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Executive Summary

At WVU, three types of catalysts were produced and evaluated during this reporting
period: (1) vapor-phase-synthesized molybdenum nitrides mixed with clay or silica,(2)
temperature-program-decomposed vanadium nitrides doped with potassium acetate, and 3
reduced carbon-supported molybdenum-nickel catalysts doped with potassium. Catalysts in the
first category have high activity, but low selectivity toward alcohols. The second type of catalyst
is active for alcohol synthesis if appropriate doping level and reaction conditions were employed.
Reduced Mo-Ni-K/C catalysts are promising materials for higher alcohol synthesis, even though
they produce some unidentified higher-molecular-weight products.

In catalyst synthesis, the compounds, VN and NbN, were prepared by temperature
programmed decomposition (TPD) of the respective M(V) oxides. Pure phase VN forms readily
at 750°C, while the formation of single phase NbN requires temperatures of 900°C. VN and
potassium activated VN were evaluated as catalysts.

We have set up a new Varian GC/MS this quarter and are making progress in
identification of oxygenates and hydrocarbons using chemical ionization (CI). We experienced
problems with the Rotoberty reactor, namely rotor-locking and leaking at elevated temperatures.
These problems were referred to the manufacturer and were solved. We are now producing data
on this reactor.

We have started converting the plug-flow reactor which had been isolated from sulfur to a
membrane reactor so that we can explore new reactor concepts for converting syngas to liquid
fuel products.

At UCC&P, we have met or exceeded three of four catalyst development targets with
catalysts tested to date. We are not yet close on the fourth target, oxygenate selectivity, unless
we compromise the other three targets.

We completed screening of three series of catalysts including an Engelhard support
impregnated with various levels of cesium, a Union Carbide-manufactured catalyst support
impregnated with cesium, and the Engelhard support impregnated with copper and cesium.
Maximum isobutanol space time yield was 24 g/kg-cat/hr.

In Task 2, during the past three months, much has been accomplished in fuel testing.
Several tests have been run on pure indolene, and the data have been analyzed from these tests.
The two limiting alcohol blends have been made, sent out for analysis and the results obtained.
The emissions sampling system is undergoing changes necessary for running alcohol fuels. A
cylinder pressure measurement system has been installed.

Most of the past three months has been devoted to final preparation of a Topical Report
describing and evaluating the seven design cases.

— y— —————— =




TASK 1. REACTION STUDIES

1.1 Introduction

The objective of Task 1 is to prepare and evaluate catalysts and to develop efficient
reactor systems for the selective conversion of hydrogen-lean systhesis gas to alcohol fuel
extenders and octane enhancers.

Task 1 is subdivided into three separate subtasks: laboratory setup; catalysis research; and
reaction engineering and modeling. Research at West Virginia University (WVU) is focused on
molybdenum-based catalysts for higher alcohol synthesis (HAS). Parallel research carried out at
Union Carbide Chemicals and Plastics (UCC&P) is focused on transition-metal-oxide catalysts.

1.2 Accomplishments, Results and Discussion
1.2.1 Laboratory and Equipment Setup

After the Rotoberty reactor was re-installed in the system that had been exposed to
sulfides and two test runs using standard methanol catalysts supplied by Union Carbide and BASF
were successfully made, we experienced two major problems with this reactor. The first one was
with the rotor. It locked at relatively high temperatures (greater than 330°C). The second one
was with the reactor seals. A very good seal could be made at room temperature, but the seal
failed at elevated temperatures. These problems were referred to the manufacturer and were
solved. Now we are producing data on this reactor.

In order to explore and to evaluate new reactor concepts that could be used for converting
syngas to liquid fuel products, the plug-flow reactor that had been isolated from sulfur is being
converted to a membrane reactor. We expect to finish the conversion in October. This
modification will allow rapid conversion between a packed-bed and membrane-reactor
configurations,

We have purchased a Varian GC-MS for product identification. We are making progress
in identification of different oxygenates and hydrocarbons from liquid products collected from
prior catalysts studies. The GC-MS is on a cart so that it may be operated independently or
moved to either one of the reactor units for on-line product analysis.

1.2.2 Molybdenum-Based Catalyst Research

A total of 15 catalysts were screened this quarter. They were: () vapor phase synthesized
molybdenum nitrides mixed with clay or silica (total of 3);(b) temperature-programmed
decomposed vanadium nitrides doped with potassium acetate (total of 4); and (c) reduced carbon-
supported molybdenum-nickel catalysts doped with potassium nitride (total of 8). For all these
catalysts, product identification with the gas chromatograms remains a problem, due to formation
of some unidentified, heavier products. Calculation of yields and selectivities is difficult at the
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present time. Only overall CO conversions and GC area percentages have been reported.

Although alcohol production rates cannot be determined for all these catalysts, it is still
possible that some of these catalysts satisfy the minimum criteria for further study.

