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Abstract

For CFD results to be useful in IC engine analysis, simulation results should
be accurate and consistent. However, with wide spread use of parallel compu-
ting nowadays, it has been reported that a model would not give the same re-
sults against the same input when the parallel computing environment is
changed. The effect of parallel environment on simulation results needs to be
carefully investigated and understood. In this paper, the solution inconsisten-
cy of parallel CFD simulations is investigated. First, the concept of solution
inconsistency on parallel computing is reviewed, followed by a systematic
CFD simulations specific to IC engine applications. The solution inconsisten-
cy against the number of CPU cores was examined using a commercial CFD
code CONVERGE. A test matrix was specifically designed to examine the core
number effect on engine flow, spray and combustion submodels performance.
It was found that the flow field simulation during the gas exchange process is
the most sensitive to the number of cores among all submodels examined. An
engineering solution was developed where local upwind scheme was used to
control the variability, which showed good performance. The implication of
the observed inconsistency was also discussed.
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Computational Fluid Dynamics, Paralle] Computing, Numerical Error

1. Introduction

Numerical simulation of physical process has been an indispensable asset in
product development. In particular, the automotive industries increasingly rely
on Computer Aided Engineering (CAE) for product development. For any kind
of numerical simulations to be useful in analysis, the solution should exhibit
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certain properties. The first one is the accuracy. A simulation is expected to re-
produce or predict the physical process with acceptable accuracy to be used in
analysis or product development. The solution accuracy depends on two factors.
One is the model accuracy, which can be attributed to the assumptions and pro-
cedures used in the model development. In terms of CFD, Direct Numerical Si-
mulation (DNS) is considered the most accurate, because it adapts the least as-
sumptions in the modeling of fluid dynamics. On the other hand, models based
on Reynolds averaging, commonly referred as RANS (Reynolds Averaged Navi-
er-Stokes), adapt time-averaged governing equation with additional assumptions
such as homogeneous isotropic turbulence, which makes it inapplicable in accu-
rate modeling of instantaneous flow field, but more suited for an ensemble av-
eraged flow field.

The other required property is the solution consistency. In other words, a si-
mulation code should be able to give the same answer whenever and on which
hardware the code is ran. In a serial code, the solution consistency is very good
and has not been an issue for most cases. However, with recent wide spread use
of parallel computing, it has been noticed and reported that a parallel code may
not produce the same results. The solution consistency in parallel computing is
not a trivial task and has been a research topic in computer science [1]-[8]. One
of the main reasons is the non-deterministic order of arithmetic operation. In a
serial computing, the order of arithmetic operating in a loop is pre-determined
at compilation time, and it is not varied from runtime to runtime. On the other
hand, in the parallel computing, the loop is split and distributed to a number of
different cores, then reduced (summed) to a single value. As such, the order of
arithmetic operating in a loop is determined at runtime and may vary from run-
time to runtime. This effect, as well as other potential sources of inconsistency,
will be reviewed in subsequent sections.

Understanding the sources of such non-deterministic behavior, and the effects
thereof, is very important in analyzing the simulation data. This problem is not
specific to CFD, but virtually all of parallel scientific computing is affected. Re-
search has been conducted to identify possible sources of variations and how to
eliminate them to retain solution determinacy. It has been argued that any pa-
rallel scientific computing should be deterministic [7], and determinacy can be
obtained without significant overhead [8]. The solution consistency issue in pa-
rallel CFD simulation has been reported and investigated as well [9] [10] [11].

In this study, the solution consistency from parallel CFD simulations was
examined to understand how the simulation results are affected by the change in
parallel computing environment. The study is focused on modeling the internal
combustion engine, which is a highly complex reacting flow. It is a good test case
because it includes virtually all aspects of recent CFD modeling, such as moving
boundary (valves and pistons), two-phase flow with phase change (fuel injec-
tion/spray), and chemical reaction (ignition and combustion). Particularly, the
fuel injection model is an interesting topic because it relies on the random

number sequence, which is known to be sensitive to the parallel computing en-
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vironment.

The study is composed as follows. First, the recent research and current un-
derstanding of the solution inconsistency in parallel computing is reviewed in
Chapter 2. Then, reported solution inconsistency in CFD is reviewed in Chapter
3 with focus on the numerical error and its population in CFD. The solution in-
consistency in the CFD of IC engines is examined in subsequent chapters. The
numerical setup is summarized in Chapter 4, whose results are described in
Chapter 5. The results are analyzed in Chapter 6 and a summary in Chapter 7
will wrap up the study.

2. Source of Solution Inconsistency in Parallel Scientific
Computing: Literature Review

In a computer system, numbers are stored with a finite accuracy. Consequently,
there are round-off errors in any kind of scientific computing, regardless of be-
ing serial or parallel. We will first review what kind of numerical errors are
present, and how such errors may impact parallel computing and affect solution

determinacy.

2.1. Round-off Error and Non-Associative Floating Number
Arithmetic

A computer uses a floating point number system with finite precision [2]. As a
result, it cannot precisely represent all real numbers. One example is the treat-
ment of certain numbers, such as 1/3. In a computer, it will always have very
small additional numbers near the accuracy limit. It may shock the readers, but
most of modern computers cannot represent 0.1 exactly. With a 24-bit computer,
0.1 is represented as 0.100000001490116119384765625. The round-off error is
unavoidable in any scientific computing with floating number representation
due to the finite accuracy [2] [3] [4].

