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ABSTRACT 

The planned use of hydrogen as the energy carrier of the future introduces new challenges 
and opportunities, especially to the engine design community. Hydrogen is a bio-friendly 
fuel that can be produced from renewable resources and has no carbon dioxide combustion 
products; and in a properly designed ICE, almost zero NOx and hydrocarbon emissions 
can be achieved. Because of the unique properties of hydrogen combustion - in particular 
the highly wrinkled nature of the laminar flame front due to the preferential diffusion 
instability - modeling approaches for hydrocarbon gaseous fuels are not generally 
applicable to hydrogen combustion. This paper reports on the current progress to develop 
a engine design capability based on the K N A  family of codes for hydrogen-fueled, spark- 
ignited engines in support of the National Hydrogen Program. A turbulent combustjon 
model, based on a modified eddy-turnover model in conjunction with an intake flow valve 
model, is found to describe well the efficiency and NOx emissions for an experimental 
engine over a wide range of ignition timings. The NOx emissions of this engine satisfy the 
Equivalent Zero Emission Vehicle (EZEV) stimdard established by the California Resource 
Board. 
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INTRODUCTION 
Hydrogen has long been considered the ideal energy carrier of the future - displacing 
hydrocarbon fuels - because of its production from renewable resources and as a 
"greenhouse-friendly " fuel. One challenge of the proposed increased use of hydrogen is 
the development of an inexpensive, emission-free and reliable powerplant for stationary 
power generation and transportation [l-41. Fuels cells have been the promised solution for 
decades. But for the near to medium term, the high cost, the sensitivity to impurities and 
the lack of fuel flexibility will limit the use of fuel cells. And in developing countries, 
which may be the largest polluters in the future, low-technology solutions must be found. 
The likely solution, then, will be a hydrogen-fueled, high efficiency, low emission ICE - 
a "mechanical fuel cell." Because hybrid vehicles and stationary powerplants require fixed 
power output with constant fueling and engine speed, a unique opportunity exists to 
optimize the engine for a single operating speed, in contract to the compromised 
performance in all prior ICE that operate at a variety of RPM and fueling conditions. 
Because a limited experience-base exists for hydrogen-fueled ICES, simulation codes will 
be an even more essential component to the design process. 
A challenge to modeling arises because pure hydrogen or hydrogen mixtures have atypical 
combustion characteristics, exemplified by extremely high flame speeds, unstable flame 
fronts under typical equivalence ratios, and ignitability at extremely low equivalence ratios, 
in comparison to hydrocarbon gases. While these characteristics can be advantageous in 
engines, they require re-evaluation of traditional approaches and possibly alternative 
approaches to modeling hydrogen-fueled engines. 
This paper reports on the towards developing a simulation capability for designing 
hydrogen-fueled ICE, based on the recently released KIVA-3V code from Los Alamos 
National Laboratory [5]. The capability has been benchmarked to the experimental results 
in a companion program at Sandia National Laboratories [6] for a modified Onan engine. 
The experimental program has demonstrated that an ICE without exhaust clean-up can 
satisfy the Equivalent Zero Emission Vehicle (EZEV) standard established by the California 
Resource Board (CARB) [7] with high indicated thermodynamic efficiency (45-50%) for 
both pure hydrogen and hydrogen-hydrocarbon gas mixtures, with zero carbon dioxide 
emissions for pure hydrogen. 
The first part of the paper summarizes the progress in understanding the unique combustion 
characteristics of hydrogen as applied to multidimensional simulations. The latter part of 
the paper presents the success in modeling the experimental engine. 

HYDROGEN COMBUSTION 
The main questions to be answered in this section are: How does turbulent combustion of 
hydrogen differ from hydrocarbon gases? And can the models for hydrocarbon turbulent 
combustion be used accurately for hydrogen combustion? For a predictive simulation 
capability, the combustion model must accurately describe the dependencies of turbulence, 
fuel-oxygen ratio, fuel mixtures, temperature and pressure and also not be so 
computationally intensive as to prohibit fidl engine simulations. 

