different
applications [19]. Specifically, the generic feature is defined as the
most basic feature entity template in an object-oriented software en-
gineering approach to abstract the semantic patterns for different
applications in engineering [20].

As this paper’s focus is on CFD simulation, which is a typical
application of CAE, the development of CAE feature needs to be re-
viewed in detail. In order to improve the efficiency of CAE simula-
tion, the product modeled by computer-aided design (CAD) should
be simplified in advance [21]. For this purpose, idealization features
are introduced to facilitate the detail removal and dimension re-
duction of CAD model [22]. Similarly, in the work reported by Hamri
et al. [23], the simplification features are also defined to remove
certain form features in the CAD model. CAD-CAE features are pro-
posed by Deng et al. to transform the CAD features into features in
the analysis model [24]. In a CAD/CAE incorporate software fra-
mework presented by Xia et al., CAE features consist of geometry
entities and analysis attributes which can be categorized as boundary
conditions feature, material feature, mesh feature, rendering feature
and so on [25]. Those reported works are more focused on the geo-
metry conversion from CAD domain to CAE analysis. However, the
analysis models which are a major constituent of CAE simulation
have been paid less attention. Actually, how to adaptively improve
the analysis model to increase accuracy is crucial to non-experts in
simulation-based design [26]. In the authors’ previous work [27],
fluid physics features are put forward to analyze the product design
and select the appropriate physics models for simulation. Meanwhile,
dynamic physics features are developed to facilitate the generation
of a robust simulation model for each design. The utilization of these
two feature regimes should be the right approach to construct the
intelligent CFD simulation system.
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2.2. CFD best practices

CFD is a powerful tool to analyze the fluid flow problems. The
solving space is usually a fluid domain which can be created by CAD
software, and defeaturing is required for a good quality CFD solution
[28]. Besides, the domain size will affect the simulation time and ac-
curacy [29], which should be carefully tested especially for new pro-
blems.

The fluid domain needs to be discretized into elements for numer-
ical calculation. There are two types of mesh, namely structured mesh
and unstructured mesh [30]. Even though the unstructured mesh tends
to have larger artificial diffusion and takes more time to solve, it is the
most used mesh type because it is more efficient in preparing an ade-
quate grid. The quality of the mesh is significant to the accuracy of the
solution. Ideally, the mesh should provide evenly distributed levels of
truncation error [31]. The truncation error is proportional to the grid
spacing, which can be reduced by refining the mesh. The refinement
over the entire domain is at high computational cost and not necessary
because large error only appears in small regions in most cases. As a
result, local mesh refinement is the right approach to increase the ac-
curacy at specific locations. For example, mesh inflation should be
applied along solid walls to have the grid surfaces aligned with the
boundary layer flow approximately [32]. The mesh can be further re-
fined by adaptive meshing, which is based on the solution [33].

In addition to discretization, the fluid domain should also be con-
fined by boundary conditions which drive the flow inside the domain
[34]. Boundary conditions are properties and values assigned to the
fluid boundaries. A fluid boundary is an external surface of a fluid
domain which supports the inlet, outlet, opening, wall, and symmetry
boundary conditions. The inlet boundary condition is the most im-
portant one, where the fluid predominantly flows into the domain.
Correspondingly, the outlet specifies the area where the fluid flows out
of the domain. Either velocity or pressure can be set at those bound-
aries. Among all the possible combinations, the inlet with velocity as-
signed and outlet with static pressure assigned lead to the most robust
boundary condition setup [35]. The opening boundary should be ap-
plied if the direction of the flow is uncertain, which means the fluid can
flow in and out of the domain at the opening boundary simultaneously.
It is suggested to use this boundary type only as part of the preliminary
investigation because it introduces an increased uncertainty in the so-
lution. The wall boundary defines the area where the fluid cannot pe-
netrate. Especially for the no-slip wall boundary, the fluid has zero
velocity relative to the boundary. If there is a plane that satisfies both
geometric and physical symmetry, the symmetry boundary condition
can be applied to this plane where the diffusive flux is zero [36].