One of the most well-known effect of the round-off error is the floating point
arithmetic, which is not associative [2]. In floating point arithmetic, (a + b) + ¢
and a + (b + ¢) may not be exactly the same. A simple example is addition of two
large numbers and a small number, which are separated at the extreme of the
representation range of the floating point representation. For example, on a 32
digit precision machine, (1032 — 1032) + 0.01, will be calculated as 0.01. The first
calculation in the brackets is calculated correctly and cancels out. However, if
the same calculation is done in reverse order (0.01 — 1032) + 1032, computer will
give 0 as the answer. The first calculation gives —1032, because the dynamic
range is not available to represent such small value against the large number at
machine limit. Consequently the final value becomes zero, and the arithmetic is
non-associative. The non-associativity is an active research topic in mathematics
and computer science [3].

Numerical issues in serial computing is rather well defined and understood to
come from modeling continuum physics with discretized equation with finite

accuracy [2], and a well-established guideline is available to estimate numerical
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errors [4]. In a serial computing, such error does not affect the solution deter-
minacy as long as the computing environments are kept identical. The compu-
ting environments includes the code, the compiler and compiler options, and the

computing hardware.

2.2. Effect of the Non-Associative Floating Number Arithmetic in
Parallel Computing

In parallel computing, the computing environment has one additional variable
compared to the serial counterpart. It is the parallel computing environment,
which includes any parallel setup for a parallel code to run, including the com-
puter algorithms for parallel implementation, parallel execution schedule, oper-
ating conditions, compiler, and hardware setup. It has been reported that com-
puting results may vary in a parallel computing when the parallel computing en-
vironment is changed. The loss of the determinacy in the parallel scientific
computing is an actively researched topic in the computer science [3] [5] [6] [7]
[8], and researchers have identified a few sources to which the problems are at-
tributed to. For example, the same code and input may generate different results
by simply changing the number of processors, among other things [9]. We will
review a few well-known numerical errors in parallel computing in subsequent
chapters.

In a serial computing, the order of calculation in a loop is already determined
at compilation. However, in a parallel computing, a loop is split and distributed
over a number of cores for better performance. As such, the order of calculation
is determined at runtime, based on the number of cores used in the calculation.
For example, a summation operation of an array with N element in a serial code
will occur serially from element 1 to N. In a parallel computation with 2 cores
will split the loop in two, which will first calculate summation from (1 to N/2)
and (N/2 + 1 to N), then the two sums will be added. As such, any variation in
the number of processor will vary the order of addition at runtime. The order of
arithmetic can be varied even with the same number of cores, dependent on the
overhead of each node. Say, let’s assume that a simulation was repeated with
three cores each time. In one run, core 0 finished first, followed by core 1 and
core 2. The order of summation will be (sum from core 1) + (sum from core 2) +
(sum from core 3). In another run, core 0 had overhead from other process, and
ended last. In this case the total value would be (sum from core 2) + (sum from
core 3) + (sum from core 1). In either case, the order of arithmetic is varied at
runtime and the final sum will be affected by the non-associativity. As described
before, the variation from non-associativity occurs mostly at machine precision
limit, which is 15 - 16 digits for double precision in most of numerical simula-

tions.

2.3. Random Number Sequence

Another possible source of additional numerical error in parallel computing is

the random number generation. The random number is used extensively in CFD
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simulation, particularly for modeling spray. A random number is generated by a
pseudo-random number generator, which provides a sequence of random num-
bers based on its initial seed value. If the initial seed value is the same, resulting
random number sequence will be identical. In most of scientific computing, the
seed number is held constant for the sake of determinacy, except in some statis-
tical analysis. In a serial environment, as the order of computation is predeter-
mined during compilation, elements in a random number sequence were used
sequentially in any single simulation in a deterministic fashion.

However, in a parallel environment, it is not clear how a random number se-
quence will be used over multiple processes. One option is a replicated approach,
where each processor keeps the same random number sequence and use its own.
Another options is a distributed approach, where one processor keeps the ran-
dom number sequence and sends out each element to each core whenever a
random number is needed. In either approach, it is clear that the usage of the

random number element will vary when the number of processors is changed.

2.4. Other Possible Sources

Other possible sources for the non-determinacy have been investigated, e.g., the
effect of cut-cell method on numerical oscillation [12]. Effect of such spurious
oscillation may impact determinacy and need to be examined carefully. In return,
any type of dispersion treatment, such as artificial viscosity, may impact the si-

mulation results and needs to be understood.

3. Numerical Errors and CFD: Effect of Viscosity

As the numerical errors in scientific computing has been described, now we fo-
cus on the numerical errors and their behavior specific to the CFD modeling.
The effect of numerical error in serial CFD has been reviewed by Freitas [13],
while Poinsot et al reviewed the effect of numerical error in parallel CFD [10].
The numerical error can be represented by a wave, which is propagated by the
governing equation, which is the Navier-Stokes equation in CFD. In an inviscid
flow without any viscosity, a wave will propagate while maintaining its original
shape. In a real flow with a certain amount of viscosity, the wave will be dam-
pened out by the viscosity. The accuracy of any CFD code depends strongly on
the viscosity treatment in the simulation.