UNIQUE LAMINAR COMBUSTION 

Most researchers are familiar with the low flammability limit of hydrogen and high flame 
speeds or burning velocities of hydrogen - about 3.5 m/s in air at standard temperature 
and pressure (STP) [8,9] or about ten times the flame speed as found in low molecular 



weight hydrocarbon gases [ 10,llJ. What is not broadly understood is the origins of these 
differences. 
The extremely high molecular diffusivity of hydrogen relative to oxygen produces many of 
the unique properties of hydrogen, such as the desirable traits of flammability and robust 
combustion at lean mixtures for both hydrogen-air and hydrogen-hydrocarbon gas-air 
mixtures. The high mobility of the hydrogen also contributes to an instability in a laminar 
flame front, the fuel equivalence ratio (here, an unstable flame front means that a 
protuberance in the flame front will speed up and a trough will slow down - making a 
wrinkle grow in size). The instability occurs because the hydrogen is depleted in the 
troughs and collects in the tips, coupled with the increase in the flame speed with increasing 
hydrogen concentration in this regime. 
Although an instability in a planar flame front occurs for all combustion gases at some 
concentration due to the difference in molecular weight of oxygen and the gaseous fuel, 
what is unusual for hydrogen is that this instability in air occurs at values of cp in the normal 
operating conditions of engines: at a cp less than 1.5 at standard temperatures and pressures 
(STP). This is in contrast to the region that is unstable for methane (cp < 0.74), propane (cp 
>1.44), ethane (p > 1.68) and ethylene (p >1.95) [ll-131. The existence of the laminar 
flame instability has been neglected in theories of laminar flame propagation for hydrogen 
and generally brings into question the validity of kinetic calculations that assume the flame 
front is one dimensional and the assumption of a thin, resolved flame front in most 
treatments of turbulent combustion. This will be discussed in the later section on turbulent 
combustion. 
Another unique aspect of hydrogen combustion, which is not well understood, is the 
separation in the value of cp at the maximum temperature (1 .O) and at the maximum flame 
speed (1.8) [13]; Warnatz, 1981 #152; for all hydrocarbon fuels, cp for these maximums 
coincide and occur in the range of values for p between 1 .O-1.2. This observation is a 
good illustration that even laminar hydrogen combustion is uniquely different than 
hydrocarbon combustion. 
The kinetics of hydrogen combustion have been extensively studied, although Comparisons 
between theory and experiments have been complicated by the diffusive instabilities 
described above. A successful effort by Warnatz [ 141 in producing a limited reaction set of 
18 equations concluded the following. 1) The existence of two competing mechanisms for 
hydrogen oxidation significantly complicates the laminar kinetics and is the source of 
unexpected sensitivity to initial temperature, pressure and equivalence ratio. As a 
consequence, the laminar flame speed has a strong dependence on initial temperature, rising 
from 3.5 m/s for stoichiometric conditions (cp = 1 )  in air at STP to about 23 rn/s at 1000K, 
typical of temperatures at ignition in a high compression engine. The higher pressure at the 
time of combustion also increases the laminar flame speed, but to a weaker power (po.2). 
2) The Zeldovich model for NO, production is better suited to hydrogen combustion than 
hydrocarbon combustion due to the absence of HC radicals which encourage the formation 
of “prompt” NO,. 

TURBULENT COMBUSTION DATA 

Little experimental information is available on the turbulent combustion of hydrogen, and 
what is available is at conditions different than typical engine regimes. The most complete 
set of data was developed to support nuclear reactor safety studies [9], with other data in 



[8,12,15-191. Some relevant data on lean methane turbulent combustion can also be found 
in [20]. 
In Fig. 4 the data from [9] was analyzed to evaluate the dependence of the flame speed on 
turbulence. The error bars are inversely proportional to the goodness of the least-squares fit 
of the data. A major conclusion, as observed in Fig. 1, is that the effect of turbulence is 
large for slow burning mixtures, and small for fast burning mixtures. At fuel 
concentrations around cp = 0.4, the turbulent flame velocity in air is found to be 
proportional to u' or kO.5, 

Fuel equivalence ratio 
Figure 1. The dependence of the turbulent flame speed, Sb on the turbulence intensity, u', 
from fitting St = a u'x on the experimental data [9]. 

For hybrid ICE engines, the planned operating conditions (q around 0.4) are in the 
unstable regime (cp  e 1.5) in order to reduce the flame temperature and hence the NOx 
formation, which increases rapidly above q o f  0.5. In this region, the flame speed 
increases 10 times the laminar flame speed at a turbulence intensity of 2.4 d s .  At the 
maximum laminar flame speed, the increase is 7 times at 2.4 d s .  Note that the typical 
turbulence intensities for the Onan engine during combustion are found from the KIVA 
simulations to be in the range of 1-3 m/s. 

