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An Examination of the

Performance of Spark Ignition

Engines Using Hydrogen-
Supplemented Fuels

J. F. Stocky, M. W. Dowdy, and T. G. Vanderbrug

SINCE 1973 THE JET PROPULSION LABORATORY
hag been engaged in experiments using hydrogen to
supplement gasoline and thus permit operation of a
spark-ignited internal combustion engine af conditions
leaner than those which would support the combustion
of gasoline alone. Such operation resulted in reduced
combustion temperatures with attendant lower NOy
emissions and improved engine thermal efficiency.
Results of work using a hydrogen/gasoline fuel system
have been published (1)*. Such an approach, however,
is not new. As early as 1927, hydrogen/gasoline
mixtures were tested by the Zeppelin Co. in airship
engines with a view toward improving the range of
dirigibles. (2)

The difficulties of storage and distribution have
rendered pure hydrogen impractical ags a near-term
fuel., Consequently, the work at JPL has focused on
the partial oxidation of gasoline to provide a hydrogen-—
rich gas with which to supplement the gasoline/air
mixture flowing to the engine. An on-board hydrogen
geverator in which this partial oxidation reaction would
take place was described in Ref. 3 and the results of
early tests with a 350 CID Chevrolet V-8 engine and a
hydrogen generator were described in Ref. 4.

This paper presents the regults of an analytical
investigation of the hydrogen-supplemented fuels sys-
tem undertaken as part of an Environmental Protec—

The performance of a hydrogen-supplemented
fuels system is predicted using a semiempirical
model. The prediction of this model is compared
to data obtained during engine dynamometer tests
of 2 hydrogen generator/multicylinder engine system,
The test data and the predictions are also compared
to the fuel consumption and emigsions of the same
engine in its stock econfiguration and indieate that
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tion Agency evaluation of this system., This evalua-
tion also included experimental data taken with a 350
CID Chevrolet engine operating with a hydrogen gen-
erator. The experimental configuration was described
in Ref, 4.

The analytical models described in this paper were
three-fold:

(1} A model of the hydrogen generator subsystem
and its associated auxiliaries such as an air compres-
sor and heat exchanger,

(2) A semiempirical model of the engine operating
on hydrogen generator products.

(3) A simulation of the Federal Driving Cycle
using the characteristics of a 1973 Chevrolet Impala
vehicle and the predicted performance of the engine/
generator combination.

This paper presents the results of one phase of
research carried out at the Jet Propulsion Laboratory,
California Institute of Technology, sponsored by the
National! Aeronautics and Space Administration, under
Contract No. NAS 7-100, and by the Environmental
Protection Agency.

* Numbers in parentheses designate References at end
of paper.

the hydrogen-supplemented fuels system can improve
BSFC 10-15% and simultaneously reduce NOx emig-
sions to a level congistent with the 1977 EPA stand-
ard. The performance of an optimized hydrogen
generator/engine system is estimated. With these
colnparisons and estimates used as a basis, the
potential of the hydrogen-supplemented fuels sys-
tem is identified. :



These analytical tools then permitted a prediction
of fuel economy and NO, emissions over the Federal
Driving Cycle to be made, Changes in the perform-
ance of elements of the total system could then be
related to changes in the predicted driving cycle
periormance.

Comparison of the predictions of thege analytical
models with engine and chassis dynamometer data
indicated good agreement among them. The engine/
hydrogen generator system performance was then
predicted assuming an improved engine ab1.11ty to op-
erate at a lean condition and an increased compression
ratio. Thege predictions indicated that mileage over
the Federal Driving Cycle could be 1mproved by as
much as 25% relative to the 1973 bhaseline vehicle and
NCx emissions simultaneously reduced to 0. 2 gm/mile.

SUBSYSTEM AND SYSTEM DESCRIPTION

The overall lean operation of the hydrogen—
supplemented fuels system was achieved by adding a
hydrogen-rich gas to the engine gasoline/air mixture.
This hydrogen would permit lean operation yielding
increased engine efficiency and reduced NO, emis-
sions. For these analyses, a hydrogen generator suh-
system comprised of the hydrogen generator, itg hes:
exchangers, and its gasoline and air supplies was

{3) The additional water pump loads for the cool-
ant heat exchanger.

{(4) The pressure drop of the components in the air
and product flow sireams,

These loads were aggregated and the "nominal”
auxiliary load curve shown in Fig. 2 was calculated.
To obtain a best and worst case estimate of these
loads, the component performance estimates were
multiplied by the factors presented in Table 1; the
"minimum” and "maximum' auxiliary load curves
shown in Fig. 2 were then obtained.

