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Abstract

To properly simulate the highly anisotropic turbulent engine flows, higher order turbulence model
should be used to correctly reproduce flow physics inside the engine. The popular KIVA computer code
has been modified to include the Reynolds-stress turbulence model (RSTM) for this purpose. The objec-
tive of this paper is to present our recent research on the use of RSTM and the KIVA code for engine
flow simulation, which include gas turbine combustors and IC engines.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Fluid flows in engines are always turbulent and are highly anisotropic due to complex
geometry, wall effects, flow rotation (swirl), internal separation, etc. For internal combustion
(IC) engine flow, additional complications are involved because of the rapid compression and
expansion strokes produced by the piston motion. Among these flow phenomena, swirl is an
essential and desirable engine design feature. Modern gas turbine combustors use strong swirl to
improve combustor performance by aiding in the fuel-air mixing process and by producing
recirculation regions which can act as flame holders for flame stability [1]. For direct-injection
IC engines, swirl is used to enhance the air—fuel mixing for emission control and better
efficiency. Therefore, to properly simulate flow field inside various types of engines, the swirl
characteristic needs to be resolved by a robust and versatile turbulence model, without having
to perform ad hoc modifications for each engine geometry.
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Most industrial computations of engine flows are performed using two equation models, such
as the x—¢ or the x—w model, in which the Boussinesq approximation is used to relate the
Reynolds stress tensor (#;u;) to the mean flow strain rate (S), i.e.,

Uil o< Sjj (D

The proportionality coefficient, the eddy viscosity (i), in the x—¢ model is expressed in terms
of fluid mean density (p), turbulence kinetic energy (x), and its dissipation rate (&)
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Since p, x, and ¢ are all scalars, accordingly, the eddy viscosity is isotropic in contrast to real
situation in complex flows. The Reynolds-stress (second-moment) turbulence model (RSTM),
on the other hand, does not suffer from this shortcoming.

Within the framework of the Reynolds averaging approach, the RSTM represents the most

comprehensive description of turbulent flows, and can be employed for practical computations
with the present-generation workstations [2]. One major advantage of RSTM is that the source
terms are exact and need not be modeled. This becomes especially important in flows with com-
plex strain field where in addition to simple shear, dilation and compression strain are signifi-
cant [2]. Since each Reynolds-stress component is described by a transport equation, the RSTM
naturally includes effects of anisotropy, streamline curvature, sudden changes in strain rate, sec-

ondary motions, flow rotation.
Two RSTMs, namely the LRR [3] and the SSG [4] models, were implemented into the popu-

lar KIVA [5] family computer codes. The LRR model, especially its IP version, is often referred
to as the standard RSTM, characterized by the simple linear models of the pressure-strain
redistribution process, but for the near-wall flows, it requires the inclusion of a wall-reflection
term (not accounted for here). The SSG model is considered a quasi-linear model since it con-
tains one quadratic term in the pressure—strain model. One advantage of using the SSG model is
that, unlike most other RSTMs available in the literature, no wall-distance parameter for
accounting for wall-reflection term is needed. This is a desirable feature for reciprocating engine
flow simulations, since the computational domain is of a complex shape and changes constantly

in time due to piston motion.
The objective of this paper is to present recent studies by the authors on the use of the RSTM

and KIVA code for engine flow simulation. The results to be presented include (1) multi-point
lean direct injection (LDI) gas turbine combustor with discrete jet swirlers, (2) multi-point LDI
gas turbine combustor with helical axial swirlers, (3) a simplified direct injection stratified
charged (DISC) IC engine, (4) a lean-premixed prevaporized (LPP) combustor, and (5) a four-
valve double overhead camshaft (DOHC) IC engine. Due to space limitation, the Reynolds-
stress modeling equations, details of the KIVA code implementation, and code validation will
not be presented here, but can be found in Yang et al. [6].
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Fig. 1. Computational grid of the entire domain, dimensions, and the cutting plane locations.