TURBULENT COMBUSTION MODELING 

Because all spark-ignited engines have flame fronts that propagate in the presence of 
turbulence, an accurate combustion model for engine simulations must include the effects 
of turbulence. For hydrocarbon fuels, a typical approach in large scale SI engine 
simulations is to neglect the laminar kinetics and to use models that include only the effect 
of turbulence on the combustion rate. In recent years, significant progress has been made 
in understanding the details of the turbulent combustion by the introduction of a flamelet or 
coherent flame models, e.g., [21]. These models solve for the generation and destruction 
of flame surface based on the turbulent model. Tables of laminar flame speed, as a 



function of pressure, temperature and composition, are then used to determine the reaction 
rate at any time. The key assumption of the flamelet approach is that the flame thickness is 
thin compared to the dimensions of the turbulent eddies and the problem dimensions. 
Given this background in the current state of modeling turbulent combustion, the 
occurrence of the unstable laminar flame front in the regime of interest would seem to 
question the validity of applying traditional models developed for hydrocarbon turbulent 
combustion to hydrogen. 

STANDARD KlVA TURBULENT COMBUSTION MODEL 

In rest of the paper the simulations using a turbulent combustion model use the standard 
model available in KIVA-3V [5]. The model is a generalization of the eddy-turnover model 
proposed by Magnussen [22] and is applicable to both premixed and heterogeneous 
combustion. The model contains one free parameter, A, that must be adjusted for the 
engine operating conditions. 

I - D  COMBUSTION STUDY 

To better understand and verify the standard turbulence combustion model on initial 
turbulence intensity, pressure, temperature, and fuel equivalence ratio, a series of one- 
dimensional KIVA-3 runs were made at parametric values of pressures (1-5x107 
dyneskmz), turbulence intensity ( lo2-lo6 cm2/s2), and fuel equivalence ratios (0.4-0.8) 
and the following were examined: the flame speed, time to steady ignition, final 
combustion temperature, peak temperature, temperature at ignition and NO, production. 
The initial gas temperature was taken to be 900K, the typical gas temperature at the time of 
ignition in the Onan engine. 
The one-dimensional configuration was chosen to have approximately constant pressure 
combustion conditions (unlike an actual engine that has a significant increase in pressure), 
and the simulation was forced to have a constant turbulence intensity (k) and dissipation 
rate (E). The enforcement of constant turbulence levels prohibits the occurrence of flame 
generated turbulence, which can increase the flame speed [9]. This is expected to be small 
for lean fuel mixtures of current interest due to the smaller expansion of the flame front. 
The parameter A is taken to be 18, typical of diesel fuels. 
A least-squares fit to the steady-state turbulent flame speed, Sf, gave a good fit and 
provides a compact summary of the simulations results: 

with Sf in c d s ,  k is the turbulent kinetic energy (cm2/s2), # is the fuel equivalence ratio, 
and p is the pressure (dynes/cm2). The adjusted correlation coefficient, r2, for the multiple 
regression is 0.9997, indicating an excellent fit of the data. 
The expected exponent of k is 0.5, based on an analysis of the model, is recovered in the 
implementation and, more importantly, approximately duplicates the observed coefficient 
for hydrogen combustion for # = 0.4, as seen in Fig. 1 (note that u' is proportional to the 
square root of k). The pressure dependence is observed to be almost zero @-0-027), as 
expected from an analysis of the model. No experimental information on the pressure 
dependence of the turbulent flame speed could be found, but one might expect that the 
dominant effect of pressure is on the laminar flame speed in the turbulent eddies, and, 



consequently, the pressure dependence would be the same as the laminar flame speed, or 
approximately proportional to p0s2 [ 141. The steady-state temperature was observed to 
depend only on the fuel equivalence ratio, as expected, since this determines the net heat 
released. Finally, no dependency was observed on the eddy dissipation rate, E, as expected 
from the formulation of the model. 

The above correlation gives a flame speed of 160.0 c d s  for (k ,# ,p)  = (5.0~104 
cm2/s2,0.4, 1 .0x106 dyne/cm2), in comparison to the experimentally observed value for 
hydrogen in air of 230 c d s  [9] (the experimental laminar flame speed is 60 cds ) .  This 
difference is expected, because the flame speeds for hydrogen are larger than for diesel 
fuels. This suggests that the parameter A in the eddy-turnover model should be increased 
to 25 from 18 for constant pressure ignition at 900K. In an actual engine simulation where 
temperatures continue to increase during combustion, the flame speed would increase, and 
A would be correspondingly larger. This was observed in the full engine KIVA 
simulations, as noted below. 
The dependence of the N0,formation in the parametric study was examined using the 
standard Zeldovich model. NO, was produced in the flame front. Behind the flame front, 
the NO, production was constant with time under these constant pressure and temperature 
conditions. Because of the time for significant NOx to be produced was much longer than 
the simulation time in these 1-D problems, no useful conclusions could be made about the 
NO, formation of in the presence of turbulence. 