HYDROGEN GENERATOR — The hydrogen gener-
ator employed partial oxidation of a rich gasoline/air
mixture in the presence of a catalyst to provide a
hydrogen-rich product gas. The Girdler catalyst used
in this application consisted of nickel deposited on
alumina pellets. Its operation is described in Ref. 3.
The product gas composition used in these analyses
is shown in Table 2.

ATR COMPRESSOR — Air is supplied to the hydro-
gen generator by a variahle-gpeed compressor. Heat
exchange with the hydrogen generator product gas is
used to preheat this air to 500°F, After mixing with
vaporized gascline the mixture is introduced into the
hydrogen generator and reacted on the surface of the
catalyst. The assumed air compressor efficiency is
shown in Fig. 3. (5)

Fig. 1 - Hydrogen-supplemented fuels system
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defined. A block diagram is shown in Fig. 1.

The system was comprised of the engine and this
hydrogen generator subsystem, which imposed addi-
tional loads on it. These loads were a function of
hydrogen generator flow rate and resulted from the
following elements of the subsystem:

{1) The air compressor and its drive mechanism.

{2) The fuel pump.

SUPPLY

A hydraulic pump/motor combination was assumed
for the air compressor drive. Though more complex
than any production-type system would be, this per-
mitted air compressor speed to be decoupled from
engine gspeed. The resulting ease of analysis made
its use in the model attractive. In addition, the loads
such a sysiem would impose on the engine would be
known to be conservative.



Table 1. Range of Component Parameter Variation

Performance Penalty Factors *

Parameter Minimum Nominal Maximum
Air compressor 1.10 1.0 0.8
efficiency e
Hydraulic motor 1.10 1.0 0.9
efficiency ()
Hydraulic pump 1.10 1.0 0.9
efficiency (np)
Pressure loss 0.9 1.0 1.20
iactors
K =Ap/qC
Generator HX 1.0 1.0 1.0

effectiveness (€}
*Multiplication factor to penalize system:

"hest' system performance

= X factor (min
nc, max T]c, nom ( )

mworst” system performance

n o= X factor (min)
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Fig. 2 - Auxiliary load curve for hydrogen generator

subsystem

Table 2. Hydrogen Generator Average Cutput

Composition
Component Volume %

Hy 21.22
CH4 1.11
CcO 23.24
CQsz 1.05
HoO 1.33
N2 52,05
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Fig. 3 - Air compressor perfiormance

The hydraulic pump performance is shown in
Fig, 4 (6). The hydraulic motor efficiency was taken
to be 0.875 of the hydraulic pump efficiency, and the
efficiency of the coupling between the pump, the motor,
and the compressor was taken to be 0. 95.

HEAT EXCHANGERS: FUEL AND AIR — The fuel
heat exchanger is used to vaporize and heat the hydro-
gen generator gasoline before it is mixed with the
reaction air. The reaction air iz also heated to a
temperature which will prevent condensation of the
fuel during the mixing process.

The effectiveness required of these heat exchang-
ers is presented in Fig. 5. The relatively low values
of the required effectiveness indicated that high heat
exchanger performance was not required for this
application.
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Fig. 4 - Hydraulic pump performance



100 T T | i T T I ! T

0~ -

COOLANT HX

70—

S 0 =
i FUEL HX

w500 -
=

iz

2 ook AIR HX (TEST) |

AR HX

4] 1 | | ] | 1 | 1 ! 1
0 10 20 30 40 50 460 7Q 80 %0 100 110

MASS FLOW RATE, % OF MAX

Fig. 5 - Required heat exchanger effectiveness

HEAT EXCHANGER; COOLANT - To preclude
autoighition it was decided to hold the temperature of
the hydrogen generator product gas at or below 525°F
when it was introduced at the engine induction system.
However, this product gas, even after heat exchange
with the input fuel and air, was still too warm to be
mixed immediately with the engine gasoline/air mix-
ture. Reducing this temperature was accomplished in
the analysis by rejecting heat to the engine coolant
sysitem,

DESCRIPTION OF CALCULATION SCHEME

In this section the calculations of system efficlency
and NOy emisgions as a function of hydrogen generator
flow rate and of engine gasoline and air flow rates are
described., These will then be integrated with the
model of the hydrogen generator subsystem to estimate
system brake specific fuel consumption and NOyx emis-
sions as a function of brake mean effective pressure
(BMEP) and engine speed (rpm). A simulation of the
Federal Driving Cycle wag then used with these esti-
mates to predict the system fuel consumption and
emissions when driven over that cycle.