2. Results and discussion
2.1. LDI combustor with discrete jet swirlers

The multi-point LDI combustor has a rectangular inlet section 12.7 mm long (Fig. 1), and is
upstream of nine groups of swirlers arranged in a 3 x 3 pattern (Fig. 2). Each group of swirlers
comprises eight passages, all co-rotated at 35° in the tangential direction (Fig. 3). A 177.8 or
76.2 mm-long rectangular burner duct is downstream of the swirler section. The combustor has
a cross section of 76.2 mm x 76.2 mm. The inlet surface of the combustor lies in the X—Y plane
and the inlet velocity is specified to be in the axial or positive Z direction. The final Cartesian
computational mesh shown in Fig. 1 has a total of 965,905 cells and 967,312 vertices.

For comparison, the primary flow conditions were identical to the parameters in a report by
Iannetti et al. [7] in which the NASA National Combustor Code (NCC) [8] was used along with
a cubic nonlinear k—¢ model tuned for swirl flow calculation [9]. The inlet axial velocity was

/?\x

Fig. 2. Discrete jet swirlers in 3 x 3 pattern atop the burner duct.
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Fig. 3. Computational grid of a single discrete jet swirler.

6.6 m/s. Law-of-wall was applied on all solid walls. In addition, the turbulence intensity and
length scale were assumed 10% and 3%, respectively, at the inlet. The exit temperature and
pressure were at the ambient condition.

The primary goal of this study is to investigate the non-reacting flow field of a multi-point
injector in a square duct, and to compare results of the SSG model with the cubic nonlinear xk—¢
model in NCC and the LDV measurements from an experimental study. As the measurements
were made in a non-reacting flow, only cold-flow calculations are presented. The LDV data are
taken from a report by Jeng et al. [10] and the NCC results from Ref. [7]. In Ref. [7], tetra-
hedral grids were used with 2.26 million cells and 2.28 million vertices for a quarter domain of
the combustor. Comparisons of results are presented in color contours, in both X-Y and Y-Z
planes, i.e., at Z =3, 13 and 23 mm, as well as X = 19 mm (between swirlers). These cutting
plane locations are shown in Fig. 1.

In general, the results in the X-Y planes show that the RSTM yields a better agreement with
the experiment than the NCC k—¢ calculations. At Z = 3 mm (Fig. 4), although the magnitude

(a) NCC k—& model (b) RSTM (c) LDV measurement

Fig. 4. Comparison of axial velocity among NCC k—¢ result, RSTM result, and LDV measurement at Z = 3 mm.
(For interpretation of the references to color in these figures, the reader is referred to the web version of this article.)
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of the forward velocity contours compares fairly well between the measured and both computed
results, the NCC-calculated reverse-flow structures differ substantially. In Fig. 4a, the dark blue
contours surrounding the center swirlers represent large areas of strong recirculation, which are
not present in both Figs. 4b (RSTM) and ¢ (LDV). The RSTM result, Fig. 4b, agrees quite well
with the measurement, particularly the forward-flow regions directly below each swirler.

Further downstream, at Z = 13 mm (Fig. 5), the NCC computation shows circular recircula-
tion zones below the center of the swirlers, where both the RSTM and the experimental meas-
urements show kidney-shaped reverse-flow regions. In Ref. [7], it was assumed that the
combustor geometry was rotationally periodic every 90°. While this is true in geometric terms,
the LDV data in both Figs. 4 and 5 show that the flow field is not symmetrical about both the
X- and Y-axes. This is caused by the flow-field structure induced by the interactions among the
co-rotating swirlers. Therefore, a periodic boundary condition may not be appropriate for this
geometry and swirler configuration.

The line plots in Figs. 6 and 7 show quantitative comparisons between the measurements and
computations. Since in the LDV experiment two velocity components, U (cross-flow) and W
(axial), were measured, it is appropriate to present comparisons in terms of these components.
Fig. 6a contains line plots of U-velocity comparison among the measured and computed results,
while Fig. 6b shows the W-velocity comparison.

