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CHAPTER 3 MODEL FORMULATION

3.1 Base CFD Code with AMR Algorithm

The collocated version of the KIVA-4 code [38] was used as the baseline
computer code in this study. KIVA-4 [39] is an unstructured version of the KIVA code
family. The new unstructured capability of the code allows the flexibility of mesh
generation for more complicated geometries with high mesh quality. This new
feature also provides a platform for implementations of other capabilities (such as
Adaptive Mesh Refinement (AMR) and Multigrid). KIVA-4 solves the conservative
equations closed by a Reynolds-Averaged Navier-Stokes (RANS) turbulence model for
the gas phase. The spray injection and chemical reaction models are not used in this
study. The conservation equations are written in the integral form as follows.

Conservation of species:
D _ Pm
2 [ pmdV = |, [pDv (7)] dA (3.1)
Conservation of momentum:
D - 1 2 5 R
D—tfvpudV=fs [?p+A0§pk]dA+fsa.dA+ J,pg-dv (3.2)
Conservation of energy:
=, pIdV = [.|KrVT + pD B hen¥ (22) | dA + [,~pV.idV +
Dt vp — Jg | T p m'tm p v pVv.
Temporal and spatial differencing is performed using the Arbitrary

Lagrangian-Eulerian (ALE) technique, which is a semi-implicit quasi second-order

upwind approach. An implicit discretization method was used to discretize the terms
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of thermodynamic pressure, diffusion of mass, momentum, energy and turbulence.
Each discretized equation was solved iteratively using the conjugate residual
method. Velocity, temperature and pressure were solved by using the SIMPLE
method in an outer iteration in which the pressure field is obtained by
simultaneously solving the equations for the linearized equation of state, the cell
volume and the face volume change. This code is specifically designed for
investigating engine in-cylinder processes, as it is particularly suitable for using
moving grids. In order to model the in-cylinder turbulence, a standard k-¢ turbulence
model is chosen as it is one of the most extensively used and validated turbulence
models in engineering application. This model is also adequate in simulating the
transient engine in-cylinder flows with reasonable computer time. Turbulent law-of-
the-wall velocity conditions with a fixed temperature are used for the wall boundary.
In the meantime, the code has been modified by including the AMR algorithm in our
previous studies to improve the computational efficiency [40].

Adaptive mesh refinement has been used in liquid spray simulation to
increase the spatial resolution and overcome the mesh dependence without
incurring a significant computational cost [40, 41]. A similar approach is used in this
paper to model the high-speed gas jet with an increased spatial resolution in the
vicinity of the gas jet. The original KIVA-4 uses a staggered approach for solving the
momentum and density-based equations for compressible flow. A collocated
approach, in which velocity is solved at the cell center, is adopted in this study in
order to simplify the numerical scheme and the implementation of AMR. Despite

that experimental data are not available to verify the predicted in-cylinder flows in
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this study, validations of this collocated version of KIVA-4 are reported by Torres
[38]. In the above study, the in-cylinder flow results using the collocated version are
compared with those using the staggered version. The collocation of pressure and
velocity can cause unphysical pressure oscillations [42], but this problem is

eliminated by using a pressure correction method [43].

In order to capture the hydrogen jet, a very fine mesh is required in the
region where the jet is present. This is achieved using an adaptive mesh refinement
algorithm. The current AMR implementation utilizes the data structure and
numerical methods based on the features of the KIVA-4 solver. The present
approach adds new child cells to the existing cells and uses a hierarchical structure to
establish the relationship between the parent cell and its child cells. The cell-
centered properties of the child cells are determined using the linear variation with
local conservation. The refined cells will be coarsened to reduce the computational
cost if a higher grid resolution is not required. These dynamic refinement routines
are controlled by using an adaptation criterion based on the fuel mass fraction, Y
and its gradients, YC_]-. The fuel mass fraction criterion could ensure the proper
adaptation at region near the injector nozzle. The fuel mass fraction gradients were
also chosen in order to provide adequate grid resolution at the jet periphery, where
the mass fraction gradients were high. First derivatives were used to calculate the

adaptation indicator from the mass fraction gradients as,

Yei = |(VY)c]Al (3.4)
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where (VY),; is the gradient component of the variable Y at a cell c in j coordinate
direction. Alj is the mesh size in j direction. Notice that the repeated index does not
imply Eisenstein summation. The following conditions were used for the grid
adaptation:

(2) If YC’]- >a,Tin any coordinate directionj, or Y > B,, the cell is flagged to be
refined.

(2) If YC,]- < o,tin all coordinate directions and Y < B, for all the cells refined from
the same parent cell, these cells are to be coarsened. a, and B, are the control. Tis

the standard deviation calculated as

_ (13 Y 1/2
T= (3_N 21 201 Ycz,j) (3.5)
where N is the total number of the active cells. In addition, the difference in

the refinement levels at the cell interface was limited to one to ensure a smooth

transition in the refinement levels.
3.2 Gas Injection Model

The high pressure hydrogen injection creates a region of underexpanded jet
near the injector exit. A schematic of the choked flow underexpansion process has
been shown in Figure 2.1. This underexpanded jet is characterized by an oblique
shock of a barrel shape, a vertical shock with a disk shape (called the Mach disk), and
subsequent reflected shocks. The flow downstream of the Mach disk will become
subsonic. A full CFD modeling would start from the nozzle exit and simulate the
supersonic flow, shock waves, and subsequent subsonic flow downstream. However,

in order to reduce the complexity of the flow simulation in an engine application, a

www.manaraa.com



23

gas injection model is employed in this study to avoid the simulation of the
supersonic flow and shock waves. Since the supersonic flow in the underexpanded
region is not simulated in the engine cylinder, only the flow at the downstream of
the Mach disk is modeled. The gas jet can be modeled starting from the Mach disk by

using a proper inflow boundary to represent the conditions at that location.

It is assumed that the process between the nozzle exit and the Mach disk is
isothermal and there is no flow across the barrel shock [30]. Thus, the Mach disk

conditions can be calculated as below.

The conditions at each locations of an underexpanded jet are as follows.

1: Upstream or reservoir, P, T, p,

2: Nozzle exit, choked condition, P,, T,, p,, v, (M=1)

3: Mach disk, P,y Teg Peg Veq (M=1)

4: Downstream or chamber, P, T., Pop Ven (M<1)

The assumptions are T, = T¢q, Peq=Pch . The mass flow rate,m is calculated as

M = ApVnpp = AeqVeqPeq - (3.6)

From the assumption that the gas temperature at the nozzle exit is equal to that at
the Mach disk, the gas velocities are same, which are the speed of sound, a, because

the Mach number is equal to unity.

Up = Vg =aatTy,. (3.7)

The equivalent diameter of the Mach disk can be calculated as
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domain is subsonic and is diffused rapidly. Nonetheless, the disturbance to the flow

field due to the high gas jet velocity can be observed from these images.

Table 5.2 Conditions and results of the parametric study cases

. . Cylinder volume
Included angle Equivalence ratio fraction for
Case s 8 sol Injector location | range at 360ATDC .
of injection (ATDC) equivalence
(degrees) ratio from 0.4 to

0.5

Casel 45 220 Between valves 0.20-0.60 28%

Case 2 45 240 Between valves 0.15-0.90 20%

Case 3 45 260 Between valves 0.15-0.90 15%

Case 4 30 220 Between valves 0.15-0.75 20%

Case 5 60 220 Between valves 0.10-0.75 22%

Case 6 30 220 Near intake 0.25-0.65 30%

Case 7 45 220 Near intake 0.25-0.65 36%

Case 8 60 220 Near intake 0.25-0.62 50%

Case 9 30 220 Near exhaust 0.20-0.62 41%

Case 10 45 220 Near exhaust 0.15-0.75 30%

Case 11 60 220 Near exhaust 0.25-0.75 30%
velocity
1.000e+004
5.625¢+003
2.500e+003
6.250e+002
0.000e+000