Before the solving stage, appropriate physical models need to be
specified for the solver. The flow regime, such as laminar or turbulent
flow and flow compressibility should always be checked first to select
the correct models. At the beginning of the simulation, instead of using
higher order schemes and advanced turbulence models, first order
schemes and k-¢ turbulence model which is the most commonly used
model in industry applications [37] should be chosen in favor of con-
vergence.

After the pre-processing is done, the simulation can be started and it
will stop when the convergence criteria are met or the maximum
number of iterations is reached. On condition that there is no error
occurring, the post-processing can be conducted to analyze and visua-
lize the solution. If there is a convergence problem found after the
solving stage, only one modification in the model configuration should
be made to identify the key factor. In such situations, more robust
schemes, such as upwind differencing scheme (UDS) [38] for advection,
Euler Implicit [39] for time, k-¢ for turbulence, should be considered. If
a steady simulation diverged, switching to transient simulation helps to
test whether the flow is unsteady.

Following the successful application of lower order schemes, higher
order schemes like central differencing scheme (CDS) [38] are preferred
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Fig. 1. Structure of the intelligent CFD simulation system.

to increase accuracy. Because there is no universal turbulence model,
the effect of different turbulence models should be tested, if the flow is
turbulent [40]. Before performing these actions, the mesh should be
refined accordingly. At last, if an analytical or experimental result is
available, the numerical solution should be validated by comparing
with the existing solution [41].

3. Intelligent CFD simulation system
3.1. Structure of the system

According to the type of steam used, dry steam or wet steam si-
mulation module will be entered separately. The details of the in-
telligent CFD simulation system are introduced in this subsection based
on dry steam simulation. The wet steam simulation module will be
described in the next subsection. The intelligent CFD simulation system
has the overall structure shown in Fig. 1.

Based on the CAD model of the product, the fluid domain can be
abstracted and discretized with boundary conditions attached, which is
the input of the CFD solver. The fluid attributes are obtained from the
product design. The other parameters that are essential to CFD simu-
lation can be derived in the data processing module using the equations
listed below:
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where p is the density of steam, p is the pressure of steam, R is the gas
constant, T is the temperature of steam, a is the speed of sound in
steam, k is the specific heat ratio of steam, Re is the Reynolds number, ¥
is the average velocity of steam, D is the inner diameter of duct, u is the
dynamic viscosity of steam, and Ma is the Mach number. The non-di-
mensional Reynolds number and Mach number determine the flow
regime, which is used to select the correct models in the physics model
selection module.

Fig. 2 shows how the physics model selection module works. For
flow in a pipe to be fully turbulent, the Reynolds number should be
greater than 4000 [42], then a turbulence model will be selected. The
compressibility of the fluid is judged by the Mach number. If the Mach
number is bigger than 0.3, the compressibility effect is not negligible,
then the total energy model will be selected. And at the same time, the
reference pressure, as well as proper boundary conditions, should be
configured to activate the compressible flow simulation. In the begin-
ning of simulation when the index i (iteration) is small or at the time
the simulation has convergence issues, lower order discretization
schemes like UDS and the commonly used k-¢ turbulence model for
turbulent flow are preferred to facilitate convergence.

The root-mean-square (RMS) of normalized residuals is used as the
convergence criteria for individual CFD runs (for example
RMS < 10~ %). As shown in Fig. 1, the index i is updated after each
simulation. All the solver configurations are recorded regardless of the
convergence status. For a converged simulation, post-processing can be
conducted to check if the solution meets the initial flow regime as-
sumption and expected accuracy. Specifically, according to the peak
value of the Mach number obtained from the simulation, the flow re-
gime will be evaluated again to check whether the simulation model
should be altered. If a simulation diverged, the solver configuration
needs to be updated to achieve convergence. In the changing process, in
order to obtain the sensitivity towards different physics models, only
one change is allowed in the solver configuration each time when a new
iteration starts. Human intervention is needed to diagnose the problem
if the simulation still has convergence issues after successive runs.