Fig. 6a-1 presents the U-velocity at axial locations downstream of the bottom, right swirler
(location I in Fig. 1). Observing the LDV data, its trend shows an axial shift of momentum
from the presence of neighboring swirlers. Such behavior is successfully captured by the RSTM,
while the NCC x—¢ model, unable to resolve the peak, computed much lower values, parti-
cularly before Z = 3.0 cm where recirculation is strong. Fig. 6a-1I contains a line-plot compari-
son of the U-velocity along axial locations between the four bottom-right swirlers (location II in
Fig. 1). The RSTM shows a close agreement with the LDV data, with a maximum offset near
Z =1.0 cm.

Figs. 6b-1 and II quantitatively present the axial velocity component (W), at the two locations
as in Fig. 6a. In Fig. 6b-1, from the LDV data, zero axial-velocity occurs at approximately Z =
2.2 cm downstream of the swirler, which may be assumed to be the size of the recirculation

(a) NCC k—¢ model (b) RSTM (c) LDV measurement

Fig. 5. Comparison of axial velocity among NCC x—¢ result, RSTM result, and LDV measurement at Z = 13 mm.
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Fig. 6. Line plots of velocity components.

bubble. The RSTM profile closely follows the LDV data, although a maximum offset of 25%
occurs below the recirculation region. The NCC’s k—& model computed a bubble size nearly
twice the measured one. Fig. 6b-1I, on the other hand, does not show as distinct a comparison
as does Fig. 6b-1. The RSTM result exhibits the general trend of the LDV profile for Z <
1.0 cm as well as Z > 3.0 cm. The NCC calculates a substantially stronger reversed flow in the
Z < 1.0 cm region.

Although the V-velocity component was not directly measured in the LDV experiment, it
would still be useful to show the line plots of swirl velocity and turbulence kinetic energy, x.
The plots that follow, therefore, serve as comparisons of trend rather than accuracy. The swirl
velocity in Fig. 7a-I carries a characteristic similar to the U-velocity plot in Fig. 6a-I. The swirl
quickly peaks at about Z = 1.4 cm, then gradually settles. The RSTM basically follows the
trend and stays within 20% of the measured values. The cubic non-linear x—¢ model was unable
to resolve any swirl structure within the recirculation zone. Fig. 7a-II shows a more complex
profile, particularly for Z < 3.0 cm. The measured swirl values are generally lower than those in
Fig. 7a-1, and fluctuate considerably inside the bubble. The x—¢ model generally yields excessive
swirl up to Z = 2.5 cm. Halfway downstream and onward, however, all computed results agree
quite well with the LDV measurements.

Fig. 7b-1 shows that the NCC’s k—¢ model fails to capture the steep profile of the measure-
ments, near Z = 1.5 cm. Instead, the model gives a generally flat line that falls below the
LDV data. Since eddy viscosity, p,, is directly proportional to the square of «, a small x value
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Fig. 7. Line plots of swirl velocity and turbulence kinetic energy.

results in an even smaller y,. In Fig. 7b-II, all calculated results fall below the LDV data while
exhibiting similar trend.
Details of this study can be found in Ref. [11].

2.2. LDI combustor with helical axial swirlers

Configuration of this case is similar to the previous one, except that helical axial swirler is
used. The modeled combustor includes nine axial swirlers with venturi, which are attached to a
single primary combustion zone, Fig. 8. The helical axial swirlers are arranged in a 3 x 3 square
and lies in the X-Y plane. The rotation imparted to the air by each swirler is directed in the
axial or Z-direction. Two different swirlers are used based on blade angle inclination from the
direction of airflow. One swirler has a 45° angle, and the other 60°. These angles refer to the
outermost vane angle of the helical swirler. A plot of a 60° swirler attached to a convergent—
divergent venturi is shown in Fig. 9. The central hollow region is reserved for the fuel injector
while the five helical hollow slots represent the blades that guide the airflow.