The calculation of system efficiency and.of NOy
emissions is most eagily visualized by introducing two
dimensionless variables. One ig the ratio of the gaso-
line flow rate to the engine divided by the flow rate of
gasoline to the hydrogen generator

g Y

P =

The other is the effective equivalence ratio ¢)1E: that is
engine equivalence ratio ¢E modified to account for

the {low rate of noncombustibles in the hydrogen gener-
ator product gas: °

stoichiometric air
+ flow for hydrogen
generator product

stoichiometric air
flow for engine
gagoline flow

y _ rate flow rate
PE T Actual air flow flow rate of non-
rate combustibles in

hydrogen gener-
ator product gas

This effective equivalence ratio is used to com-
pensate, approximately, for the reduction in combus-
tion temperature caused by this diluent flow rate. The
composition of the hydrogen generator product gas
used in these analyges is shown in Table 2. This com-
position is the average over the flow rate range of
that provided by the hydrogen generator described in
Ref. 3 when operating at a generator equivalence ratio
¢ of 2,75. The molecular weight of the noncombus-
tibles in this flow was estimated to be 28. 1, and their
specific heat Cp was calculated to be 0. 26 Btu/lbm/ °F.

SYSTEM THERMAL EFFICIENCY ~ System indi-
ca'ted thermal efficiency Mg was calculated from ¢,
¢E, and the hydrogen generator product gas composi-
tion, The ratio 8y of the heat of combustion of the
hydrogen generator product gas to the heat of combus-
tion of the gasoline used to make that product gas is

o - Moo Beo * Meps Pops
G W __h '
gG ¢

mH hH -

where mj is the mass flow rate of the ith component,
hj is the lower heating value of the ith component, and
subseripts H, CO, CH4, g, G refer to hydrogen, car-
bon monoxide, methane, gasoline, and hydrogen gen-
erator respectively.

At an operating point of the system determined by
¢ and ¢f, the indicated thermal efficiency nyg can be
calculated ag

bg + ¥

s = ME "1+ 4
The engine indicated thermal efficiency was as-
sumed in these analyses to be a function of ¢g only.

The assumed functional relationship was

— - 1
g = 0.50 = 0.17p %

This relationship is shown in Fig, 6 and compared
to data more fully described in Ref. (8). The data is

' reasonably well repregented by this relationship until,

as ever leaner operation of the engine is attempted,
increasing flame speed causes engine efficiency to
begin to decrease.

QOPERATING CONSTRAINTS — The range of g and
oT: over which the engine can operate is limited by
two operating congtraints: a wide open throttle volume
flow rate constraint and a lean operating constraint.

At wide open throttle (WOT) the maximum volume
flow which can pass through the engine is a function of




the engine volumetric efficiency ey, the engine speed
N, and the engine displacement V). Neglecting the
volume displaced by the gasoline flowing to the engine,
the sum of the volume flow rates of engine air and
hydrogen generator products must equal this engine
volume flow rate. This congtraint can be plotted ag a
function of ¢ and ¢ as shown in Fig. 7, typical of that
for various engine speeds and hydrogen generator flow
rates.

The expression used to obtain these congtraints is
derived in the Appendix. The WOT engine volumetric
efficiency was assumed to be constant, with a value of
0.7. The engine displacement assumed for all cal-
culations was 350 CID.
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Fig. 7 ~ Wide open throttle operating constraints

The engine lean limit constraint was estimated in
two ways. First, Bureau of Mines data (7) was used
to egtimate the lean flammability limit of mixtures of
hydrogen generator products and gasoline according to
Le Chatelier's rule. The results of this calculation

- are shown in Fig. 8 as the curve labeled "calculated

lean limit. " The system indicated thermal efficiency
for operation on this lean limit was calculated and is
ghown in Fig. 9.

Second, the results of V-8 engine/hydrogen gener-
ator tests on an engine dynamometer were used to
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define empirically the locus of engine maximum effi-
ciency points. These are shown on Fig. 8 as "current
lean limit. "

These curves then represent a constraint in that
an operating point to the left or right of them is achie-
ved at the expenge of the system efficiency. The
region in Fig. & to the right (richer) of the WOT con-
straint line and the current lean limit repregents the
operating region presently available. For any value
of y, efficiency is maximized by operating as lean as
these two constraints will permit,

OUTPUT POWER — At any operating point within
this operating region, output power can be calculated
once throttle setting, hydrogen generator flow rate,
¥, and gnE'; have been gpecified. The assumed func-
tional relationship for engine thermal efficiency allows
engine efficiency to be calculated once ¢F has been
specified. Hydrogen generator flowrate, gpecified
herein in terms of the flow rate of the hydrogen con-
tained in the product gas, and ¥ taken together provide
the flow rate of gasoline to the engine. Thus the
total heat of combustion flowing to the engine is known,
and with the indicated engine efficiency yields the
engine indicated output power.

