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High-speed particle image velocimetry (PIV) and large-eddy simulation (LES) are performed for a
two-valve research engine that is one of the configurations adopted by the Engine Combustion
Network: the transparent combustion chamber (TCC) engine (http://www.sandia.gov/ecn/). The
overarching goal is to quantify and understand, and ultimately to predict and control, cycle-tocycle variations (CCV) in flow and combustion. Toward these ends, quantitative comparisons
between PIV and LES are underway for multiple consecutive motored and firing engine cycles at
a part-load, 1300 r/min operating condition. Two-dimensional PIV velocity-field measurements
are made on multiple cutting planes through hundreds of consecutive cycles, with the time
between images being as small as once every five crank-angle degrees (for motored cases) or
every crank-angle degree (for firing cases). Multiple-cycle LES is performed using meshes that
correspond to up to approximately 80% of the turbulence kinetic energy being resolved (one-totwo million finite-volume cells). In this paper, initial quantitative comparisons between
experiment and simulation are made for motored cycles. LES mesh quality is discussed first. This
is followed by comparisons of computed and measured pressure traces in the intake and exhaust
ports, which show that the simulations capture the acoustic dynamics of the induction and exhaust
systems. The simulations also reproduce the level of in-cylinder pressure CCV that is measured in
the experiments. Comparisons between PIV and LES ensemble mean and rms velocity fields show
some differences, but the overall level of agreement is encouraging. LES results obtained using
two different subfilter-scale turbulence models show clear differences between a viscosity-based
Smagorinsky model and a less dissipative dynamic structure model. More extensive statistical
comparisons are in progress for motored cycles, and firing-cycle comparisons will be initiated in
the near future.
1.

Introduction

The stochastic nature of in-cylinder processes limits the potential gains in fuel consumption and pollutant emissions
that can be realized with advanced stratified-charge direct-injection spark-ignition combustion systems [1,2,3]. To
address this, the authors have been engaged in an ongoing collaborative experimental and simulation effort to
quantify and understand, and ultimately to predict and control, cycle-to-cycle variations (CCV) in flow and
combustion. Most of the effort to date has focused on a relatively simple engine configuration that has been selected
by the Engine Combustion Network: the Transparent Combustion Chamber (TCC) engine. Quoting from
http://www.sandia.gov/ecn/engines/engineFlows/TCCEngine.php:
A concerted experimental and numerical effort is undertaken to understand and describe the nature of
stochastic flows in internal combustion engines. The overall goal is to develop physics-based
computational tools for a more effective design of combustion engines of the future. An optical engine was
developed for the specific purpose of supporting the development and validation of a range of LES
approaches. The engine features a two-valve head with simple intake and exhaust port/runner geometries
and a pancake-shape combustion chamber. The overall optical access is maximized to allow acquisition of
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three-dimensional in-cylinder flow fields and the investigation of near-wall, boundary layer flows.
Experimental data are acquired with optical multi-dimensional high-speed diagnostics techniques. In
addition, the engine is fully instrumented with pressure and temperature sensors for high-fidelity
measurements of boundary conditions.
Here examples of recent experimental and simulation results for a part-load, 1300 r/min motored operating condition
are presented. The emphasis is on initial quantitative comparisons between experiment and simulation, and
comparisons of results obtained using different subfilter-scale turbulence models.
2.

Experiments: High-Speed PIV

The engine configuration is illustrated in Fig. 1. This is a two-valve, four-stroke-cycle engine with a pancake-shaped
combustion chamber and a central spark plug. It has a 92 mm bore, 86 mm stroke and a 234.95 mm connecting rod.
The clearance at top-dead-center (TDC) is 9.6 mm, resulting in a 10:1 compression ratio. The piston moves at a
crankshaft rotational speed of 1300 r/min. There is a large plenum upstream of the intake valve and downstream of
the exhaust valve. An industry-standard one-dimensional (1D) engine simulation tool, GT-Power [4], has been used
to develop a detailed flow model for the engine, which has been extensively validated with experimental data. This
model has been used to prescribe boundary conditions for the LES. Two-dimensional PIV velocity-field
measurements are made on multiple cutting planes through hundreds of consecutive cycles. The intake flow was
seeded with 1 μm diameter silicone oil droplets, which were illuminated by a 2 mm-thick laser sheet produced by a
high-repetition-rate frequency-doubled dual-cavity Nd:YLF laser (Quantronix, Darwin Duo). The Mie-scattering
signal was imaged using a monochrome high-speed CMOS camera (Vision Research, Phantom v1610) with
1280x800 pixel resolution using 12-bit dynamic range. In the motored cases, PIV data were taken at least every five
crank-angle degrees (CAD) through most of the cycle (0-705 CAD after top-dead-center exhaust - ATDCE) over
approximately 240 consecutive cycles. For fired operation, images were taken between 35-365 CAD ATDCE with
the same five-degree resolution until the start of ignition at 342 CAD ATDCE; then images were recorded every one
CAD to better resolve the flame propagation. Flame luminosity, collected using a Nikon Micro-Nikkor 210mm ED
lens with an aperture of f/# = 5.6, was of sufficiently high imaging intensity and depth of focus to track flame
propagation. Variable laser pulse separation, ranging from 4-80 μs, was used to optimize the velocity dynamic range
throughout the cycle [5]. All PIV raw images were dewarped using a 3rd-order polynomial mapping algorithm; an
eleven-cycle ensemble-average minimum intensity subtraction, and a sliding background subtraction were employed
to increase signal-to-noise ratio before processing the PIV images. A commercial multi-pass PIV algorithm
(LaVision, DaVis) with decreasing interrogation window size was used for vector calculation (first 128x128 pixel
interrogation with 50% overlap, then twice 32x32 pixel interrogation with 50% overlap). This results in a spatial
resolution of approximately 2.3 mm, and creates a vector approximately every 1.2 mm.