AN APPROACH TO TURBULENCE COMBUSTION MODELING 

We have argued that more sophisticated turbulent combustion models that assume a thin 
flame front are not applicable to hydrogen combustion in the operating conditions of 
interest (# around 0.4). The above review of the literature and of the one-dimensional 
KIVA simulations suggest that eddy-turnover model used for hydrocarbon-based fuels may 
be appropriate for turbulent combustion in the regime of operation of the Onan engine 
where the turbulent flame speed is proportional to k. The use of such a model will capture 
the primary effect of the proper heat release as the turbulence intensity changes during 
combustion. 
In the following section with three-dimensional engine simulations, the eddy-turnover 
model is applied to the hydrogen turbulent combustion in KIVA-3V, with understanding 
that the parameter A must be adjusted to account for the increased flame speed. Because A 
is taken to be a constant and is not dependent on the changing conditions during ignition, 
we expect there to be some deficiencies in the details of the model. Comparable difficulties 
arise in the application of the same model for hydrocarbon fuels. 

DESCRIPTION OF THE ONAN ENGINE AND MESH 
Details of the modified Onan engine can be found in Table 1 and in references [6,23,24]. 
The intake ports and head of the original Onan engine were replaced with a design that was 
intended to produce a quiescent combustion to minimize heat exchange and maximize 
efficiency. To compensate for the longer burn time, two spark plugs are used. 



The mesh, shown in Fig. 2, was generated with 41 pseudo-blocks, resulting in 5 logically 
hexahedral blocks of mesh with about 75,000 cells in the full 360" mesh. The full mesh 
includes a slight azimuthal twist of 27" in the intake port as occurs in the Onan engine. 
Without this twist in the intake port, the flow and combustion are symmetric through a 
plane passing through the two valves. Run times were about two hours on a Cray YMP 
from intake valve opening to exhaust valve opening. 

Figure 2a. A detail of the exterior of the mesh for the Onan engine. 
The only major simplification made in the computational mesh was the square cross-section 
of the intake and exhaust ports - a limitation of the KIVA-3V mesh generator at the time. 
To reduce the effect of the simplification, the flow area of the simulated and actual 
manifolds are identical. The valve shapes and seating were modeled accurately to within 
the resolution of the mesh (Fig. 2b). Two types of boundary conditions were used to 
model the intake flow of the Onan engine: a constant pressure boundary condition and a 
time-varying boundary condition as taken from the experimental pressure measurements in 
the intake port. For studies of the comparison between different simulation runs, the 

Bore 
Stroke 
Displacement 
Geometric compression ratio 
Combustion chamber geometry 

Table 1. Onan engine specifications and simulation parameters 

82.55 mm 
92.08 mm 
0.4928 L 
14.04: 1 
pancake 

Premixed combustion ignited witi, two spark plugs 
Ignition timing (BTDC) 5-40" 
Ignition duration lo" 
Engine speed (RPM) 1800 
Time-dependent intake manifold pressure from experiment 
Time-dependent exhaust manifold pressure from experiment 
Piston temperature 
Exhaust valve temperature 
Wall, intake valve, head temperature 
Fuel equivalence ratio 

430 K 
585 K 
373 K 
0.41 



former was used. The latter boundary condition was used for comparison to the Onan 
experiments. Other boundary conditions for the engine simulation are given in Table 1. 

Cross- Figure 2b. 
of the valves. 

the detailed rendering 

MODELING OF THE INTAKE PORTS AND VALVE SHROUDS 

INTAKE PORT MODIFICATIONS 

One of the challenges of any engine simulations is the approach used to duplicate the 
experimental conditions for the air delivery. The complication is that the computational 
mesh for the simulation must be terminated at some point and an appropriate boundary 
condition applied. Many simulations were done in an attempt to duplicate the complex 
pressure behavior during the intake process: the cylinder pressure during the early intake 
flow (0-100 CA) typically oscillates with a frequency of 180-260 Hz and a large amplitude 
of 1-3 psi. Both longer intake ports and different experimental pressure histories in the 
highly diagnosed intake port were examined. Because either the amplitude or the frequency 
of the pressure oscillations in the cylinder could be matched, a compromise was to use a 
short intake port as shown in Fig. 1 with an experimental intake port pressure history that 
reproduced the observed volumetric efficiency. 