The viscosity in any CFD simulation can be categorized into three viscosities
[10]. One is the physical viscosity, which is the property of the fluid. The other is
a model viscosity or turbulence viscosity. In a RANS simulation, typically the
mesh is much coarser to capture the details of flow field. As such, the flow field
resolved at the grid level does not represent the physical flow, and additional
model is required to capture the turbulence occurring at the grid level. As tur-
bulence enhances mixing, the effect of turbulence is often modeled by enhanced
mixing via a model viscosity in addition to the physical viscosity. The additional
model viscosity is the turbulence viscosity, often referred as v_t. In addition,

there exist a numerical viscosity. The numerical viscosity comes from numerical
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setup and methods, rather than physics or models. For example, if the grid is
very coarse, one may not be able to capture small structures but only large
structures. The solution from a coarse grid will give a blurred image, which is
similar to the effect of viscous diffusion. On the other hand, the governing equa-
tion has to be discretized to be solved in a computer. And the discretization
scheme can add numerical viscosity to the problem. Ideally, one may reduce the
numerical viscosity by adapting a high order accuracy numerical scheme and a
very fine mesh.

With the three viscosities, the Navier-Stokes equation in CFD can be

represented as the following with an effective viscosity, v,

VP
a—quu-Vu:—+veﬁV2u (1)
ot p

Vet =V +Vy TV, (2)

In Equation (1), u is the velocity and Pis the pressure. In Equation (2), v; vy
and v, represents molecular viscosity, numerical viscosity and turbulent viscosity,
respectively. If the viscosity is very low to the physical viscosity, the simulation
will provide the most accurate results. However, the numeric will be sensitive to
small oscillations and the code can be unstable. Consequently, the code will re-
quire much finer time step and grid size, which will make overall simulation
very expensive. This is what is called the direct numerical simulation (DNS). On
the other hand, if the effective viscosity is much higher than the modeled flow,
CFD simulation results will be dampened out and fail to reproduce the physics.
Typical engineering type simulations are based on RANS formulation, where
large amount of turbulence viscosity is used for a good compromise in numeri-
cal stability and accuracy. For higher accuracy and time-resolved simulation, a
large eddy simulation (LES) is used, where the turbulence is modeled only at
sub-grid level, which typically has much smaller turbulent viscosity than RANS.
Poinsot [10] reported the turbulent and numerical viscosities in typical LES and
RANS simulations, which is reproduced below.

At the DNS level, the code uses very fine mesh to resolve the smallest flow
structure where viscous dissipation occurs. As it resolves the viscous dissipation
directly, it requires no model about the turbulent viscosity, and its value is zero.
It requires very fine numeric to resolve the small scale structure. Along with the
fine mesh, the numerical viscosity is very small close to zero. In LES, the turbu-
lence in small structure is modeled by the turbulent viscosity. The grid size is a
bit larger than DNS, which invokes small amount of numerical viscosity as well.

However, as summarized in Table 1, Poinsot pointed out that the effective
viscosities in DNS and LES are still very low, such that it can propagate small
numerical disturbances. As such, if there exist any additional numerical errors
from parallel computing, DNS and LES may suffer from the loss of determinacy.
On the other hand, the RANS simulation takes advantage of tremendous
amount of turbulent viscosity as well as numerical viscosity. Even if the same

numeric as DNS or LES is used, the model itself puts turbulent viscosity which is
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Table 1. Orders of magnitude of numerical and turbulent viscosity in DNS, LES and
RANS code [10].

Model VTN : Numerical viscosity % : Turbulent viscosity
DNS ~0 0

LES 1-10 5-50
RANS 10 - 500 100 - 1000

larger by an order of magnitude. Consequently, Poinsot concluded that RANS
simulation may not be able to propagate small numerical error [9] [10] [11], and
the solution from RANS simulation should be consistent regardless of changes

in parallel computing environment.

4. Effect of Parallel Computing Environment in RANS
Simulations

4.1. Case Setup

Numerical modeling of internal combustion engine requires modeling of react-
ing flow with often two-phase fluid including phase change over very complex
geometry with moving boundaries. A number of different sub-models have been
developed and implemented by different researchers, which makes evaluation of
the numerical error not a trivial task.

To simplify the analysis, numerical tests are designed to start from one model
to the combination of different models. Total of seven numerical test cases were
designed, which are summarized in Table 2.

The test cases are first grouped in closed and open cycle simulations. A dia-
gram is shown in Figure 1 to show the difference.