The engine friction horsepower (FHP) was calcul-
ated from a power series in rpm which was fit to data
provided by General Motors, as shown in Fig. 10.
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Fig. 10 - Engine friction horsepower characteristic

The horsepower required by the hydrogen generator
subsystem was calculated as a function of hydrogen
generator flow rate according to the relationship-shown
in Fig. 2. The friction horsepower and the power
required by the hydrogen generator subsystem were
subtracted from the engine indicated power to obtain
engine brake pcwer output.

EMISSIONS CALCULATION — The system model
assumed that indicated specific NO, (ISNOy) emissions
were a function of effective equivalence ratio and
hydrogen generator flow rate, as shown in Fig. 11.
These curves were the result of fitting data taken for

three hydrogen generator flow rates over a broad
range of engine loads and gpeeds (8)., Linear inter-
polation wag used to obtain ISNOy values as a function
of hydrogen generator flow rate.
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Fig. 11 - ISNOx versus effective equivalence ratio

CASES CONSIDERED — This model was used to
predict system brake gpecific fuel consumption (BSFC)
and brake specific NOx (BSNOx) emissions as a func-
tion of engine brake mean effective pressure (BMEP)
and engine speed (rpm). Two hydrogen generator flow
rates were considered, those providing 0.5 Ibm/hr
and 1.0 lbm/hr of hydrogen in the product gas. In
addition, a variable hydrogen generator flow rate case
was congidered.

The variable hydrogen generator flow rate case can
be vigualized by referring to Fig. 12, wherein the wide
open throttle constraints for 2500 rpm are shown for
hydrogen generator flow rates providing 0.5 lbm/hr
and 1.0 lbm/hr of hydrogen. Maximum engine output
power was obtained by operating along the 0.5 lbm/hr
WOT constraint between an equivalence ratio of 1.0
and the lean limit constraint. WOT operation down the
lean limit constraint was continued by increasing
hydrogen generator flow rate and decreasing the flow
rate of gasoline to the engine. The maximum hydro-
gen generator flow rate considered was that providing
1.0 lbm/hr hydrogen. Once this maximum hydrogen
generator flow rate was reached, throttling was used
to reduce engine output. Over the throtiling range of
the hydrogen generator, gasoline flow to the engine
and the hydrogen generator flow rate were maintained
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system operation

propertional to the air flow. Thus, operation over
this range of hydrogen generator flow rate and air
throttling occurred at constant @ and @_153. Once the
minimum hydrogen generator flow rate, 0.5 Ibm/hr
hydrogen flow, had been reached, output was further
reduced by additional throttling of air and engine gaso-
line at constant hydrogen generator flow such that
operation on the lean limit constraint was maintained.
When only hydrogen generator products flowed to the
engine, ¥ = 0, no further reductions in engine output
could be obtained. Also shown on Fig. 12 are the
WOT brake mean effective pressure (BMED) output of
the engine and the BMEP's corresponding to reduced
throttle operation.

Thug, engine operation with three hydrogen flow
rate conditions was examined:

{1) Constant hydrogen generator flow rate pro-
viding 0.5 lbm/hr of hydrogen.

(2) Constant hydrogen generator flow rate pro-
viding 1.0 lbm/hr of hydrogen. _

(3} Variable hydrogen generator flow rate between
those flow rates providing 0.5 and 1.0 lhm/hr of
hydrogen according to the strategy outlined above,

The losses due to auxiliary loads in the hydrogen
generator subsystem were also treated parametrically.
In addition to the "nominal' load associated with this
subsystem as a function of hydrogen generator flow
rate, a "maximum'’ and a "minimum' load were used.
These were used both to assess the sensitivity of gys-
tem performance to the accuracy of these estimates
and to provide an upper and lower hound to system
performance.

In addition to these three cases, a case with no
hydrogen generator subsystem losses charged to the
engine wag examined. This case permitted direct

comparigon with test data taken under equivalent
conditions.

Several different eagine configurations were exam-
ined. The baseline configuration congisted of the
hydrogen generator subgystem and the 350 CID Chev-
rolet V-8 engine with 8.5:1 compression ratic opera-
ting with the lean limit constraint labeled "current
lean limit. "' System performance was examined for
two cases with improved lean limit: one lean limit
constraint which was moved half-way toward the cal-
culated constraint from the current constrairt labeled
"50% lmproved lean limit"; another which was moved
three-fourths this distance and labeled '"759% improved
lean limit" (see Fig. 8).