SH ROU DE D-VA LVE MODEL 

Based on KlVA simulations of the engine, the dominant flow in the cylinder was observed 
to be a tumble flow, not the quiescent flow that planned in the design. Because tumble 
generates more turbulence at TDC than a swirl-dominated flow [25], it was thought that 
converting the tumble to swirl during intake might improve the efficiency. The 
experimental technique of inducing the swirl was the addition of a shroud on the intake 
valve. Various shroud heights and extents on the edge of the valve were tried 
experimentally, and it was found that the apparent introduction of a moderate amount of 
swirl increased the efficiency of the engine [24]. It was observed that the engine had its 
peak efficiency with the 1.5 mm shroud and had lower efficiency for either higher shroud 
heights or no shroud. Because excessive turbulence can increase heat transfer to the wall, 



it was thought that the efficiency increased with the shroud because of the more favorable 
turbulence intensity history. 
In KIVA-3V the shroud was modeled by adding a zero-thickness wall at an element 
boundary at the perimeter of the valve to duplicate the blocking of the flow by the shroud. 
For a full-height shroud, this wall extended up into the valve pocket, thereby preventing all 
flow through the valve gap at that azimuthal angle. For a lower-height shroud that allows 
flow past the shroud at large valve openings, a constant number of element sides above the 
edge of the valve where similarly blocked. The number of element sides that were blocked 
where chosen such that the average height of the numerical shroud was similar to the 
experimental height of the shroud. This approach allowed for full blockage of the flow for 
small valve openings and allowed the flow over the shroud at large valve openings. 
To resolve the question as to the cause of the increased efficiency, four simulations were 
compared: with and without the 1.5 mm shroud and for two ignition timings of 20" and 
12.5" BTDC, using the standard turbulent combustion model in KIVA-3V with A equal to 
50. Fig. 3 illustrates that the addition of the shroud does indeed increase the swirl, 
although these values are low for engines designed to have swirl [6,26]. The indicated 
thermal efficiencies were calculated for the simulations by integrating over the 
compression, combustion and expansion cycle the work done by the cylinder pressure due 
to the change of cylinder volume and then dividing by the total energy produced by the 
hydrogen fuel. The resulting efficiencies are plotted in Fig. 4. Although experimental data 
does not exist for the same operating conditions, preliminary Onan data with and without 
the 1.5 mm shroud tended to exhibit a 3% increase in the thermal efficiency, when it was 
observed to have an effect. 
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Figure 3. The swirl ratio for KIVA-3 simulations with and without a 1.5 mm shroud and 
for two ignitions timings (20" and 12.5' BTDC). The swirl ratio is the angular momentum 
in the cylinder divided by the product of the total mass in the cylinder and the angular 
velocity of the piston. 
In Fig. 5 the turbulence intensity is plotted for all of the simulations during the time of 
combustion and expansion. It is immediately apparent that the turbulence intensity, and 
hence the turbulent flame speed, would be similar for these four simulations. In fact, a 
more careful examination of the turbulence intensity shows that the different timing of 
ignition has a larger effect on the turbulence intensity than the presence or absence of the 
shroud. An examination of the heat transfer to the wall in Fig. 6 yields a similar conclusion 
that the dominant effect is the ignition timing. Note that even though the simulations with 



the shroud have a higher heat loss to the wall, the more optimal pressure histories of the 
runs with the shroud compensate of the additional heat loses, thereby either improving the 
efficiency at 12.5" case or keeping the efficiency constant in 20" case. 
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Figure 4. The indicated efficiencies for the KIVA simulations. 
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Figure 5.  The turbulence intensity for four simulations are shown, illustrating that the 
turbulent intensities are almost the same for all the simulations. 
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gases. 
The plot of the hydrogen mass in Fig. 7 as a function of crank angle illustrates that even 
though all the simulations have similar turbulence intensity histories, the consumption of 
hydrogen is faster for the simulations with the shroud than without, even though the 
turbulence levels and hence the local combustion rates are comparable. By examining the 
shapes of the combustion fronts, the source of the different combustion rates was found to 
be different stretching of the flame front by the slow swirling flow. The increased 
efficiency with the shrouded valve is due to the faster combustion rate from the bulk flow 
from the gentle swirl, thereby producing more work near TDC, but no so much swirl that 
would cause a loss of efficiency due to increased heat loss. 
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Figure 7. The mass of hydrogen in the cylinder for the four KIVA simulations. 