In our catalyst preparation research, VN was prepared by heating V,0, (3.0938 g)in
flowing ammonia (170 mL/min) from 25 to 750°C at 2 °C/min, then holding the temperature at
750°C for 2 hours. Nb,O; heated under these conditions yielded a mixture of oxide products.

Therefore the maximum temperature was increased to 900°C to facilitate conversion of the Nb,O,
to NbN.

Four catalysts were prepared with VN: VN, K,,VN, K, ,VN and K,.1VN. These were all
prepared by adding potassium acetate to the VN as a solid then adding methanol (K, , and K
or water (K, ,) to the mixture and mixing the slurry together.

IMRCI169A (K, ,VN) was evaluated in two separate reactor runs. In the first run, the
activity approached 60% at 400°C, and the selectivity to higher alcohols was around 20% at the
same temperature. The activity and the selectivity to higher alcohols was still increasing at
400°C. In order to determine the optimum temperature conditions, a second run of IMRC169A
was completed up to 425°C. The catalyst evaluated in this second run was very different from
the first. The activity was around 1% and the selectivities were also very low. An XRD pattern

acetates, it appears reasonable that atmospheric water is reacting with the alkali activated
vanadium nitride catalysts to cause the deactivation. Work on the vanadium based catalysts is

1.2.3 Transition-Metal-Oxide Catalyst Research

Last quarter we tested an Engelhard Zn/Cr support (designated 2WMHG61B) at 1000 psig
pressure with 1:1 H,:CO syngas at 12,000 GHSV from 260 - 440 °C. The first isobutanol was
detected at 400 °C, but was being produced at a rate of only 5 g/kg-cat/hr. At 440 °C, the
isobutanol rate was up to 9 g/kg/hr. The support was also tested after impregnating with
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potassium at various levels. The maximum isobutanol space time yield was about 4 g/kg/hr at the
lower temperature of 340°C and 1000 psig. Tests were not run at higher temperatures for the
potassium-impregnated catalysts.

This quarter, we completed a series of runs testing the effect of impregnating the
Engelhard support (2WMH61A) with cesium at various levels. The best performer in terms of
isobutanol yield was 2WMEH74A which had been impregnated with 5 parts Cs per 100 parts
support (pph). It had an isobutano] space-time yield of 10 g/kg/hr at 340°C and 1000 psig;
however, hydrocarbon selectivity was 70%. Again, tests were not run at higher temperatures for
these catalysts.

We completed a series of runs using a support manufactured at UCC&P (2WMH9%4). We
impregnated this support with various levels of cesium 0,5,7.5and 10 pph). The best single
result in terms of isobutanol yield occurred with 5 pph Cs at 440°C, 1000 psig and 12,000
GHSV: 22 ¢ isobutanol/kg/hr. However, hydrocarbon selectivity was 83%. The result with the
same catalyst at 400°C was nearly as good in terms of isobutano] space time yield (19 g/kg/hr),
and its hydrocarbon selectivity was only 50%. Interestingly, no isobutanol was formed with this
catalyst at 340°C and lower.

We also ran experiments using the Engelhard support impregnated with copper and
cesium. Copper concentration was varied at 0, 0.5 and 1.0 pph while cesium concentration was
kept constant at 5.0 pph. This series of runs produced our highest isobutano] space-time yield to
date at 24 g/kg/hr (5 pph Cs, 0.5 pph Cu at 400°C, 1000 psig and 12,000 GHSV).
Unfortunately, hydrocarbon selectivity was still unacceptably high at 84%,.

At UCC&P, our general goal for this project has been to produce an oxygenate mix
suitable for use as a fuel additive. Consequently, our initial general catalyst targets were 1) total
oxygenate space-time yield greater than 320 g/kg/hr; 2) selectivity to oxygenates greater than
90% (CO,-free, carbon basis); 3) oxygenate product less than 70 mole percent methanol; and 4)
carbon monoxide conversion per pass greater than 20%. We had no initia] isobutanol target
because we were not looking at this product as a precursor to MTBE. If we were interested in
producing the precursors to MTBE, we would also be interested in generating products with a
methanol-to-isobutanol ratio of less than one.

With these fuel-additive targets in mind, we can take a look at where we stand in our
catalyst development efforts. Table A compares our targets with 1) our best run to date in terms

of isobutanol space time yield and 2) what is probably our best run to date in terms of overall
performance,



Table A. Comparison of Experimental Data with Catalyst Targets

Target Area Target Value Highest Isobutanol Best Overall
Space Time Yield Performance

Catalyst - 2WMH98A 2WMH102A

Temperature (°c) -— 400 340

1) Oxygenate >320 g/kg-cat/hr 178 356

Space Time Yield

2) Selectivity >90% 16 35

to Oxygenates

3) Product Molar <70% 60 70

Methanol Content

4) CO Percent >20% 33 30

Conversion

It is apparent from Table A that we have met three of the four target goals
with2WMH102A. However, the selectivity result is a long way from the target. It is also
apparent that having the highest isobutanol space-time yield does not ensure that all the fuel-
additive goals are met. Incidentally, it is possible at this time to meet the 90% oxygenate
selectivity target, but the product would contain mostly methanol. )

1.3 Conclusions and Recommendations

Catalyst screening has stopped at WVU. We have set up a Berty-type reactor and have
solved new-reactor, start-up problems. We have begun kinetic studies with sulfided Mo-Co-K/C
catalysts to learn how to optimize reaction conditions for producting higher alcohols.