The computational domain begins with the inlets placed at the top of nine 45° or 60° switlers.
These swirlers are co-rotating clockwise. After air exits, a swirler it passes through a venturi. A
short divergent cone, acting like a diffuser, follows and ends at the primary zone inlet plane.
One constant Y plane and two constant Z planes are defined for postprocessing, where Z repre-
sents the axial direction. These cutting plane locations are also shown in Fig. 8.
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Fig. 8. Computational model and cutting planes.

Notable boundary conditions include the wall and inlet boundaries. Since the turbulence

equations presented are valid only for high Re number flows,

wall functions were used for wall
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Fig. 9. A sketch of the axial swirler.
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boundaries. Diffusion fluxes were set to zero at the walls. The specified inlet velocity value
depends on the chosen operating conditions of the combustors. These conditions include a
pressure drop, Ap, of 3% across the height of the combustor, an outlet pressure of 1.0 atm, and
an inlet temperature of 27 “C. These quantities were then used to determine the inlet air velo-
city.

Calculations were performed with the SSG RSTM and the standard x—¢ model using the
quasi-second order upwind scheme in the KIVA code. The computed results were compared
with the experimental data for the 60° co-rotating case. In addition, a 45° co-rotating was also
investigated.

The experiments were conducted at the NASA Glenn Research Center. A square duct of
quartz walls was used for the primary combustion zone for optical access. The sides of the
square were 76.2 mm wide. A phase/Doppler particle analyzer was used for all velocity meas-
urements. A two-component system using green (514.5 nm) and blue (488.0 nm) beams from an
argon—ion laser operating at 1.5 W power output was used for the measurements. The transmit-
ting optics utilized a 500 mm focal length lens combined with a 300 mm focal length collimating
lens to yield a focused beam waist of 131 mm for the green and 124 mm for the blue lines. The
fringe spacing was 6.788 mm for the green and 6.667 mm for the blue lines. The receiving optics
were located 30° off-axis in the forward-scatter direction. Light was collected using a 500 mm
focal-length 5.4 lens and then focused onto a 100 mm by 1 mm long slit. Further details of the
instrument can be found in Ref. [12], and details of the experimental procedure can be found in
Ref. [13].

2.2.1. 60° co-rotating swirlers case

Observations of the results on the X-Y planes in Figs. 10 and 11 show that the RSTM com-
pares more closely to the experiments than does the k- model. These plots display computed
results at Z =5 and 18 mm, while the experimental plots show the data measurements at the
upper right corner of the same X-Y planes. A coordinate system is displayed on the figures to
indicate the X and Y directions. The positive Z direction is directed from the swirler inlet to
combustor outlet and is implied to be directed into the page.

z = 5 mm Plane (Re-Stress Model) z=5 mm Plane (x-¢ Model)
(uv vectors + w contours)

Multi-Venturi Isothermal Gas Phase Data
- 60° Axial Swirler
[ Planeatz=5mm

Fig. 10. Results for 60° swirler at Z = 5 mm cutting plane.
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Fig. 11. Results for 60° swirler at Z = 18 mm cutting plane.

Fig. 10 paints a distinct picture that demonstrates the accuracy of the RSTM when compar-
ing its result with the x—¢ and experimental plots. Between the two turbulence models, the mag-
nitude of the velocities differ greatly, although the axial velocity (w) contour structures and the
vector orientations display similarities. Comparison with the experimental data shows that the
reversed flow at the center of the circles is better captured by the RSTM. The contour legend
shows that the RSTM velocity levels vary over a greater range as seen in the experimental data
plot.

At Z =18 mm surface in Fig. 11, the RSTM result shows that the forward flow between
swirlers and reversed velocity magnitude at the swirler centers are in good agreement with
experiment. This shows that the RSTM can better predict the reversed flow associated with
recirculations. It also shows its ability to resolve the effects of strong swirl as verified by the
experimental data.