COMPARISON TO THE NOx AND EFFICIENCY 
The ability to compare the KlVA simulations with the Onan engine data is the fundamental 
test of the turbulent combustion model and the intake and turbulent modeling. The KIVA 
simulations were done at both 1200 and 1800 RPM and at a variety of ignition timings 



(from 20" to 7.5" BTDC) at an equivalence ratio of 0.4. The results presented here are for 
the 1800 RPM simulations. 
As discussed in the section on modeling turbulence combustion, the eddy-turnover model 
has one free parameter that must be determined from a comparison to the experiments and 
is comparable to determining the laminar flame speed for a specific hydrogen-air mixture at 
a certain temperature and pressure. This was accomplished by picking a value for A (50) 
that best matched the pressure history of one Onan simulation. The parameter A was then 
held constant for all other simulations with different ignition times and engine speed, but 
with the same equivalence ratio and volumetric efficiency. By then applying the model to a 
variety of ignition times, a fairly severe test of the model is achieved because by changing 
the ignition times, the conditions during combustion - the turbulence, pressure and 
temperature history - also change significantly. 
The resulting NOx values from the simulations compare excellently with the experimental 
values, without any adjustment of the NOx model for hydrogen (Fig. 8). Because NOx is 
very sensitive to the burn rate and flame temperature, this is a sensitive test for the accuracy 
of the turbulent combustion model. This comparison is better than is generally found for 
hydrocarbon simulations and supports the conclusion in the literature [ 141 that the slow 
NOx kinetics are more accurate for hydrogen combustion. The difference in the slope of 
between the simulations and experiments is likely due to keeping A constant when it should 
be varying with the changing conditions at ignition and during combustion. Inclusion of 
these effects would increase the flame speed and the combustion temperature at later spark 
timing, and hence the NOx levels, resulting in even better agreement at other spark timings. 

OX 
Z 

2 2  20  1 8  16 1 4  1 2  10  8 6 
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Figure 8. Comparison of the NO, for the KIVA simulations and Onan experiments. 
Comparisons of the efficiencies and pressure histories between experiments were also 
made (Fig. 9). The trend in the indicated thermal efficiencies duplicates the Onan data, but 
the values in the KIVA simulations are about 4% higher than in the experimental data. 
Because of the uncertainty in the wall temperatures in the engine and the difficulty in 
experimental determination of efficiencies, the offset is not unexpected. The duplication of 
the trend is an important validation of the turbulence and combustion model in KIVA. The 
rapid drop in the efficiency of the data at smal l  ignition advance is generally seen to occur in 
other experimental data and is an expected trend in the simulation results. 
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Figure 10. Comparison of the indicated thermal efficiency for the KIVA simulations and 
Onan experiments. 

CONCLUSION 
In summary, KIVA3V simulations of the Onan engine agreed well with the experimental 
results and largely validates the chosen approach for the intake flow modeling and the 
turbulence combustion modeling. Indeed, fewer “adjustments” of the models in KIVA 
were required than is typically necessary for modeling hydrocarbon-fuel engines. The 
simulations also clarified the source of the improved efficiency with the slight shroud on 
the intake valve: the increased combustion rate due to the stretching of the flame front from 
the increased swirl. A current limitation of the turbulent combustion model is the 
applicability of the combustion rate being proportional turbulent intensity, u’ or to fuel 
equivalent ratios below one. This is not a significant short-coming because most engine 
designs using hydrogen fuel will operate in this regime in order to take advantage of the 
reduced NO, production. 
Future work will include the addition of the dependence on the fuel equivalence ratio, 
pressure and temperature on the parameter A, through the known dependence of the 
laminar flame speed on these variables. This should significantly improve the predictability 
of the model. Because hydrogen-hydrocarbon mixtures are expected to be the transition 
fuel to an all-hydrogen-based usage, a similar development of a turbulent combustion 
model for these mixtures is also planned. These developments are significantly 
complicated by the potential for a double flame front in hydrogen-hydrocarbon mixers [ 181. 
Because of the high efficiency possible at almost zero emissions in hydrogen-fueled ICE, 
an exciting opportunity arises for engine designers to provide the ideal powerplants of the 
future. The current work is the beginning of providing the computational tools for these 
future designs. 
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APPENDIX 
The main body of this report will be published as an invited paper in the Proceedings of the 
3rd International Conference ICE97, Internal Combustion Engines: Experiments and 
Modeling, with the title “Hydrogen as a Zero-Emission, High-Efficiency Fuel: 
Uniqueness, Experiments and Simulations.” The following supplements the main text, in 
order to include material of interest to the Hydrogen Program. 