In the closed cycle simulations, the simulation period does not involve the gas
exchange such as intake and exhaust. This setup would let us investigate each
individual sub models such as spray, spark and combustion models separate
from complex gas exchange process. The first case in closed cycle (Case C1) is
spray modeling, which is actually in a spray vessel, rather than engine. The spray
vessel has a fixed volume and no moving boundary, and it is expected to serve as
an ideal condition to examine the numerical errors from non-associativity and,
in particular, the parallel random number effect on spray modeling. Starting
from the spray vessel case, different cases were setup with additional model
complexity. Combustion was added to the spray in the diesel combustion case
(Case C2). And spark ignition is added to the spray and combustion models in
gasoline combustion case (Case C4). To separately examine the spark ignition
model from spray, a homogeneous spark ignition case was included (Case C3).

In the open cycle case, we started with examining only the flow field in both
diesel (O1) and gasoline engine (O2) geometry. In Gasoline case (02), spray is
added for modeling. Then, a full cycle simulation (except exhaust process) of

gasoline direct injection spark ignition case was examined, which is Case O3.
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Table 2. Test cases.

Case Hardware Intake Spray Spark Combustion
C1 Spray Bomb N Y N N
C2 Diesel Engine N Y N Y
Closed Cycle
C3 Gasoline Engine A N N Y Y
C4 Gasoline Engine B N Y Y Y
0o1 Diesel Engine Y N N N
Open Cycle 02 Gasoline Engine A Y N N N
03 Gasoline Engine B Y Y Y Y
A 1 ' ' 1
Exhaust | Intake i Compression ; Expansion i

< Open Cycle

Exhaust lift Intake lift

Figure 1. Schematic diagram on open and closed cycle.

Case O3 has the most complete set of numerical models, which includes intake
flow modeling with valve and piston motion, spray injection, spark ignition and
combustion. This will be a good case to examine the effect of numerical error
from parallel CFD code on overall IC engine modeling.

For all cases, parallel computing environment was varied by changing the
number of cores. Otherwise, the computing environments are kept the same for
each test.

4.2. Numerical Setup

CONVERGE of Convergent Science Inc. [14] was used for evaluating the effect
of parallel computing environment on solution determinacy. For the purpose, all
cases in Table 2 was simulated with different number of cores for each case.
Standard k-¢ turbulence model is used for all simulations. For combustion cases,
CONVERGE’s built-in chemical kinetics solver was used with skeletal n-heptane
(for diesel simulation) and i-octane (for gasoline simulation) reaction mechan-
isms, which were developed by Ra [15].

CONVERGE generates computational mesh on-the-fly. The computational
mesh is Cartesian with boundary cells fitted to the geometry by cut-cell method
[16]. Local grid can be refined by predefined embedding at certain location over
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certain amount of time. Also, the grid can be refined on-the-fly by Automatic
Mesh Refinement (AMR) based on local gradient of selected variables. In the
current study, all simulations used base mesh size of 1 mm with near-wall cells
refinement up to 0.25 mm using fixed embedding. The AMR was not activated
in all simulations.

Numerical diffusion from discretization is a key factor which can affect the
effect of any numerical errors. CONVERGE provides two numerical schemes.
One is central differencing scheme (CDS), which is 2nd order with minimum
numerical diffusion. The other is upwind differencing scheme (UDS), which
adds significant amount of numerical diffusion to solution. As described in any
numerical analysis textbooks [17] [18], CDS adds numerical dispersion to the
solution, which may make solution unstable. In such cases, even though CDS is
prescribed, CFD codes locally uses first order discretization to stabilize solutions.
CONVERGE also utilizes UDS to locally stabilize flow, when numerical error
occurs with CDS [14]. Criteria for local upwind scheme is proprietary and not
available to public. For the current simulations, CDS was used for momentum
transport in all simulations, while passive scalars were discretized with upwind
differencing scheme.

The operating conditions for the test matrix is summarized in Table 3.

5. Simulation Results

5.1. Closed Cycle Simulation

Case C1: Spray bomb

As discussed in introduction, two sources of numerical errors are considered
in this study. One is the numerical error from non-associativity and the other is
parallel random number generation. As the spray model is heavily dependent on
random number to model particle physics, care has been taken to examine the
effect of processor numbers and subsequent numerical error in the spray vessel
case. The spray characteristics from the simulations are plotted in Figure 2.

First, the spray penetration is compared in Figure 2(a). The spray penetration
is determined at 98% liquid mass fraction from the injector tip. Three sets of

CPUs were used in the simulations, namely 12, 24 and 48 CPUs. Figure 2(a)

Table 3. Operating conditions for the test matrix.

Case Hardware MAP RPM
C1 Spray Bomb N/A N/A
C2 Diesel Engine 280 kPa 3750
Closed Cycle
C3 Gasoline Engine A 95 kPa 1300
C4 Gasoline Engine B 95 kPa 1300
o1 Diesel Engine N/A N/A
Open Cycle 02 Gasoline Engine A 95 kPa 1300
03 Gasoline Engine B 95 kPa 1300
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Figure 2. Effect of different processor numbers on spray characteristics. (a) Spray penetration; (b) fuel concentration; (c) liquid

parcels; (d) cell count.

shows that the penetration length is hardly affected by the number of processors.
Similar trends were observed in other key characteristics, such as vaporized fuel
mass (Figure 2(b)) and number of liquid parcels (Figure 2(c)). For this case, the
adaptive grid refinement was enabled to capture spray phenomena accurately.
And the number of cells is also compared in Figure 2(d), which shows almost
identical number of adaptive grid resolutions.