As i increases, higher order schemes like the blended scheme which
is a weighted average between UDS and CDS, as well as advanced
turbulence models like k-w, Reynolds stress models (RSM) can be ap-
plied to improve the simulation quality. By comparing with the vali-
dation data, the accuracy of the simulation result can be obtained,
which is the criteria for stopping the loop in the post-processing
module. Then the program can be started again for the next product
design.

3.2. Wet steam simulation

p
p=——
RT 1 In practice, wet steam commonly acts as a medium formed by a
I Physics :
Advecti :
mOd?] e <Compressible flo |
selection scheme
Y i Y v I
| Taminar flow Turbulence Blended Total energy model Incompressible |
: : . UDS : .
| simulation model selection scheme & Reference pressure | | flow simulation | |
|

Fig. 2. Physics model selection process.
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Fig. 3. Various regimes in wet steam: (a) bubbly flow, (b) slug flow, (c¢) annular flow, (d) mist flow, and (e) stratified flow.

mixture of water vapor and liquid water. This mixture represents two
different thermodynamic phases of water in which both phases are at
saturation temperature. So the simulation of wet steam falls into mul-
tiphase flow simulation. As shown in Fig. 3, wet steam exhibits various
flow regimes depending on the relative concentration of the two phases
and the flow rate. Each regime requires specific modeling approach.
The dominant interactions between the liquid and vapor change their
character from one regime to another.

In CFX specifically, there are two main multiphase models, namely
the Lagrangian particle tracking model and the Eulerian-Eulerian model
[35]. To model the phase change, both equilibrium and non-equili-
brium phase change models are available. The equilibrium phase
change model is a single fluid, multicomponent phase change model
which assumes the phase change occurs instantaneously. Therefore, the
two phases have the same temperature. This model is especially sui-
table for wet steam simulation with a small liquid mass fraction [35].
The non-equilibrium phase change model is available when using Eu-
lerian multiphase and Particle Transport, which allows the two phases
to go beyond the saturation dome. The focus of this wet steam simu-
lation module lies in the equilibrium phase change model as an initial
investigation attempt.

As shown in Fig. 4, if the wet steam simulation module is entered,
the homogeneous binary mixture including water vapor and liquid
water is created as a real gas which is treated as the fluid of the flow
space. Similar to the dry steam simulation, the fluid domain is ab-
stracted from the product design and meshed with boundary conditions
attached. Again, by forward-chaining, the fluid attributes derived from
the design are used to estimate the non-dimensional Reynolds number
and Mach number to select suitable fluid physics models. Especially, the
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pre-defined steam quality y is used as an additional boundary condition
of the fluid flow space. The rules for configuring the solver are the same
as the intelligent solver functions for dry steam simulation. If a simu-
lation diverged, the solver setup should be tweaked to achieve con-
vergence. Still, only one change is allowed in the solver configuration. If
a simulation converged, post-processing will be executed. The physics
models will be updated if the flow regime does not match the initial
assumption. The program ends when the simulation result meets the
accuracy requirement.

3.3. Feature modeling of the intelligent CFD simulation system

As described in the literature review, the fluid physics features and
dynamic physics features are capable of selecting the proper physics
model to configure the CFD solver and generate the robust simulation
model, which should be used to model the intelligent CFD simulation
system. As shown in Fig. 5, incorporating CAE boundary features [43],
the CFD analysis view [44] is formed in a multi-view feature modeling
environment [45] in which the information consistency is maintained
properly.