The effect of compressgion ratio was evaluated by
calculating system performance with an assumed com-
pression ratio of 10:1. The effect of compression
ratio on NOy emission and system efficiency was esti-
mated using the model described in Ref. 9.

COMPARISON WITH DATA — To obtain an estimate
of the agreement between the BSFC and BSNO, pre-
dictions of the model and the values measured in test-
ing, the model was used to predict these data for each
of the BMEP/rpm points at which data was obtained
for both the hydrogen generator flow rates. These
flow rates were those providing 0.5 Ibm/hr and 1.0
Ibm/hr hydrogen in the hydrogen generator product
gag, The system configuration consisted of

{1) A 350 CID Chevrolet V-8 engine with an 8.5:1
compression ratio operating at the current lean Hmit.

(2) A hydrogen generator, none of whose auxiliary
requirements were supplied by the engine, corres-
ponding to the no-penalty case.

For the 0.5 Ibm/hr hydrogen flow case, a total of
24 data points were compared. These points covered
the engine gpeed range from 1000 to 20060 rpm with
BMEP between 9.3 and 83.32 psi. Over this range,
predicted BSFC on the average was within 1. 2% (rms:
root mean square) of the meagured value. Predicted
BSNOy on the average was within 25% (rms) of the
measured value. (8)

For the 1.0 Ibm/hr hydrogen flow case a total of
21 data points were compared. These points covered
the engine speed range from 1000 to 3000 rpm, with
BMEP between 9.5 psi and 87.5 psi. Over thig range,
predicted BSFC on the average was within 1. 6% (rms)
of the measured valus, and predicted BSNOy was
within 25% (rms} of the measured value. (8) It was
noted during this comparison that the predicted NOyx
emission tended to be higher than those measured.

The output of this model was then used to provide
the input information necessary to draw contours of
BSFC and BSNOx in the BMEP/RPM plane. To illus-
trate their general nature, one of each of the BSFC and
BSNOy contour plots are shown in Figs. 13 and 14.
The case for which these contours were drawn was:

Variable hydrogen generator flow rate.

50% improved lean limit,

8.5:1 compression ratio.

SIMULATION OF THE FEDERAL DRIVING
CYCLE ~— To provide an estimate of the fuel con-
sumption and NOy emissions which would result if
a hydrogen generator/engine system with the char-
acteristics predicted by the model were driven over



g

120 T T T T T T T T T T T
1.0 lb/hr hAAX LM H2
NOMINAL PENALTY
1Mo -
100 -
sl
.47
BO -
0,45
70
.44
"
% w0 |9-47
z
0,49
50 0,50
0.52
054
40 |-
0,55
0.70
Hlo,60 -
C.80
0,70 G.%0
20" -
0.B0 ’ i.10
0.90 //_’__f_/—-w .30
. 1.0 1,90 150 ——— e ————= 150
] ! ' 1 | L 1 L 1 1 | L | | |
1000 1200 1400 1600 1800 2000 2700 2400 28600 2300 3000 3200 3400 3400 asoD 4000
RPM
Fig. 13 - BSFC contour plot with controlled H2 flow
iz0 4 T T T T T T T T
1,0 (e AN IMUM Hﬂ
MNOMINAL PENALTY
e 1
100 |- T

14.80 18,00 / 22,00
0k 2.50 2o 6.50 10000 12,60 © 16,00 20,00 ¢ 24,00 26,56 28,90 35,0

ﬂ

1 1 ) ] 1 - I |
1000 1260 1400 1600 1800 2000 27200 2400 2600 2600 3000 3200 2400 2400 3800 4000

RPM

Fig. 14 - BSNOy contour plot with controlled Hy flow




the Federal Driving Cycle (FDC), (10) a simulation
of this driving ecycle was developed. In this simula-
tion the FDC was broken up inte 1-second increments,
and for each increment the reqguired engine brake
horsepower output and engine speed were calculated,.
The output of the system model was then used to .
provide an estimate of the fuel consumption and NOy
production in this increment. The contributions of
all the increments were then aggregated and the re-
sults presented as fuel consumption in mile/gallon
“and NOx emissions in gm/mile.

Because the predictions of the system model were
for steady-state operation at each operating point, it
was expected that the estimated mileage and NOy emis-
sions would be optimistic. That is, the neglect of
transient demands and responses would provide esti-
mates of mileage and emissions better than the actual
data.