APPENDIX A: STATUS ON PERKINS ENGINE SIMULATIONS 
Preliminary simulations of the Perkins engine were performed using a mesh based on a cast 
of the Perkins intake port supplied to LANL by SNL. Because of the advances in the mesh 
generation of ports and valves, the resulting mesh is significantly more realistic than the 
mesh used for the Onan engine (compare figures below). 



Perkins Engine Onan Engine 

The Perkins engine has an almost identical compression ratio and combustion chamber 
geometry ("pancake") as the Onan engine, but about double the volume, as illustrated in the 
figure below. 
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The Perkins engine simulations show a swirl ratio double that of the Onan engine with the 
optimal height of the valve shroud and identical driving pressures (figure at left below). 
The significantly different bulk flow behavior is due primarily to the orientation of the 
intake ports (Compare the meshes in the figures above). The preliminary simulations also 
indicated a higher efficiency is observed, as also observed in the SNL experiments, 
validating the expected observation that efficiency increases with engine size. These 
simulations indicate that even a higher efficiency could be obtained in the larger Perkins by 
reducing the swirl - as has been done computationally by rotating the intake port by 90 



degrees (compare the mesh below with the mesh for the unrotated engine above). The 
ease by which alternative engine geometries can be examined illustrates the utility of 
simulations 
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Swirl ratio comparisons Rotated Perkins geometry 
The figure below comparing the mass of hydrogen and NOx production illustrates how the 
Perkins engine exhibits more swirl than is optimal. By reducing the swirl, the combustion 
rate actually increases, indicating that the stretching of the flame front by the swirl is 
reducing the reaction rate. Note that this is just the opposite conclusion as in the Onan 
engine, where increasing the swirl improved the efficiency. The explanation is that two 
little or too much swirl can limit efficiency. The simulation of the Perkins engine is a major 
milestone in our progress this year. Detailed comparisons with experimental data will be 
done as the Perkins data comes available. 

COMPARISON OF ORIGINAL AND ROTATED GEOMETRIES: 
Fuel and NO Histories 
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APPENDIX 9: TECHNOLOGY TRANSFER AND OUTREACH 
In preparation for the Annual Hydrogen Peer Review in May, we surveyed the use of 
KTVA within the combustion modeling community using publication by SAE as a measure. 
We found forty-five papers were published in calendar 1996 by SAE, and forty papers in 
1997 to date, a significant increase. Fifteen papers have or will be published using the new 
version of KIVA-3V, illustrating the rapid acceptance of the new version. These numbers, 
limited to just one publisher, strongly indicate the successful outreach, and more 
importantly, illustrates the significant seeding of the hydrogen modeling capability into 
industry and academia. This capability will be in place when interest in hydrogen 
combustion matures. No other mechanism for distribution of the modeling technology 
would be as effective. 
The 7th International KIVA Users Meeting and the 2nd KNA Workshop were held prior to 
the 1997 SAE International Congress and Exposition in Detroit, hosted by Cray Research 
and organized by LANL and University of Wisconsin-Madison. Presentations on the new 
version of the KIVA-3 (see next appendix) covered the developments supported under the 
Hydrogen Program and were well received. Just prior to the SAE meeting, Professor 
Rutland from the Engine Research Center (ERC) at UW-Madison visited LANL to discuss 
turbulence modeling, future version of KIVA and hydrogen turbulent combustion. This 
was the first extended visit from a UW professor from the ERC and laid the basis for a 
mutually beneficial collaboration in the future. 
Salvador Aceves (LLNL) and Norman Johnson presented a paper at the 11th Annual 
National Educators’ Workshop at Los Alamos on the use of simulation codes in hybrid 
vehicle design. The talk was attended by about 80 educators from colleges and high 
schools. The Hybrid Vehicle Evaluation Code (HVEC) was distributed to about 40 
interested attendees, to be used in classrooms and research programs around the country. 
A summary of the DOE Hydrogen Program and the development of tools for the design of 
hydrogen-fueled engines was presented during an invited lecture by Norman Johnson at the 
1996 Canadian CFD Conference in Ottawa and at seminar at the Chalk River Laboratory. 
About 280 attendees were present at the talks. 