Under the control of CAE boundary features, the fluid domain can
be abstracted from the product design and discretized by specific mesh
generation methods. Boundary conditions are assigned to the corre-
sponding locations of the fluid domain, forming the fluid flow space.
The fluid attributes derived from the design are processed by the
equations in the fluid physics feature to evaluate the flow regime. Then,
suitable physics models will be selected accordingly based on the rules
set by CFD best practices. With the analysis model and fluid flow space,
the CFD solver is fully configured and activated to run. After the
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Fig. 4. Wet steam simulation function.

simulation is done, results can be obtained. The convergence status, as
well as the analysis model used for the simulation, is recorded as parts
of the dynamic physics features. By checking the non-dimensional
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number, the flow regime can be checked to see if there is any validity
issue. The relative error is calculated by comparing with the validation
data. The physics models will be re-selected if the simulation diverged
or the check of flow regime or simulation accuracy failed. This is to
guarantee the generation of the robust simulation model which is de-
fined as the applicable CFD regime and simulation setup template with
validated physics conditions and converges into physically reasonable
and accurate results [27]. More specifically, the robustness of the si-
mulation model means that the model can be used with confidence on a
difficult problem and produce physically reasonable results besides the
expected accuracy [46]. The generation of the robust simulation model
of the current design indicates the completion of the analysis of this
design point. Then, the simulation of next design point can be started by
updating the design variables. This process iterates until all the design
points are processed.

3.4. Implementation of the intelligent CFD simulation system

A prototype software tool is developed by Python 3 to fulfill the
intelligent functions of the proposed CFD simulation system. This tool is
designed to invoke ANSYS Workbench and execute different scripts
based on the specific product design. It should be highlighted that the
logics and settings of the tool are separated, and all possible extensions
to be developed in the future can be saved in the settings, making it
easily extendable.

The logics of the tool, shown as the pseudocode in Fig. Al of the
appendix, involves iterating the different product designs, calculating
the Reynolds number and Mach number, updating ANSYS Workbench
scripts accordingly, executing scripts, and finally checking the analysis
results. Those actions are specified as follows:

e The calculation of Reynolds number and Mach number is based on
the aforementioned Egs. (1)-(4).

e Updating ANSYS Workbench scripts is to copy a given script as the
source template and then change the value of design variable as well
as select the correct physics models correspondingly in the copied
script. This function is explained by the pseudocode in Fig. A2.

e Executing the script is done by calling the ANSYS command with
arguments specifying the Workbench project.

CFD Validation
Solver data
CFD analysis view
Fluid physics feature

+ Generate mesh()

- Fluid attributes

CAE boundary feature - Equations :
- s - Analysis metamodel
- CAD/CFD mapping tree - Physics models - Flow regime
- Mesh generation methods - Rules ,
i - Relative error
Product - Boundary conditions - Mesh _—
desi : : Bound diti - Model validation measure
esign + Form fluid domain() - Boundary conditions T Gonyersscemalysis0

- CFD simulation results

Dynamic physics feature
- Convergence status

+ Identify boundary()
+ Assign boundary conditions(

+ Flow regime evaluation()

+ Simulation model selection()
+ Solver setup()

+ Run simulation()

+ Record status()

+ Check flow regime()

+ Check accuracy()

+ Simulation model update()
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Fig. 5. Feature model of the CFD analysis view.
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Fig. 6. Disk-type gate valve: (a) product design, and (b) abstracted cross-sectional view.
Table 1 Table 2
The initial values of parameters. The values of parameters calculated by the system.
Parameter Value Unit Parameter Value Unit
D 0.2 m a 478 m/s
k 1.327 N/A p 0.588 kg/m?
p 1.013 x 10° Pa Re 3.8 x 10° N/A
R 461.5 J/(kgK) Ma 0.08 N/A
T 373.15 K
v 40 m/s
u 1.23 x 107° kg/(ms) 72 L, + L
Ap = P K+ f @ 2)
2 D (5)

e Checking the analysis results is achieved by reading the ANSYS-
generated comma-separated values (CSV) file to find out the latest
values of the output parameter, as shown by the pseudocode in Fig.
A3.

As shown in Fig. A4, settings of the tool contain models (the model
names and the variable/range by which the corresponding models are
determined), values of design variables, validation data to calculate the
relative error, and threshold of error to finish looping the models, etc.
Such values may change in the future development of other functions,
but these changes will not affect the logic to process. The application of
this tool will be illustrated by the case study in the next section.