Often times, overall characteristics such as penetration may not be a good
measure for comparing spray simulation results. Even though overall characte-
ristics are similar, spatial distribution and spray structure may be different. The
spray structure is compared in Figure 3 for different processor numbers.

On the top two rows are the comparison of liquid phase parcels with three
different processor numbers at different simulation times. It is clearly shown
that the liquid spray structure is not affected by the number of CPUs. The gas
phase fuel species concentration is compared in the bottom row. The overall
structure is very similar with different process numbers. It is noted here that the
contour level was set up very narrow to examine difference in fuel concentration.
The contour level in fuel mass fraction is also shown in the same figure. So even
though there are some difference in the fuel concentration contour, absolute
variation with the number of CPU is relatively small.

Case C2: Spray + Combustion (Diesel Combustion)
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12 CPUs 24 CPUs 48 CPUs

Time =0.000400

Time =0.000400

Time =0000600 4 Time = 0.000600 Time = 0.000600

Liquid Phase

Time =0.001202

Gas Phase

Figure 3. Effect of different processor numbers on spray simulation.

The effect of numerical error from different number of CPUs is examined for
a combination of spray and combustion model in diesel combustion (Case C2).
The results are compared in Figure 4, which shows pressure history during
combustion. It is clearly shown that the combustion model does not show de-
pendency to the numerical errors.

Case C3: Ignition and Combustion (Gasoline Combustion)

The gasoline combustion case is shown in Figure 5, which compares pressure
traces from three different CPUs (4, 12 and 36). Notice that this case does not
involve spray, but models spark ignition and subsequent combustion. A simple
spark ignition model was used to model combustion initiation. To mimic energy
transfer from high temperature arc between spark gap, a small amount of energy
(20 mJ) was added over spark duration in a spherical region. The diameter of
spherical region was 1 mm. The spherical region was initiated between spark gap,
then it moves with the background flow. Subsequent reaction from external
energy is modeled by chemical kinetics. No flame propagation model was used
in the current study. Figure 5 shows that neither ignition nor combustion model
is affected by the processor number.

Case C4: Spray, Ignition and Combustion (Gasoline DISI Combustion)

This is the most complex case in the closed cycle simulation. It involves spray,
ignition and combustion model in a direct-injection spark-ignition engine. In-
jection occurs 50 CA bTDC, followed by spark at 37 CA bTDC. The same igni-
tion model from Case C3 is used with 60m] of ignition energy. The results are
compared in Figure 6.

The results, again shows virtually no dependency to the number of cores and
related numerical error. As a quick summary, closed cycle RANS simulations
showed very little sensitivity to the core numbers and changes in the parallel

computing environment. The spray vessel case is particularly interesting. With
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Figure 4. Effect of different processor numbers on closed
cycle DI combustion.
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Figure 5. Effect of different processor numbers on closed
cycle SI combustion.
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Figure 6. Effect of different processor numbers on closed
cycle DISI combustion.

different number of CPUs, the random number sequence should have been dif-
ferent with the number of CPUs. Subsequently the spray model was expected to

be affected, showing variation to processor numbers. However, it was found that
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the spray modeling results were virtually unaffected. It can be interpreted that
the randomness of the random number sequence is maintained in the parallel
computing. Ignition and combustion models did not show any dependency to

the numerical error.

5.2. Open Cycle Simulation

Case O1: Gas Exchange in Diesel Port Flow

A pure flow simulation was carried out over a diesel port flow geometry.
There is no spray event, and chemical kinetics model is completely turned off.
The results are shown in Figure 7. Swirl number of cylinder is compared in
Figure 7(a), and tumble number is compared in Figure 7(b). The simulation
ran over the intake process to compression and part of exhaust process. The in-
take valve duration is marked in Figure 7. For the comparison, 16, 32 and 48
CPUs were used in simulation.

As shown in Figure 7, both the swirl and tumble number showed variation
with different number of CPUs. A couple of interesting observation was made
from the pure port flow simulation. First, the variations become noticeably sig-
nificant only after the maximum valve lift, which is the half of the intake dura-
tion. Second, the variation persists for a while, but differences remain almost the
same during the intake process. It does not show any exponential growth of
small initial variation, which is often observed in highly sensitive simulations
such as LES. Finally, the variation is reduced during the compression stroke, but
it is not completely removed.

As the variation in simulation results start to appear near the maximum valve
lift, CFD simulation results are visualized to examine the flow field near the
maximum valve lift. The velocity fields from 16 and 32 CPU cases are shown in
Figure 8.

Surprisingly, it shows two very distinct flow patterns even with high viscosity
from RANS simulations. When 16 CPU is used (left plot in Figure 8), the jet

flow from the valve extends diagonally through the cylinder over quite long
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Figure 7. Effect of processor number on diesel port flow. (a) Comparison of swirl; (b) comparison of tumble.
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Figure 8. Comparison of flow field with different number of CPUs in diesel
port flow simulation.

distance. On the other hand, when 32 CPU is used with exactly the same set of
input files, the jet from the valve was found to penetrate much shorter distance.
Considering that more complex cases (spray, ignition and combustion) did not
show any dependency to the number of CPUs, it is quite surprising that the flow
field shows variation with the processor numbers, especially with RANS modeling.