Additional observations can be made from Figs. 10 and 11. The four sub-regions enveloped
by any four neighboring circles contain negative axial velocities (i.e., reversed flow) in the
RSTM results, whereas the x—¢ plots present little (Fig. 10b) and no (Fig. 11b) reversed flow in
these regions. Furthermore, these four sub-areas contain swirls in the counter-clockwise (ccw)
direction, opposite to the primary flow direction from the nine swirlers. This is due to the
opposing velocities surrounding the central circle, where the shear force in one direction
impedes and steers away the shear force in the other, creating the four counter-clockwise swirls.

The contrast between the two models can be further displayed by viewing the velocity on the
X-Z planes, such as along the ¥ = 0.0 mm cutting plane shown in Fig. 12. Reversed flow is
much stronger below the swirlers with the RSTM. For example, the RSTM reversed flow
reaches up to the venturi while the x—e result falls far short. Concurrently, the forward-flow
regions predicted by the RSTM are also stronger. Since much of the cross section of the com-
bustor has a reversed mass flux, the forward mass flux regions must be stronger to satisfy over-
all mass conservation.

The k—& model results appear more diffusive than those of the RSTM. This is due to the over-
estimated eddy viscosity which is a known characteristic of the standard xk—& model. This set of
results also indicates that without ad hoc modification, the x—& model is simply unable to cap-
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60° Helical Axial Swirler 60° Helical Axial Swirler
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Fig. 12. Velocity vectors on ¥ = 0.0 mm cutting plane for 60° swirler.

ture the essence of flow recirculation from locally large axial pressure gradients created by the
high degree of swirl [14]. As air exits from a swirler into the combustor, its swirling motion cre-
ates strong pressure gradients in the radial direction, a phenomenon similar to a free swirling jet
being ejected from a nozzle. As the flow carries itself further downstream, an adverse pressure
gradient builds up within the boundary of the air stream, causing the flow to reverse its axial
direction and hence, a recirculation zone is created downstream of each swirler.

In short, with the RSTM whose Re-stress components are each computed with its own trans-
port equation, the swirling and complex flow field can be resolved to an extent agreeable to the
experiment. It can, therefore, be concluded that it is a valid model for the additional result com-
parisons discussed below.

2.2.2. 45° swirlers case study

The results obtained with the 45° swirler primarily display the significant differences between
swirlers. The magnitude of the inlet velocity is the same as the 60° swirler case. As Figs. 13 and
14 indicate, there is no reversed flow at the center of the circles. Since the swirler diverts the
upstream air at a smaller angle, a strong and solid forward-flow jet enters the combustor and
does not permit recirculation as did the more conical jet from the 60° swirlers. Due to the lower
degree of swirl, both turbulence models produce results almost identical to each other; however,
weak recirculation regions are captured by the RSTM. Since the 45° swirler produces such weak
swirl flow, these results show that both RSTM and x—& models can predict the flow field equally
well.

The velocity profiles in Fig. 14 suggest that the atomization, vaporization, and mixing proc-
esses would occur less effectively with the 45° swirler. Fuel and air are injected directly down-
ward into the primary zone, reducing the time for the three processes. Fuel-air jets around the
perimeter are directed toward the wall and could lead to fuel droplet impingement on the walls.
The lack of recirculation could reduce the amount of shear that aids in fuel atomization, and it
could also reduce the degree of mixing that aids in uniform lean combustion.
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z =5 mm Plane (RSM Model) z = 5 mm Plane (k- Model)
(uv vectors + w contours)

(uv vectors + w cont

- 10 m/s

Fig. 13. Results for 45° swirler at Z = 5 mm cutting plane.