4. Case study
4.1. Analysis of dry steam through a disk-type gate valve

Valves are widely used in the piping system and they are designed to
control the flow and condition of a process fluid such as liquid and gas
[47]. There are various types of valves available in the market, for
example, plug valves, ball valves, butterfly valves, globe valves, gate
valves, pinch valves, and diaphragm valves, etc. Among these valves,
the gate valve is one of the most common valves in use. And it is se-
lected as the case to validate the effectiveness of the proposed in-
telligent CFD simulation system because the pressure drop across the
valve can be calculated by an empirical equation. Fig. 6(a) shows a
typical disk-type gate valve design. The gate is usually driven by a
manual wheel or an actuator to move perpendicular to the pipe and
finally shut off the flow. The cross-sectional view of the disk-type gate
valve is shown in Fig. 6(b) in which h is the opening-distance, L, and L,
are the distance from pressure measurement location 1 and location 2
to the valve gate, respectively. It should be noted that the pressure
measurement location must be far away from the gate to allow the flow
to be fully developed. Based on experiments, the pressure drop through
the valve can be calculated by the following equation [48]:
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where K represents the loss coefficient, f indicates the friction factor for
fully developed pipe flow. The value of K depends on the opening-
distance ratio h/D [42].

The testing case has dry steam flowing into the valve through the
inlet at 40 m/s. The pressure at the outlet is 101,325 Pa. The other in-
itial physical parameters are collected in Table 1. Using Egs. (1)-(4),
the proposed system calculates the other parameters which are shown
in Table 2. Judging from the Reynolds number and Mach number, the
flow is assumed to be incompressible turbulent flow. According to the
table for friction factor as a function of Reynolds number and relative
roughness [48], the value of f in this case is 0.0138. Both L; and L, are
ten times the inner diameter D. Using Eq. (5), the pressure drop cor-
responding to different opening-distance ratio can be calculated, which
is shown in Table 3.

The starting case, which is used as the template for all the following
cases to assign boundary conditions and create output parameters, uses
the opening-distance ratio of 0.8. L; and L, in this testing case should be
2m. So the length of the fluid domain is 5m as shown in Fig. 7(a) in
which the boundary conditions are also specified. The mesh generation
and refinement method is the same for all the cases with different
opening-distance ratios to purely test the effect of physics models.
Fig. 7(b) shows a section of the meshed domain which has the inflation
layer along the wall boundary and refinement made adjacent to the gate
region.

When i =1, the intelligent CFD simulation system selects the
Isothermal as the heat transfer model because the derived Mach number

Table 3

Empirical pressure drop corresponding to opening-distance ratio [48].
h/D K Ap; (Pa)
0.8 0.17 209.8
0.7 0.44 336.81
0.6 0.98 590.82
0.5 2.1 1117.67
0.4 4.6 2293.67
0.3 10 4833.83
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Fig. 7. Fluid domain of the case h/D = 0.8: (a) boundaries, and (b) partial view of mesh.

Table 4
Pressure drop, relative error, Mach number, total iteration and robust combi-
nation of models.

h/D Ap, (Pa) &1 (%) Ma i Heat transfer Advection Turbulence
scheme model

0.8 219.88 4.81 0.11 1 Isothermal Upwind k-epsilon

0.7 336.45 0.11 0.13 1 Isothermal Upwind k-epsilon

0.6 577.95 2.18 0.16 1 Isothermal Upwind k-epsilon

0.5 1166.44 4.36 0.21 3 Isothermal High SST k-omega
Resolution

0.4 228449 0.4 0.26 4 Isothermal High SSG Reynolds
Resolution Stress

0.3 4921.32 1.81 0.35 4 Total Energy High SST k-omega
Resolution

is less than 0.3. The advection scheme selected is the lower order
Upwind. Because the Reynolds number is much bigger than 4000, a
turbulence model is needed and k-epsilon is chosen in this iteration. To
control the convergence in the solver run, the residual target is set to be
2 x 1075 and the maximum number of iterations is 300. After the si-
mulation is done, by comparing with the validation result shown in
Table 3, the relative error of the simulation result can be obtained. The
stopping criterion for this case is the relative error should be less than
5%. Because the default combination of physical models is capable of
producing accurate simulation result which has a relative error of
4.81%, the loop stops for the first design point and the loop for the next
design point starts. At last, the intelligent CFD simulation system fin-
ishes the simulation of all the design points, and the results of pressure
drop, relative error, Mach number, total iteration and the robust com-
bination of physics models are collected in Table 4.