It was questioned if the number of CPU dependency is due to a particular
geometry. A gasoline engine geometry was used to examine the number of CPU
dependency (not listed in Table 1), of which the results are shown in Figure 9.

The gasoline port flow simulation shows similar results. Both swirl (Figure
10(a)) and tumble (Figure 10(b)) shows variation in prediction with different
number of CPUs, which start to become noticeable around maximum valve lift.
It is concluded that the CPU number dependency is not unique to specific geo-
metry.

Case O2: Gas Exchange in Gasoline Port Flow with Spray

As mentioned previously, the gasoline engine takes relatively homogenous
mixture for combustion. For the purpose, the injection occurs during the intake
process, either into the port or cylinder. The port flow simulation without spray
showed some variation. And it is investigated how the spray will behave in the
CPU-number dependent flow field. The results are shown in Figure 10, which
compares the mixing by equivalence ratio. It is reminded that both simulations
used exactly the same input and mesh.

The results in Figure 10 is quite startling. Even though every inputs and
computing environments are the same except the number of processors, the re-

sults are quite different. Actually, it is interesting to note that one may
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Figure 9. Effect of processor number on port flow simulation: Gasoline Engine. (a) Comparison of swirl; (b) Comparison of tum-
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Figure 10. Effect of processor number on mixing process: injection during intake.

generate 48 CPU results by changing input and running with 32 CPU, and vice
versa. It is clear that the variation in flow field affects the spray simulation,
which alone is not sensitive to the change in parallel computing environment.

Case O3: Gasoline DI SI combustion with Intake Process

This is the case with largest model complexity, including flow through moving
valves, piston motion, spray, spark ignition and combustion. As discussed in the
closed cycle results, most of sub-models have shown virtually no dependency to
the number of cores when there is no open boundaries. On the other hand, the
flow field showed sensitivity to the core numbers particularly in valve flow si-
mulation. The results are shown in Figure 11. The pressure comparison is
shown in Figure 11(a), with corresponding heat release rate in Figure 11(b).
The simulation includes intake process, which is not shown in Figure 11. The
injection event occurs during the intake process.

From previous port flow simulation and port flow + spray simulation, it was
already observed that mixing field is already affected by the changes in parallel
computing environment. As such, it was expected that combustion event is si-

milarly affected. Figure 11 shows clear dependency on the processor number.
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Figure 11. Comparison of Test O3 with different number of processors. (a) Pressure; (b) Heat release rate.

As the number of processor is changed, combustion phasing and peak pressure,

heat release profile are all varied.

5.3. Reducing Variability—An Engineering Approach

An engineering approach was tried to reduce the variability. In all simulations,
the central difference scheme (CDS) was used. However, when the solution field
shows strong gradient, upwind difference scheme (UDS) was used locally. This
is a common engineering approach in most CFD simulations, and details can be
found in the CONVERGE documentation. As the CDS with local UDS showed
non-determinacy, a different approach was developed and implemented into
CONVERGE. In the old approach, the local UDS was applied based on variable.
For example, if a computational cell shows strong gradient in x-direction veloci-
ty u, u was discretized by UDS, while all other variable are modeled by CDS. In
the new approach, the local UDS was applied based on the computational cell. If
any of the three velocity components show strong variability, the particular cell
is discretized UDS in all directions. The flow and combustion simulations results
are shown in Figure 12 and Figure 13.

The results clearly show improvement in the determinacy, showing much
smaller variation in the results against different number of cores. The new me-
thod is available in CONVERGE version 2.3.

6. Discussion

It was found that the RANS simulation in closed cycle simulation (ie., no open
boundary) is not affected by the number of cores and additional numerical er-
rors with the current code CONVERGE. One of the most interesting results is
the spray simulation with quiescent ambient background, case C1. The case is
interesting because it is a good test bed to examine the effect of random number
sequence in the parallel computation. And it was found that the effect of random

number is small enough to be neglected. However, it is noted here that the
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Figure 12. Comparison of cylinder tumble Y between CDS with local UDS, and CDS with local UDS in all directions in premixed
SI combustion. (a) Results using CDS with local UDS; (b) results CDS with local UDS in all directions.
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Figure 13. Comparison of combustion pressure between CDS with local UDS, and CDS with local UDS in all directions in pre-
mixed SI combustion. (a) Results using CDS with local UDS; (b) results using CDS with local UDS in all directions.

finding should not be considered as a general conclusion. The spray simulation
is affected by a number of different factors, such as the random number genera-
tor and the sample size (parcel count). In the current simulation, rather a large
sample size of 105 to 106 was used. So, it would be fair to say that the current
spray simulation was not affected by the parallel computing environment be-
cause a large number of parcels (lager sample size) is used. Albeit there are such
caveats, the results that parallel random number sequence doesn’t affect the re-
sults when the sample size is large enough, is very encouraging.

In addition to spray model, ignition and combustion models were added in
case C2 (diesel compression ignition) and C3 (gasoline spark ignition). In both
cases, the results are the same with different number of CPUs. From these results,
it can be interpreted that the RANS simulation is not affected by the additional
numerical errors from the change in parallel computing environment.