APPENDIX C: RELEASE OF NEW VERSION OF KIVA-3 
The spring release of the updated version of KIVA-3, called KIVA-3V (V for valves), 

satisfies a major milestone; the version has been distributed to about 100 researchers or 
laboratories. The non-commercial nature of KIVA-3 and its wide use in universities and 
industry makes it possible to disseminate the new capability quickly throughout the CFD 
community, as illustrated by large number of publications that used KIVA-3, described in 
the last appendix. 
A significant capability in KIVA-3V is the option to model intake ports with moving 
valves, as needed to accurately model the bulk flow and turbulence levels at the time of 
combustion. The release includes all capabilities described in last years annual report, plus 
two new capabilities: the ability to model non-vertical valves and to model overlapping 
valves, as shown in the figure below. During the operation of the engine, the intake and 
exhaust valves occupy the same location in the cylinder at different times. This capability 
was thought to be an essential, but difficult, feature, but by careful use of the remapping 
option in KIVA-3, the capability was implemented without significant development. 
Future hydrogen engines will likely use this design because of the better control of the gas 
flow at the time of combustion and its ability to use larger valves. 



A cross-section of the mesh in a 4-valve engine, showing an intake valve fully open and the 
exhaust valve fully closed. 
In summary, all the predominant valvekombustion geometries can now be modeled: the 
vertical valve design typical of diesel engines, the pent-roof design typical of older 
automotive engines and the quad-four engine typical of modern auto engines. 

APPENDIX D: ENHANCEMENT OF TURBULENCE 
MODELING IN KIVA-3V 
We used the opportunity of Dr. Zhiyu Hank visit from UW Madison to address the 
suggestion of the review panel to assess and improve the turbulence models in KIVA. 
During his stay at LANL, the RNG turbulence model (a compressible variation of the k- 
epsilon model) was implemented into the standard version of KIVA-3V. This 
implementation of the RNG model has been tested extensively at the UW Engine Research 
Center and either performs as well or better than the standard k-epsilon model in KIVA-3. 
It is now the basis of all simulations using KIVA at UW Madison. This model was also 
the most requested new feature for KIVA-3 at the 1996 KIVA User Meeting. Research at 
UW and during the past month at LANL indicates that the improved accuracy of the RNG 
model is due to the tendency of the model to have a lower turbulence viscosity, thereby 
enabling larger eddies in a simulation to be treated more accurately by the resolved flow 
equations, rather than the less accurate, time-average turbulence equations. A standard 
engine simulation was used to validate that the RNG model in the LANL version 
reproduced the RNG model in the UW version. 
To further test the RNG model beyond the idealized flow and the full engine simulations 
done at UW, we examined the Dyer experiments performed at Purdue (Wahiduzzaman 
thesis, 1985). These experiments are of a hot gas injection into a fixed volume which 
creates a strong swirling flow and simulates a possible swirling engine flow. Turbulence 
intensity, velocities, and temperatures were measured in the experiment. Numerical 
simulations of this flow have had limited success in duplicating the temperature and 
velocity measurements. The best agreement between the simulations and experiments have 
been obtained with a large eddy simulation that restricts the turbulence model to small 
length scales. Simulations using the RNG model were found to do no better than the 
moderate agreement found with the standard k-epsilon model in a two-dimensional 



simulation; this supported similar conclusions by other researchers. We believe that better 
performance would have been obtained if a three-dimensional simulation had been used. 
Also, in discussion with spectral turbulence modelers in our group, they have identified 
the missing terms in the turbulence model for flows with large density variations that 
explain the limited agreement. As time permits, these additional terms will be included in 
the RNG model, but because the Dyer experiments have much greater density gradients 
than in a typical 4-stroke engine, the need for these terms for the current hydrogen 
applications is minimal. 
The validated RNG model was applied to the KIVA-3 simulations of the Onan engine. The 
intake flow, which determines the turbulence levels at time of ignition, was in most aspects 
similar to the comparable simulation using the k-epsilon model. The mass charge and the 
average dissipation rate in the cylinder were almost identical in the two simulations. Other 
quantities differed moderately: the swirl ratio and turbulence intensity were about 10% 
higher for the RNG model. In conclusion, we feel the addition of the RNG extension of 
the k-epsilon model is a significant improvement to KIVA based on the experience of other 
researchers. For the current hydrogen simulations, the effect of the model is minimal and 
indicates that the current good agreement with experiments need not be questioned in this 
regard. 