For the first three design points, it is obvious that the default
combination of physics models is able to generate acceptable simulation
results. Therefore, only one iteration is needed in each loop. As the gate
approaches the bottom of the valve, the velocity of the steam will in-
crease, which will create a larger recirculation zone. This is the reason
why High Resolution and advanced turbulence models are needed for
design point 4 and 5. After the initial simulation of the last design point,
the Mach number is found to be bigger than 0.3. So the heat transfer
model is switched to Total Energy when i = 2. Finally, there are 4
iterations used to generate the robust simulation model for the last
design point. The detailed investigation of the first and last design point
is selected to show why the changes in the physics models are neces-
sary. Fig. 8(a) and (b) shows the streamlines when the opening-distance
ratio equals 0.8 and 0.3, respectively. Clearly, in the last design point,
the flow velocity is much higher and the flow reattachment point is
much further in the downstream. This also confirms the necessity to use
a long enough domain. The contours of density at the valve gate
opening cross-section corresponding to those two design points are
shown in Fig. 9. As can be seen, the change in density is negligible in
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the first design point. When the flow area is reduced dramatically in the
last design point, the density varies by 7%, which needs the correct heat
transfer model to simulate the compressible flow.

4.2. Analysis of wet steam in pipe reducer

As shown in Fig. 10(a), the reducer is used to reduce the pipe size to
a smaller bore in a piping system. This corresponds to the contraction in
fluid mechanics [42], which is shown in Fig. 10(b). When wet steam
flows through a reducer that is not well insulated, the steam will con-
densate, which affects the steam quality. This case study is selected to
test the wet steam simulation function of the proposed intelligent CFD
simulation system.

The boundaries of the fluid domain are shown in Fig. 11(a), which
have the conditions specified as follows:

e Inlet: flow velocity at 1 m/s, steam quality at 80%, temperature at
373.15K;

e Outlet: relative pressure at - 40 Pa;

e Wall: no-slip wall at 273.15K;

e Reference pressure: 101,325 Pa.

As shown in Fig. 11(b), the mesh is generated with inflation layer
along the wall boundary and refinement made around the area where
the two sections connect. The gas phase named H20RKv and the liquid
phase named H20RKI are used to create the homogeneous binary
mixture which is treated as the fluid of the domain. The saturation
properties of this mixture are set to Redlich Kwong, which is a real gas
model in CFX [35]. The Reynolds number and Mach number derived
from the fluid attributes indicate that the flow is incompressible tur-
bulent flow.

After several iterations, the robust simulation model with accurate
results is obtained. As shown in Fig. 12(a), the streamlines exhibit the
vena contracta [49] which is a typical flow behavior after a nozzle. The
mass fraction of the H20RKv is exactly the steam quality which is
shown in Fig. 12(b). The steam quality is calculated by the intelligent
CFD simulation system and the empirical method [50] at the connec-
tion area and at the outlet. The results are collected in Table 5. It is
obvious that the relative error between the two methods is quite small
at both locations. The error at the outlet is slightly bigger because of the
entry effects for the second stage calculation. These results demonstrate
the successful implementation of the wet steam simulation function in
the current intelligent CFD simulation system.

4.3. Discussion of applicability

The disk-type gate valve and pipe reducer used in this case study are
all typical products in a piping system, which are relatively simple. The
advantage of using these simple cases is that the validation data is easy
to obtain through calculation. As a result, the effectiveness of the
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Fig. 9. Contour of density at the valve gate opening cross-section: (a) h/D = 0.8, and (b) h/D = 0.3.
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Fig. 10. (a) Pipe reducer, and (b) cross-sectional view of a contraction.
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Fig. 11. Fluid domain of the pipe contraction: (a) boundaries, and (b) mesh.