One important finding is that the additional numerical errors from parallel
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computing environment variation do not affect results even with the central dif-
ferencing scheme. As discussed above, the numerical errors are typically very
low, which is thought to be easily smeared out by any diffusion, either from the
numerical viscosity or the turbulent viscosities. As reviewed in the introduction
(refer to Table 1 for details), the RANS simulation adds significant amount of
both turbulent and numerical viscosities. All of closed cycle simulations were
carried out with central difference discretization, which adds very small amount
of numerical viscosity. The closed part simulation results clearly show that the
numerical errors are removed by the turbulent viscosity alone in parallel RANS
simulations.

In these simulations, only the momentum equation was discretized with cen-
tral difference. All other passive variables, including turbulence kinetic energy,
dissipation rate and temperature, were discretized in upwind differencing, which
may add artificial viscosity to the solution. To clarify, the same simulation was
carried out with central difference for all variables. The results are shown in
Figure 14.

It is clearly shown that the numerical sensitivity does not show up with central
difference for all variables, and the previous conclusion remains the same. In
parallel RANS simulation, the additional viscosity from turbulence model is
enough to reduce the additional numerical error from parallel computing envi-
ronment variation and ensure determinacy.

Unlike closed cycle simulations, all of open cycle simulations showed sensitiv-
ity to the number of cores and variability in results. It is interesting to note that
such strong variation is only observed during open cycle simulation, and does
not diffused out by the additional eddy viscosity. Moreover, the variability only
appears during when there is flow through the valve. The CFD visualization in
Figure 8 clearly shows that the flow through the valve (gas jet) is affected the
most by the numerical errors. Notice that this is the simplest case for the open

cycle simulations in Table 2. So the solution variability exists in the most basic
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Figure 14. Effect of different processor numbers on closed
cycle DI simulation with central difference scheme for all va-
riables.
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flow simulation. The impact of the flow variability on other models are signifi-
cant, as it has been shown in case O2 (flow and spray) and O3 (flow, spray, spark
ignition and combustion.).

One may question the spray model and the random number sequence for the
simulation variability. To address this issue, test O2 was repeated with spray re-
placed by a gas jet. Instead of spray parcels, fuel vapor was introduced as exter-
nal source into equivalent multi-hole spray region. So the effect of random
number sequence is not present in the new test. The results are shown in Figure
15. It is clearly shown that the mixing predictions vary with different number of
CPUs. This confirms that the flow field is the most sensitive to the variation in
parallel computing environment.

The solution variability observed in the open cycle simulations starts from the
intake process to grow over the rest of the cycle, which is similar to what was
found in LES simulations [10]. However, it should be reminded that the simula-
tions are ran with RANS models, which add significant amount of model viscos-
ity. The model viscosity efficiently washes out small structure in all simulation
results, even with 2nd order CDS. As any small structure is dissipated by the
viscosity, there is no physical mechanism to amplify and let small perturbation
grow to larger values. The observation may be interpreted that there exist nu-
merical errors which are large enough to survive the strong dissipation from the
model viscosity. The effect of model and numerical viscosity in RANS turbu-
lence model variability requires further understanding.

A thorough error quantification study should reveal the source of such strong
non-determinacy during the intake process, which is beyond the scope of the
current study. The authors propose possible hypothesis to the source of the er-
rors, which is non-associative floating arithmetic and numerical oscillation from
the cut-cell method. Let us first take a look at a typical velocity field during the
intake process, as shown in Figure 16.

phi

0.000 0.250 0.500 0.750 1.00 Mixture Preparation CA =684 deg
e e——
0.125 0.3750.625 0.875
01 cpu 12 cpu 14 cpu 16 cpu 48 cpu

Figure 15. Comparison of gas jet tests with different number of CPUs.
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Figure 16. Velocity contour through intake valves during the intake process.

One of the characteristics of the intake process is the large velocity gradient
over the flow through the valve. It can be expected that the local residual at such
large gradient can be quite large, while other region, especially the in-cylinder
mixture apart from the intake jet, might have low local residual. The global re-
sidual, which is the sum of the local residual, will be a classic example of numer-
ical errors from the non-associative floating number arithmetic. It is clear that
different arithmetic will be used when a different domain decomposition is used.
However, as aforementioned, the numerical error from the non-associative
arithmetic is very small at the machine limit and might be diffused out easily by
the model viscosity in RANS simulations. On the other hand, we discussed large
unphysical oscillation in the cut-cell method [12]. The valve area is literally cov-
ered by the cut-cells as shown in Figure 17, and there might be large amount of
numerical errors. When the large numerical cut-cell error is combined to the
non-associative floating number arithmetic, it may propagate even in the pres-
ence of strong diffusion from the model viscosity to result in variability in the
solutions.

Non-determinacy was observed from the RANS simulation using a commer-
cial CFD code. The question is how to understand such variability. Attempts
have been made to correlate the simulation variability to experimental variability

and explain the simulation variability as something physical, such as cyclic
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Figure 17. Typical Mesh Topology Around Valves - Valve Surface Covered by Cut-cells.

variability of an IC engine observed from experiments. However, this approach
requires further understanding of the numerical methods in the CFD code.