215 ATDC 225 ATDC 235 ATDC

Figure 5.3 Flow field prior to and during hydrogen injection. Velocity vectors are colored by
the velocity magnitude (cm/s).
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cylinder volume has the local equivalence ratio close to 0.45 for the injection angles

of 45 degrees and 60 degrees.

Normalized Cumulative Volume
Normalized Cumulative Volume

0 0.2 0.4 0.6 0.8 1 1.2 0 0.2 0.4 0.6 0.8 1 1.2
Equivalence Ratio Equivalence Ratio

(a) (b)

Normalized Cumulative Volume

o] 0.2 0.4 0.6 0.8 1 12
Equivalence Ratio

(c)

Figure 5.19 Equivalence ratio distribution at different crank angles when
the injector is located near the exhaust valve
(a) Case 9: 6 =30 degrees (b) Case 10: 6 = 45 degrees (c) Case 11: 8 = 60 degrees

In summary, the quantitative results of the in-cylinder mixture equivalence
ratio under different injection conditions are listed in Table 5.2. It is found that an
early injection results in more homogeneous mixture by allowing more time for fuel-

air mixing. Different injector locations require different injection angles for achieving
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more homogeneous mixture since the fuel-air mixing is a result of the interaction
between fuel jets and the in-cylinder flow. The favorable included injection angle is
45 degrees for the injector located between the valves, 60 degrees for the injector
near the intake valve, and 30 degree for the injector near the exhaust valve.
Speaking overall it is most favorable to locate the injector near the intake valve and
aim towards the center of the cylinder under the present engine geometry. It is
worth noting that different engine geometries will require different injection

conditions to achieve desirable mixture conditions.
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CHAPTER 6 CONCLUSIONS

6.1 Conclusions

A hybrid gas jet injection model was developed to simulate the high velocity
gaseous hydrogen injection and mixing with air. Adaptive mesh refinement was used
to provide adequate grid resolution to help capture the flow structure induced by
the gas jet. The use of adaptive mesh refinement helps reduce the computer time
without the loss of accuracy. The model was validated by comparing the predicted
hydrogen penetrations with the experimental and theoretical data. Good levels of
agreement between numerical and experimental results are obtained for single jet
and multi-jet penetrations. The effect of ambient pressure is also predicted correctly.
A parametric study was also conducted to explore the mixture formation
characteristics inside the engine cylinder at various injection timings, injector
locations, and injection angles.

The parametric study results show that the mixture distribution in the
cylinder varies widely with the above three injection parameters. Results indicate
that it is best to inject hydrogen soon after the intake valve closes. Such early
injection can result in better homogeneity by providing more time for fuel-air mixing.
Under the conditions studied, the hydrogen jets impinge on the piston surface or the
cylinder wall shortly after injection. Major mixing appears to take place after the wall
impingement. When the injector is located at different positions, different nozzle
orientations are required to produce favorable mixture. Among all the cases studied,

the injector located near the intake valve with an included injection angle of 60
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degrees is able to produce the most homogeneous hydrogen-air mixture under the
present engine configuration. It is anticipated that present numerical model can be

used as a tool for the design of direct-injection hydrogen engines.

Recommended future study will include the implementation of premixed
engine combustion models into KIVA-4 in order to simulate the entire in-cylinder
process including hydrogen injection, mixing, combustion, and emissions formation.
The results of combustion simulation can be compared with the experimental data
on hydrogen engines. Additionally, the AMR capability of the solver will need to be
enhanced in order to refine the mesh near moving surfaces. The overall numerical

model can then be used as a tool to design and optimize hydrogen engines.
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