ANSYS
R17.1
= Outlet
Wall
Inlet 1<'
(@)
Yelogi o o
10.24

angys H2QRKyMass Fraction
e CONTOUP
0.80

(a)

Fig. 12. Simulation result: (a) streamlines, and (b) contour of steam quality.

Table 5

Steam quality comparison.
Location Intelligent system Empirical calculation 8>
Inlet 80% 80% -
Connection 79.7% 79.9% 0.25%
Outlet 78.6% 79.6% 1.26%

proposed intelligent CFD simulation system can be verified. However, it
should be noted that the application of the system is not limited to
simple cases only. In CFD-based optimization which is the other ap-
plication scenario of CFD, this system can be used to efficiently generate
convincible results for algorithms to improve the design of more com-
plex product. For example, results obtained from the proposed system
can be used to optimize the design of outflow control device and im-
prove the heating efficiency in steam assisted gravity drainage (SAGD)
[27].

Currently, the system is established in the field of steam simulation.
Because the rules in this system are based on CFD best practices, this
system can be used to simulate other kinds of gas or liquid flow by
changing the relevant knowledge base of the specific fluid. Therefore,
the proposed system is an extendable system which is also capable of
complex simulations.

5. Conclusions

The development of an intelligent CFD simulation system is ex-
plored in this paper to tackle the problems existing in the CFD batch
simulation. This system is able to simulate both dry and wet steam and
it is built on the rules derived from physical knowledge and CFD best

L 076
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0.78
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0.77
0.76

0.75
0.74
0.74

(b)

practices, making it capable of analyzing specific product design, se-
lecting suitable physics models, and generating the corresponding ro-
bust simulation model. In order to realize the system, fluid physics
features are used to model the data processing, physics model selection,
and simulation execution while fluid dynamic physics features are ap-
plied to model the convergence analysis, post-processing, and genera-
tion of the robust simulation model. Along with CAE boundary features,
the CFD analysis view is fulfilled in the product development process.
The prototype is developed by Python 3 with separated logics and
settings, making it easy to be extended. The case study of a disk-type
gate valve is used to show the function of the whole system with various
opening-distance ratios. It is shown that this intelligent system can
generate the robust simulation models for each operating condition and
output accurate results. In this process, the dynamic physics features
support the analysis of the sensitivity toward different physics models,
which is useful information for the simulation of other operating con-
ditions. The pipe reducer case shows that the wet steam simulation
module can capture the phase change and calculate the steam quality
correctly. Overall, this paper provides a generic way for intelligent CFD
simulation system development which can be applied to other complex
scenarios by changing the relevant knowledge base.

At present, the intelligent CFD simulation system is built for steady
flow simulation, and the wet steam module uses the equilibrium phase
change model which is suitable for the specific mist flow. In the future,
the function for transient simulation can be added to enhance its ap-
plicability. Other wet steam models will be investigated to facilitate the
simulation of more complicated wet steam regimes. For complex si-
mulations, the performance of the intelligent CFD simulation system
can be further increased by running it in a high-performance cloud
computing environment to dramatically reduce the computation time.
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Appendix A

See Figs. Al-A4.

Algorithm 1: intelligent CFD simulation system main()
Input:

DEFAULT_MODELS:

u, p, T, r, k, v:

the default model series
parameters for calculation of "re” and "ma"

h: value of "h" of a specific iteration

D value of "D" of a specific iteration

STANDARD_DP: pressure drop value for validation

THRESHOLD: the value to determine if result is good enough
Qutput:

p2: pressure drop from simulation

e: relative error of the simulation result

ma: value of "ma" of the iteration

FOR h in {160, 140, 120, 100, 80, 60}
models = copy(DEFAULT_MODELS)
re, ma = Calculate(u, p, T, r, k, v, h / D)