Any engine experiment data will exhibit some level of cyclic variability at the
most stable operating condition. Such variability has been one of the major topic
in engine research, and often attributed to a number of sources such as variabil-
ity in flow, spark ignition, and/or direct injection. To simulate such variability,
the model should be able to capture such variability. As such, LES has been con-
sidered as a proper tool for modeling the cyclic variability. On the other hand, in
general, RANS has been considered an improper tool to model the variability. It
relies on very strong model viscosity, which washes out any small structure [9]
[11]. If a small structure is observed in a RANS simulation, the results should be
carefully examined if there is any significant amount of unphysical numerical
error that is strong enough to overcome the large model viscosity.

Apart from the model viscosity, one might be tempted to correlate the varia-
bility observed in parallel RANS simulation to that of variability from experi-
ment. However, a thorough error analysis is pre-requisite for such approach. It
is reminded that getting similar trend with the experiment does not always
guarantee the validity of the methodology. Addition of two errors may cancel
each other to make results look good, but it does not make the method right.
The variability in experiment comes from various sources, such as variation in
experimental boundaries, initial conditions, and ambient conditions. On the
other hand, particularly from the parallel RANS simulations in this study, the

most significant source of error is the valve flow, and it is purely numerical. The
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variability from experiment has hardly any correlation to the variability appears
in numerical simulations. Moreover, it is important to notice that variability in
parallel computation will exhibit itself in simulation of (rather ideal) perfectly
deterministic experiment. Correlating variability between numerical simulation
and physical experiment can lead to unphysical answers and should not be prac-
ticed by any CFD researchers. One may consider the numerical error from pa-
rallel] computation as an uncertainty quantification analysis. However, uncer-
tainty quantification requires detailed and careful design of the uncertainty fac-
tor [16] [19]. The current numerical errors are not quantified, and it is not fully
understood yet.

The analysis of variability in parallel RANS simulations requires further re-
search to be fully understood. Until the numerical errors are fully quantified and
analyzed, any attempt to correlate the non-determinacy to any physically ob-

served variation should be avoided.

7. Conclusions

Numerically, the RANS formulation relies on the strong numerical diffusivity,
which washes out any small numerical noise. Considering the high level of nu-
merical diffusion, the non-determinacy observed in the current study may not
be explained solely by the numerical errors in the parallel computing environ-
ment, and further study and analysis will be required for full understanding. A
thorough study on the source and effect of the determinacy should be followed.
The authors proposed a hypothesis that the large unphysical error from cut-cell
method may propagate throughout the computing domain via the non-associative
floating number arithmetic.

Analysis of the determinacy should be carried out carefully not to be mis-
guided into unphysical conclusion. One may be tempted to correlate the solution
variability from the simulations to the uncertainties in the measurement. How-
ever, there exists no physical nor statistical correlation between the physically
observed variability to the numerical solution variability. In addition, RANS
model does not have a mechanism to transfer the small errors and subsequent
variability. As such, the variability in the solution observed in the current RANS
simulations can be interpreted that the numerical error generated solely from
the parallel computing environment is quite large. Such error is purely numeri-
cal, and should have no physical meaning. Source of such strong numerical error
should be identified and resolved for accurate modeling. As a conclusion, the
variability in RANS should be carefully investigated if it is physical or purely

numerical prior to any analysis using the RANS results.

8. Summary

The solution determinacy, which is the critical issue in parallel CFD simulations,
has been investigated in this study. First, general numerical error in any scientif-

ic computing, namely the round-off error, was reviewed. In a serial computing,
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the round-off error is deterministic. In a parallel computing, the round-off error
may grow differently when the parallel computing environment is changed (ze,
different number of processors). Such behavior is due to the non-associativity of
the floating point arithmetic. Other numerical errors related to parallel compu-
ting were also reviewed, such as the random number sequence. From the litera-
ture survey, it was learned that any parallel scientific computation will expe-
rience new issues with parallelism, particularly with respect to the determinacy.
Then, the effect of the numerical error and the effect of viscosity in CFD was
reviewed. Interestingly, there have been no reports about the effect of paralleli-
zation on RANS simulations to the authors” knowledge. The only related work is
the LES simulations with the RANS consideration, where it has been shown and
discussed that a LES simulation may be sensitive to parallel parameters, and may
generate different instantaneous solution fields [9] [10] [11]. The question to
follow is, how about RANS? The solution determinacy of RANS simulation in
parallel environment was examined using a commercial CFD code, CONVERGE.
The parallel computing environment was varied by changing the number of
cores. It was found that RANS simulation results using CONVERGE showed
variations in the results, thus the RANS simulation is not deterministic. As the
IC engine simulation includes a number of sophisticated sub-models, the au-
thors tried small problems to identify which sub-model is the most sensitive to
the change in the parallel computing environment. It was found that the spray
and combustion models showed deterministic behavior, while the flow simula-
tion is very sensitive to the changes in the parallel environment. The variability
is purely numerical and does not have any physics behind it, and it should not be

correlated against experimentally observed cyclic variability.
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