To obtain the estimates presented herein, the
vehicle characteristics used in the FDC simulation
were those of a 1973 Chevrolet Impala, an inertia
wheel simulating a 4500 lbin vehicle, with an auto-
matic transmission (three-speed Turbo-Hydramatic
transmission), and a 2.73:1 differential (See Fig. 15).
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Fig. 15 - Vehicle power consumption characteristics
for FDC simulation

To assess the quality of this simulation, two check
cases were run in which the FDC gimulation using
engine dynamometer data as input was compared to
the data obtained actually running similarly equipped
vehicles through the driving cycle on 2 chassis dyna-
mometer. The two check cases consisted of:

(1} The stock 1973 Chevrolet Impala vehicle, with
all factory~-installed emissions equipment, and engine
dynamometer data taken from a similar, stock 1973
350 CID Chevrolet V-8.

(2) A similar vehicle and engine but with the induc-
tion and ignition systems replaced by the Electroscaic
Il induction and ignition systems (Autotronics Controls
Corp., El Pase, Texas). Both the vehicle and engine
were operated at an equivalence ratio, neglecting

enrichments, of 0.85 with gasoline. Except for the
PCV system none of the emigsions control eguipment
was operating.

Table 3 presents a comparison of the fuel con-
sumption and emissions measured with the vehicle
and that predicted by the FDC simulation using steady-
state engine dynamometer data. It can be seen that
the predicted fuel consumption is approximately 14%
better than the measured stock fuel consumption {on
a mpg basis), and that of the modified vehicle was

8% better. The predicted NOyx emissions were within
8% of the measured values in both cases,

Tahle 3. Predicted and Measured Results for
Federal Urban Driving Cycle with
1373 Chevrolet Impala V-8 (350 CID
Stock Engine)
Driving Cycle Results
Predicted
Measured {using engine
(chassis dynamometer
dynamometer) data)
Carbu-
retor Tuel NOy Emis- Fuel NOx Emis-
Config- Economy sions Economy  sions
uration  (mpg) (gm/mi) {mpg) {em/mi)
Stock 10.6 2,05 12,11 2.16
Auto- 12.8 5.12 13,82 5. 04
tronicg*

The FDC simulation program was used to estimate
the performance of a 1973 Chevrolet Impala vehicle
using a hydrogen generator/engine system. The BSFC
and BSNOx of this system were predicted using the
system model. The cases for which predictions were
made are summarized in Table 4, Estimates made
for the 8.5:1 compression ratio (CR), current lean
limit, and no auxiliary hydrogen generator subsystem
loads correspond to the cases for which comparison Lo
engine dynamometer data was made above. For the
same engine configuration, the effect of adding the

Table 4. Engine/Hydrogen Generator Cases Studied

Engine

Configuration

CR LL

Auxiliary Losas

None Minimum Nominal Maximum

8.5 Current X x X
8.5 50%
8.5 75%

10.0  75% X

RoM oMo

CR = compression ratio; LL = lean limit.

*All emission eguipment except PCV disconpected



10

hydrogen generator subsystem auxiliary loads was
aguesged for each of the three load conditions: mini-
mum, norinal, and maximum.,

Table 6 presents these data. The estimates should
he carefully distinguished from those presented in
Table 3. Table 3 presents a comparison of estimates
of fuel consumption and NOy emissions made by a
FDC gimulation program using steady-state engine
dynamometer data with actual FDC measurements
obtained uging similar engines in 1973 Impala vehicles,
Tables 5 and 8 present estimates of the performance
of hydrogen-supplemented fuels systems. These esti-
mates were made using BSFC and BSNOyx predictions
made with the system model ag inputs to the FDC sim-
ulation program, The fuel consumptiion estimates
were also indexed back to the estimated stock fuel
consumption, 12,11 mpg.

In Table 5 the effects of the auxiliary loads from
the hydrogen generator subsystem are seen to de-
creagse mileage less than 4% and to increase NOx
ermission less than 18%, both small effects. The re-
mainder of the predictions were therefore made only
for the nominal hydrogen generator subsystem auxil-

iary loads.
Table 5. Predicted Fuel Eccnomy and NOx
Emissions for Federal Urban
Driving Cycle with Theoretical
Engine Performance
) Fuel Economy o
Configuration Hydrogen Improve- Emis-
Generator Flow ment sions
Engine System ¢dbm/hr) MPG __ (%) (gm/mi)
Base- No pen- 0.5 14.69 21.3 1.30
line alty 1.0 14.99 23.8 0.86
Con- 14.76 21.8 0.43
trolled
Base— Minimum 0.5 14.47 19.5 1.38
line penalty 1.0 14.60 20.46 0.97
Con-— 14.43 19.2 0.50
trolled
Base- Norginal 0.5 14.41 19.0 1.38
line penalty 1.0 14.58 20.4 0.98
Con- 14.42 19,1 0.50
trolled
Base- Maximum 0.5 14.25 17.7 1.38
line penalty 1.0 14.52 19.9 1.00
Con- 14.40 18.9 0.51
trolled