2.3. DISC engine

The DISC engine chamber whose 2D computational domain at —60° ATDC is displayed in
Fig. 15. The chamber has a bore of 9.843 cm and a stroke of 9.55 cm. A chamfered bowl is
located in the piston, and its cavity depth is 3.3 cm. The piston is located at —90° ATDC when
the calculation starts. At this time, the fluid inside the cylinder has the composition of pure
stagnant air at 400 K with a Bessel function swirl profile.

During the compression stroke, 11.6 mg of liquid gasoline in the form of a hollow cone spray
is injected into the cylinder from an injector with a single half sine wave pulse, located close to
the cylinder head axis. The injection begins at —52° ATDC and has a duration of 12.672°.
Fig. 16 shows the x—& and SSG RSTM flow and temperature field results at —30° ATDC,
shortly before ignition.

z=5mm = [N
z=1mm—= %

z=18mm—c l,

Fig. 14. Velocity vectors on ¥ = 0.0 mm cutting plane for 45° swirler.
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Fig. 15. DISC computational mesh.

The fuel-air mixture is subsequently spark-ignited at —27° ATDC. Drastic differences
between RSTM and x—¢ model results can be observed from the figures. The magnitude of the
eddy viscosity is overpredicted by the x—& model, which is expected since the model typically
overpredicts u,. This can be seen in Fig. 17 for the effective viscosity. Because of the smaller
eddy viscosity, the SSG RSTM results tend to show more distinct and localized profiles of tem-
perature and effective viscosity. For example, the cooler region corresponding to the fuel spray
at —30° ATDC is smaller and less diffuse for the RSTM model. In addition, the RSTM is able
to perceive the spray in the effective viscosity contour plot. Distinctive profiles also exist at later
angles as in Fig. 18, which focuses only on the bowl region. Here, the high temperature combus-
tion gases are confined near the center of the bowl while several squish-induced circulation
regions dominate the RSTM velocity profile. Highly diffusive variations are seen from the x—¢
results while only a defined structure appears from the RSTM. As shown, the anisotropic nature
of the flow field is resolved only by the RSTM.

2.4. LPP combustor

The SSG RSTM was also applied to propane-air combustion in a lean, premixed, pre-
vaporized (LPP) flame tube [15]. A study has been recently performed by Kundu et al. [16] with
the k—& model and with a reduced reaction mechanism (23 kinetic reactions with 16 species) to

Velocity and Temperature at -30° ATDC
so | k=g Model Re-Stress Model

Fig. 16. Velocity vector and temperature at —30° ATDC.
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Effective Viscosity 1, Contours at -30° ATDC
K-¢ Model Re-Stress Model

Fig. 17. Effective viscosity at —30° ATDC.

simulate the combustion and to evaluate NO, emissions. The computational region displayed in
Fig. 19 is 43 cm long and 10.2 cm in diameter. It includes the combustion zone, the flame
holder, and a 10 cm length of the prevaporization/premixing zone. To reduce the domain into
an axisymmetric model, the holes of the actual flame holder were approximated by several con-
centric rings. Therefore, only 4434 cells were required for a 2D radial mesh. An inlet velocity of
2500 cm/s and temperature of 800 K were specified in addition to an equivalence ratio of 0.8.
The results show differences between the RSTM and x—¢ models in terms of the velocity pro-
file and NO, emission index. Fig. 20 illustrates the computed velocity vectors for both models.
It is apparent that the solution with the SSG model produces a large circulation zone on the
wall-side of the flame tube that is not produced by the x—¢ model. In fact, the x—¢ model pro-
duces a velocity field that does not show any significant variation over the diameter of the flame
tube, irrespective of the varying slot area and the much larger slot adjacent to the wall. The
RSTM produces a velocity field that appears realistically descriptive of the fluid dynamics. This
cannot be explicitly verified as there is no detailed experimental data of the velocity field for this

particular case.
There are, however, experimental data of NO concentrations for this case. These data are
given in the contour plots at the bottom of Fig. 21 and represents the measured EI

temp

Velocity and Temperature at 0° ATDC
Eiﬁilﬁi k-¢ Model Re-Stress Mode

236768
- 224081 | g
= 211385
= 1987.08
1860.21
1733.34
1606.47
14786
1352.74
122587
1099
972.131
845263

Fig. 18. Velocity vector and temperature at 0° ATDC.
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Fig. 19. LPP combustor computational model, mesh, and flame holder.