Figure 1: Photograph of the experimental setup (left), outer surfaces of the computational
domain (center), and close-up of the in-cylinder mesh on a cutting plane that corresponds
to the PIV measurement plane (right).
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3.

Simulations: Physical Models and Numerical Methods

The spatially filtered governing equations are solved using STAR-CD v4 [6]. A second-order differencing scheme is
used for the convective terms in the momentum equation, and the temporal accuracy is comparable to a secondorder scheme. Results from two different subfilter-scale turbulence models are compared: a standard Smagorinsky
model, and a dynamic structure model (DSM) [7]. The DSM model is a non-viscosity-based model.
The computational domain includes the in-cylinder region, ports, runners, and plenums (Fig. 1). The mesh has
approximately 1.1M cells including the plenums at bottom-dead-center (BDC), and approximately 640K cells at
TDC. Most of the in-cylinder cells range in size between 0.5 mm and 0.8 mm; the mesh in the vicinity of the sparkplug and valves is somewhat finer (~0.3 mm). The computational time step is 0.1 CAD through most of the engine
cycle, although somewhat smaller time steps are used during valve opening/closing events.
The working fluid is air, which is treated as an ideal gas. No-slip boundary conditions are applied at solid walls, and
the wall temperatures are fixed. Time-varying pressure and temperature boundary conditions are applied at the
plenum inlets/outlets (near locations 2 and 5 on Fig. 1). These boundary conditions are obtained from the 1D-model,
with no CCV. The simulations begin just before exhaust-valve opening and cover 30 consecutive engine cycles,
after discarding the first two cycles to avoid contamination by initial conditions.
4.

Results and Discussion

Mesh resolution and quality are key issues in LES, and several metrics have been proposed as measures of
resolution adequacy. One simple metric is the ratio of the resolved turbulence kinetic energy (TKE) to the sum of the
resolved and unresolved TKE, where the latter is estimated using the subfilter-scale turbulence model [8]. Examples
of fields of this metric from the current simulations are provided in Fig. 2. The viscosity-based Smagorinsky model
is a dissipative model that yields higher subfilter-scale TKE compared to the non-viscosity-based DSM model. For
the DSM model, approximately 74% of the in-cylinder TKE is resolved at 40 CAD (average over the in-cylinder
region) and approximately 85% is resolved at 300 CAD; for the Smagorinsky model, the corresponding percentages
are approximately 55% and 65%. This suggests a potential benefit for the less dissipative DSM model. With the
exception of some instants during intake and exhaust, 80% or more of the in-cylinder TKE is resolved for DSM,
which is the criterion that was suggested in [8].