The effect of assuming the engine lean operating
limit could be improved to the 50 and 75% improved
iean limits was assessed as was the effect of increas-
ing compression ratio to 10:1 from the stock 8.5:1.
The results of these calculations are presented in
Table 6. For convenience, the fuel consumption data
are presented both as predicted miles/gallon and as
the percent improvement over the predicted stock
carburetted engine performance, 12.11 mpg. Because
the comparison of the NOy, emisgions with the engine

dynamometer data indicated that the model tended to
overestimate NOy production, it was felt that the
predicted emissions were not unrealistic.

Table 6. Predicted Fuel Economy and NOx
Emissions for Federal Urban
Driving Cycle with Theoretical
Engine Performance
Fuel Economy NOy
Configuration Hydrogen Improve- Emis-
Generator Flow ment sions
Engine gystem  (lbm/hry MPG (%) {gm /mi)
Base- Nominal 0,5 14.41 19.0 1.38
line penalty 1.0 14.58 20.4 0, 98
Con-~ 14.42  19.1 0. 50
trolled
Lean Nominal ¢.5 14.91 23,1 0.27
Limit penalty 1.0 14.85  22.6 0.85
improved Con- 14.69  21.3 0.27
50% trolled
Lean Nominal 0.5 15,07  24.4 0.29
limit penalty 1.0 14.93  23.3 0.86
improved Con- 14,90  23.0 0.29
75% trolled
Com- Nominal 0.5 15.47  27.7 0.20
pression penalty 1.0 15.41 27.3 0.70
ratio = Coun- 15.26 26.0 0.20
10:0:1 trolled
Lean
Ilimit
improved
75%

it can be seen from Table 6 that improving the
ability of the engine to operate at a lean condition (to
the 50% improved lean limit constraint) is predicied to
result in a 20% improvement in fuel economy and pro-
duce NOy emissions less than 0.4 gm/mile. Improv-
ing the lean limit to the 75% improved lean limit is
predicted to result in a 23% improvement in fuel econ-
omy with NOx emissions less than 0.2 gm/mile. In-
creasing compression ratio to 10:1 again with opera-
tion at the 75% improved lean limit constraint is pre-
dicted to result in 25% improved fuel economy and NOx
emissions of about 0.2 gm/mile.

HC AND CO EMISBIONS

The emissions of unburned hydrocarbons and car-
hon monoxide have not been dealt with in these analy-
ses. This is because it has not been possible, to date,
to develop and incorporate an adequate model of the
production of these pollutants. However, in any com-
bustion concept relying on lean operation, these emis-
gions have proven troublesome because the resulting
reduction in combustion temperature yields higher
emission levels and impairs the effective use of an
oxidizing catalyst. To determine if a catalyst would
operate with a hydrogen-supplemented fuels system,

a 1975 Chevrolet Impala converter was added to the
bottled hydrogen vehicle. (1)



Table 7 presents a comparison of the energy con-
sumption and emigsiong of this vehicle in the stock,
hydregen-enriched, and hydrogen-enriched-with—
converter configurations. The significant reduction
in both HC and CO emissions yields confidence that
upcoming tests using this converter with a hydrogen
generator/engine system will yield similar improve-
ments in these emissions.

These data are the result of work described in a
paper submitted for presentation at the 10th ITECEC
Conference (1975).

Table 7. Effect of Catalytic Muffler on
. Emissions of Hydrogen-
Enriched Vehicle Over
Federal Driving Cycle
Hydrogen Enriched
Without With
Catalytie Catalytic
Parameter Stock Muffler Muffler
NOx {gm/mi) 8175 0.31 0.28
CO (gm/mi) 43,91 2,22 0,07
. HC {gm/mi) 2.29 3.11 0.45
Fuel 12,700 8,850 8,850
congsum ption
(Btu/mi)
CONCLUSIONS

Analytical models of the hydrogen-enriched fuels
system have permitted an estimate of the potential of
this system to be made. These models consisted of
representations of a hydrogen generator subsystem, a
system comprised of a V-8 engine and this subsystem,
and a simulation of the Federal Driving Cycle. Resulis
of applying these analyses to a 350 CID Chevrolet
engine and a 1973 Chevrolet Impala vehicle were pre-
sented in Tables 5 and 6. '

Comparison of the predictions of these models and
gimulatibng with data taken on the engine dynamometer
and chassis dynamometer indicated satisfactory agree-
ment between the data and the predictions.