(g of NO,/kg of fuel) along the centerline of the flame tube. In general, the levels of NO pro-
duced with the RSTM are closer to experimental values than those with the x—¢ model.

2.5. Four-valve DOHC engine

The last example shows the calculation of a four-valve DOHC engine using the standard x—e
model in the KIVA code and the LRR RSTM without the wall-reflection term. The engine
under consideration is 1200 c.c. with four cylinders and group port injection. Each cylinder has
two intake and two exhaust valves and are canted at +10°. The engine has a compression ratio
of 9.5, a 7.45 cm cylinder diameter (bore), 6.87 cm stroke, 11.27 cm connecting rod length, and
operates at 1500 rpm. Fig. 22 shows the geometry and computational mesh of the DOHC
engine. The valve lift history is given in Fig. 23.

= 300 m/s

Fig. 20. Velocity vector.
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Fig. 21. NO, emission index.

Fig. 24 shows the velocity vectors at different crank angles during intake and exhaust strokes.
At the beginning of the intake, high-velocity air is drawn in through the intake valve and pro-
duces vortices below it, Fig. 24a. Both models show similar flow patterns at this crank angle
(CA). At CA =120°, just past the maximum lift (see Fig. 23), visible flow differences can be
seen in Fig. 24b. Two vortices, one underneath the intake valve and the other near the bottom
of the piston surface, are clearly shown in the LRR model prediction. Toward the end of the
intake process, at CA = 180° (Fig. 24c), the vortex structures predicted by these two models are
quite different, although the general flow patterns are somewhat similar. Hascher et al. [17] have
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Fig. 22. Four-valve DOHC computational model.
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Fig. 23. Valve lift history.

also made similar observation when the experimental results were compared with the x— model
predictions using the Star-CD code. To gain a better understanding of the flow structure at this
particular crank angle, Fig. 25 shows the 3D color-coded velocity vectors for both models. It
can be seen that, due to the canted valves and the piston motion, the LRR model predicts
stronger swirl flow. Near the peak of the exhaust stroke at CA = 600°, Fig. 24d, both models
predict similar flow pattern, since relatively low level of turbulence exists in the flow field.

CA=120°
Linear LRR Model _

g
i

CA=60° CA=60° CA=120°
(a) x=¢ Model Linear LRR Model (b)

x=¢ Model

Fig. 24. Velocity vector at CA = 60°, 120°, 180°, and 600°.
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. CA = 180° Linear LRR Model
CA =180 k¢ Model

S

Fig. 25. 3D velocity vector at CA = 180°.

3. Conclusion

Two RSTMs were implemented within the KIVA code. Five application cases were studied to
ascertain the performance of the RSTM by comparing the results with the x—¢ model pre-
dictions and the LDV measurements. Incorporated into the structure of the KIVA code, the
RSTM was shown to successfully reproduce the mean flow features and second moments for a
range of standard turbulent flow test cases, which include planar and axisymmetric flows. This
provides confidence in applying the RSTM to engine type configurations. In these cases, the
RSTM produces velocity and eddy viscosity fields that differ from the x—¢ model. Comparisons
with the available, though limited, experiments, show that the RSTM results are more realistic.
Unlike the x—¢ model, the RSTM is able to capture most recirculation structures, including
those arising from the turbulent-stress anisotropy. In the studies of two LDI combustor cases, it
further reveals that, for high degree swirl flows, the RSTM outperforms the kx—¢ model. Further
validation of the RSTM will be obtained in the future when compared with additional experi-
mental measurements.
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