IF re < 4000
FOR model in models
model[ TURBULENCE MODEL] = "None
ENDFOR
ENDIF

FOR model in models
# Determine whether and how to use "Total energy”
IF ma > ©.3 AND model[HEAT TRANSFER MODEL] != "Total energy
IF has_pervious(model)
new_model = copy(previous(model))
ENDIF
models.add_nevi_before(new_model, model) # Run "Total energy" with the previous model
FOR model2 in sub_of_array_from(models, new_model)
model2[HEAT TRANSFER MODEL] = "Total energ # Set the rest models to use "Total energy”
ENDFOR
ENDIF

# Now "new_model™ is "model"

model_wbjn_script = update_script_with_new_model(h, model) # Algorithm 2
# Call ANSYS workbench to run the wbjn script

results = call(ANSYS_WB, model_wbjn_script)

# Check calculation results
p2, ma = check_results(results) # Algorithm 3
# Finsh up this round for the "h"
e = |p2 - STANDARD_DP| / STANDARD_DP
OQutput: p2, e, ma
IF e < THRESHOLD
BREAK
ENDIF
ENDFOR
ENDFOR

# Do not go further here

Fig. Al. Pseudocode of algorithm 1.
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Algorithm 2: update ANSYS “wbjn” script with specific models

Input:

h: the value of "h”

models: the models for this iteration
Qutput:

model_wbjn_script: the new script updated with models

# Heat transfer model is changed by choosing the right script template

IF models[HEAT TRANSFER MODEL] == "Total energy”
model_wbin_script = copy(wbin_template_total_energy)
ELSE
model_wbin_script = copy(wbjn_template_iso_thermal)
ENDIF

FOR line in lines(model_wbjn_script)
# Change value of "h"
IF starts(line, "Express
replace(line, "\d+", h) # regular expression to match numbers
ENDIF

ion=")

# Change value of models, except heat transfer model

model = remove_trailing_symbol(line, ":") # keywords of models all have a trailing colon
IF model != "HEAT TRANSFER MODEL" and model in models
value_line = find_next_line_starts("Option =")
replace(value_line, model[model])
ENDIF
ENDFOR

Output: model_wbjn_script

Fig. A2. Pseudocode of algorithm 2.

Algorithm 3: check ANSYS calculation results

Input:

results: the result log file generated by ANSYS
Qutput:

p2: pressure drop from simulation

ma: value of "ma" of the iteration

result = create_empty_set()
FOR line in lines(results)
# skip empty lines and comments
IF is_empty(line) or starts(line, "#")
continue
ENDIF

# keys - variable names

IF starts(line, " ")
keys = split_by(line, ",")
result.add_keys(keys)
continue

ENDIF

# values - variable values

values = split_by(line, ",")

result.add_values(values)
ENDFOR

Qutput: result[p2], result[ma]

Fig. A3. Pseudocode of algorithm 3.
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{
"models": [
{
"ADVECTION SCHEME": "Upwind",
"TURBULENCE MODEL": "k epsilon",
"HEAT TRANSFER MODEL": "Isothermal”
},
{
"ADVECTION SCHEME": "High Resolution",
"TURBULENCE MODEL": "k epsilon",
"HEAT TRANSFER MODEL": "Isothermal”
},
{
"ADVECTION SCHEME": "High Resolution",
"TURBULENCE MODEL": "SSTE™,
"HEAT TRANSFER MODEL": "Isothermal"
},
{
"ADVECTION SCHEME": "High Resolution",
"TURBULENCE MODEL": "SSG Reynolds Stress",
"HEAT TRANSFER MODEL": "Isothermal"
}
1,
"TURBULENCE MODEL": {
"None": ["-Infinity", 4 1
Y,
"HEAT TRANSFER MODEL": {
"Total energy": "Infinity"]
},
"ansys wb path": "C:\\ANSYS\\...",
Troot™: "D:\\Downloads",
"source": "valve s",
"h" = [ ¢ 7 Ta 7 P # ; ] i
"parameters": {
"a": 1286=55
"p": 1. 7
wgw: 373,15,
npw . 61.5,
wyn .327,
nm
},
"standard dp": [
’
1,
"threshold": J 05,
"result path": "result.log"
}
Fig. A4. Settings file.
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