Figure 2. Instantaneous fields of TKE-based mesh resolution parameter on the cutting
plane of Fig. 1 for two subfilter-scale turbulence models at two instants.
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The phasing of acoustic waves in the induction system was found to correlate with CCV in trapped mass and peak
in-cylinder pressure in earlier LES for the TCC engine at a different operating condition [9]. The present simulations
capture the acoustic characteristics of the intake and exhaust systems remarkably well (Fig. 3), in phasing,
frequencies, and amplitudes. However, the level of CCV in pressure in the intake port in the LES is lower than that
in the experiment (not shown), and this is being investigated.
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Figure 3. Measured and computed (LES and GT-Power) pressure traces at locations 3
(intake port) and 4 (exhaust port) of Fig. 1.
Computed and measured peak mean in-cylinder pressures are within 10 kPa (~1%, not shown). The LES with the
DSM model captures the measured level of CCV in peak in-cylinder pressure quite well (Fig. 4), while the level of
CCV from the Smagorinsky model is somewhat lower. This again is consistent with the more dissipative nature of
the Smagorinsky model compared to the DSM model. Both models show lower levels of CCV far from the peak,
although there the level of variability may be below the measurement threshold.
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Figure 4. Measured and computed rms in-cylinder pressure. Left: not normalized. Right:
normalized by the instantaneous mean in-cylinder pressure.
Examples of measured and computed mean and rms velocity fields are shown in Figs. 5 and 6. The PIV data were
averaged over 240 consecutive cycles to determine 2D mean and rms velocity fields. Based on this sample size and
the measured coefficient of variance, an average error of 3% is estimated for mean velocities, and the estimated error
in the rms velocities is below 10% [10]. In the PIV vector fields only every fourth vector is shown for reasons of
clarity. The corresponding LES mean and rms velocity fields are based on 30 consecutive cycles of data, and the
velocity vectors are interpolated to a density that is comparable to that in the corresponding PIV image.
The computed and measured mean velocity field structures are qualitatively similar at 100 CAD, and the degree of
quantitative agreement is also quite satisfactory (Fig. 5). The PIV does not provide valid velocity vectors in the
valve annulus. Results from the two different subfilter-scale models are similar, although the DSM model does show
somewhat more jet penetration into the cylinder, consistent with its less dissipative nature. At 300 CAD, the
computed and measured flow structures are again similar.
Larger quantitative differences between PIV and LES are evident in the rms velocities (Fig. 6). There the quantity
plotted is the root-sum-square of the rms values of the two in-plane velocity components, and the LES values
correspond to the resolved-scale contributions only. The LES rms values are somewhat higher in general; this may,
in part, be a result of the small LES sample size. And the PIV shows a higher rms value in the annular valve jet at
100 CAD than deeper in the cylinder, in contrast to the LES. Overall, though, the comparisons are encouraging.
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Figure 5. Comparisons of mean velocity fields from PIV and LES at 100 CAD (top) and 300
CAD (bottom). The color scale is fixed across each row, and dimensions are in mm. The
dark boxes on the LES images indicate the PIV field of view.

Figure 6. Comparisons of rms velocity fields from PIV and LES at 100 CAD (top) and 300
CAD (bottom). The color scale is fixed across each row, and dimensions are in mm. The
dark boxes on the LES images indicate the PIV field of view.
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4. Summary and Next Steps
Initial quantitative comparisons between PIV and LES for the motored TCC engine show encouraging levels of
agreement between measured and computed pressure traces and mean and rms velocity fields. Comparisons of
results from two different subfilter-scale turbulence models confirm the more dissipative nature of the Smagorinsky
model compared to the non-viscosity-based DSM model. The DSM model better reproduces the measured levels of
CCV in in-cylinder pressure, for example.
More motored cycles are being accumulated for the LES using both models, and comparisons of statistical quantities
between PIV and LES based on a larger number of cycles will reduce the uncertainties in the comparisons. PIV data
are available at other instants in time and on additional cutting planes, and additional comparisons are in progress.
These include comparisons that go beyond ensemble-averaged statistics, including phase-dependent and phaseinvariant proper orthogonal decomposition [9] and correlations aimed at better understanding and quantifying CCV.
Homogeneous-mixture firing data are also becoming available, and firing LES have been initiated. There results
using at least two different subfilter-scale turbulent flame propagation models will be compared, and the statistical
analyses will be extended to include a binary reaction progress variable in addition to the velocity fields.
Acknowledgements
The authors are grateful to CD-adapco for making available their STAR-CD CFD code for this research. Dr.
Xiaofeng Yang at GM R&D provided the stl surface files from which the meshes were generated. The experimental
work was supported by the General Motors Corporation through the General Motors – University of Michigan
Collaborative Research Laboratory on Engine Systems.
References
1.

U.S. Department of Energy (2011) A workshop to identify research needs and impacts in predictive simulation
for internal combustion engines. Available at
http://science.energy.gov/~/media/bes/pdf/reports/files/PreSICE_rpt.pdf .
2. M.C. Drake and D.C. Haworth, Advanced gasoline engine development using optical diagnostics and numerical
modeling, Proc. Combust. Inst. 31:99-124 (2007).
3. R.D. Reitz, Directions in internal combustion engine research, Combust. Flame 160:1-8 (2013).
4. Gamma Technologies Inc. (2014). See http://www.gtisoft.com/.
5. P. Abraham, D.L. Reuss and V. Sick, High-speed particle image velocimetry study of in-cylinder flows with
improved dynamic range, SAE Technical Paper No. 2013-01-0542 (2013).
6. CD-Adapco, See http://www.cd-adapco.com (2014).
7. S. Chumakov and C. Rutland, Dynamic structure subgrid-scale models for large eddy simulation, Intern’l. J.
Numer. Meth. Fl., 47:911-923 (2005).
8. S.B. Pope, Ten questions concerning the large-eddy simulation of turbulent flows. New Journal of Physics 6
(2004) 35. DOI: 10.1088/1367-2630/6/1/035.
9. K. Liu, D.C. Haworth, X. Yang and V. Gopalakrishnan, Large-eddy simulation of motored flow in a two-valve
piston engine: POD analysis and cycle-to-cycle variations, Flow, Turbulence & Combust. 91:373-403 (2013).
10. R.J. Baker, P. Hutchinson and J.H. Whitelaw, Velocity measurements in the recirculation region of an industrial
burner flame by laser anemometry with light frequency shifting, Combust. Flame 23:57-71 (1974).

6