An assessment of the effect of improving the en-
gine lean operating constraint and of increasing engine
compression ratio from 8.5:1 to 10:1 indicated that a
25% improvement in fuel economy over the Federal
Driving Cycle (relative to the unmodified vehicle)
would result and NO,, production would be reduced to
0.2 gm/mile.

Emissions of earbon monozide and unburned hydro-
carbong were not modeled. Data taken on the bottled

gag car uging a 1975 Chevrolet Impala catalytic exhaust

converter indicated that significant reductions in these
eniggions should be observed in upcoming tests with
such a converter on a hydrogen generator/engine
system.
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APPENDIX

RELATIONSHIPS OF ENGINE SPEED, EQUIVALENCE
RATIO, THROTTLE SETTING, ENGINE/HYDROGEN
GENERATOR FLOW RATES, AND EFFECTIVE
EQUIVALENCE RATIO :

CALCULATION OF VOLUME FLOW CONSTRAINT
Equivalence ratio of the engine, pp:

sfoichiometric air
flow rate based on
flow rate of hydro-
gen generalor
products to the

_ engine
®E = “actual flow rate of air to the engine

stoichiometric air
flow rate based on
flow rate of gaso-
line to the engine

Let i be the stoichiometric fuel/air ratio for the ith

fuel; then

ak

where 1h; is the mass flow rate of the itb component;
subscripts g, a, p, and G refer to gasoline, air, gen-
erator products, and hydrogen generator total flowrate
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respectively; and subscripts E and G refer to engine
and hydrogen generator respectively.

If we let oG be the equivalence ratio of the hydro-
gen generator input gascline and air (typically its value
is 2.75), we can write

e _El_gﬁ(l_i
¢~ £ )
pG g G

and then

By +E§g_9(1 ) i)
0 Eg g
E maE

Normalizing with respect to rhG yields

+ gg‘;bG (1 __1)
L

where

Solving for ¥ we obtain
m £o9,
¥ = L)%, ri?E" 1+g§(§b (1-71%") (1+EI§T)
g G ¥a G e

The total volume flow through the engine at any
throttle setting is

N
vV = Te, 5 VD
where
T = throttle setting
ey = wide open throttle volumetric efficiency
N = engine rotation rale 2
Vp = engine displacement = 7/4 (bore}” (stroke}
(number of cylinders)
However,
m m
v -_—af, G
P, PpG
where

p; = mass density of ith component

and
rhG = total hydrogen generator mass flow rate
Assuming that the temperature of the air and of the

generator products are the same when mixed in the
engine,

ppG G a
where
o : .th
m, s the molecular weight of the i~ component
Then
i e Ny m
P2k _("%2 D6 _ | M
e Mg e

Since the hydrogen generator total Tow rate is pro-
portional to hydrogen flow rate,

my = Kgmg
where m is the hydrogen mass flow rate
N _
aE_'Tev/‘zVD‘DpGKH_1 my
e B pG

and substituting into the previously derived expression
for ¥ we obtain

(A-1)

) ‘
_1—_+G¢ (1—--61.—*)(l+§;)
ggG G g G

CALCULATION OF EFFECTIVE EQUIVALENCE
RATIO :

Define effective equivalence ratio q&h as

stoichiometric air
flow rate based on
flow rate of hydro-
gen generator prod-
ucts to the engine
actual flow rate of
noncombustibles to
the engine

stoichiometric air
flow rate based on
flow rate of gaso-
line to the engine

qt"1]:'1 = actual flow rate of
air to the engine




The flow rate of noncombustibles to the engine
mprg, Provided by the hydrogen generator is

Mpi, = Wg "By FBeg t mCH4

where subscripts DIL, G, H, CO, CHy refer to dilu-
ent, hydrogen generator, hydrogen carbon monoxide,
and methane, respectively, and

M, T Mg (1 - Ky Kot KCH4)

where Kj is the mass fraction of the ith constituent in
the hydrogen generator product stream.

Then _ 1 1
g MG e
L ¢ 1
1
g g + r o
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Normalizing as before we obtain

1 4 e 1 i)
Je 1+§1¢ LHEsc\ 9
g G
p =
. .aE+1-KH+KCO+KCH
G 4
Since
£ o
I R
fa 1+ tfa °q
g6
¢ =
E ak
o

Then
Al to (1 ml_)
gg 1 + 1 I+ ggQG ?q
R
o = — _ (A-2)
1 1 g G 1
—— |1+ + 1——)+1—(K FK, +K )
£4%8 { ( ggch) T+ ggqﬁG( o B co " ten,

Equations (A-1) and {(A-2) represenﬁ a set of
relations between which the engine volume flow con-
straint is a function only of 3 and Q:E.
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