We are converting the no-sulfur reactor at WVU to operate either in a plug-flow or
membrane reactor mode, Simultaneously, we are learning how to analyze reaction products with
GC-MS using both electron ionization and chemical ionization. We will return to studying Mo-
Ni-K/C and other promising catalysts when the reactor conversion is complete and we have
improved our product analysis capabilities.

The transition-metal-oxide catalysts studied this quarter did not meet success criteria.
Conditions that produced isobutanol also produced large quantities of hydrocarbons.

1.4 Future Plans

During the next quarter at WVU, we expect to obtain good kinetic data on sulfided Mo-
Co-K/C catalysts to better understand an efficient catalyst for producing linear alcohols. We also
expect to have solved analytical problems with the GC-MS and to have more complete data on
non-sulfide catalysts that produce oxygenate products.

In the next quarter at UCC&P, we will continue testing copper-based catalysts. We are
also in the process of manufacturing a new catalyst support that will be evaluated.

Ty



TASK 2. PROCESS SYNTHESIS AND FUEL EVALUATION.

2.1 Introduction

During the past three months, much has been accomplished in fuel testing. Several tests
have been run on pure indolene, and the data have been analyzed from these tests. The two
limiting alcohol blends have been made, sent out for analysis and the results obtained. The
emissions sampling system underwent, and is undergoing, changes necessary for alcohol fuels, A
cylinder pressure measurement system has been installed.

Most of the past three months has been devoted to final preparation of a Topical Report
describing and evaluating the seven design cases. The abstract of this report follows.

2.2 Accomplishments, Results, and Discussion

2.2.1 Design

Most of the past three months has been devoted to final preparation of a Topical Report
describing and evaluating the seven design cases. The abstract of this report follows.

This project is a combination of process simulation and catalyst development aimed at
identifying the most economical method for converting coal to syngas to linear higher alcohols to
be used as oxygenated fuel additives. There are two tasks. The goal of Task 1 is to discover,
study, and evaluate novel heterogeneous catalytic systems for the production of oxygenated fuel
enhancers from synthesis gas, and to explore, analytically and on the bench scale, novel reactor
and process concepts for use in converting syngas to liquid fuel products. The goal of Task 2 is
to simulate, by computer, energy efficient and economically efficient processes for converting coal
to energy (fuel alcohols and/or power). This report contains results from Task 2.

The first step for Task 2 was to develop computer simulations of alternative coal to syngas
to linear higher alcohol processes, to evaluate and compare the economics and energy efficiency
of these alternative processes, and to make a preliminary determination as to the most attractive
process configuration. Seven cases were developed using different gasifier technologies, different
methods for altering the H,/CO ratio of the syngas to the desired 1. 1/1, and with the higher
alcohols as the primary product and as a by-product of a power generation facility. Texaco, Shell

E b

There are significant differences among the production costs for processes converting coal
to syngas to higher alcohol fuel additives for cases involving Texaco, Lurgi, and Shell gasifiers,
between cases involving natural gas reforming or sour gas shift conversion to alter the H,/CO
ratio, and for different plant capacities. The best case, on the basis of manufacturing cost, is one
of the hybrids, a Shell gasifier with natural gas.
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Production of 5.1 billion liters/yr (32 MM bbl/yr) of alcohol fuels from coal is considered
the maximum feasible process scale. As expected, there are economies of scale favoring larger-
scale over smaller-scale processes. However, resource and marketing constraints limit the
maximum scale at which a plant could be constructed.

Production of higher alcohol fuel additives from natural gas is more economical, for the
next 20 years, than production from coal at any scale at current or predicted (by DOE) natural gas
prices. Production of higher alcohol fuel additives from coal and natural gas hybrids is more
economical than production from natural gas at West Virginia natural gas prices ($3.00/MM
BTU). The break even natural gas price for production of higher alcohols by natural gas versus
the Shell gasifier/natural gas hybrid is $2.45/MM BTU. Furthermore, if a plant life of 10 years
were used, which is more typical in the chemical process industry, then all of the manufacturing
costs for the cases using coal gasification will increase, making natural gas the clearly superior
option.

Capital and operating costs are estimated on the basis of conventional technology,
equipment, processes, and environmental controls. Thus, it is possible that future emission
control requirements could significantly increase capital and operating costs of all coal-based
processes described. )

The manufacturing cost of the alcohol derived from natural gas is highly dependent on the
natural gas price. Capital costs are lower for natural gas cases than for coal-based cases.

Therefore, raw material costs for the natural gas cases are a larger portion of the total annualized
cost.

If the cost of natural gas exceeds $2.45/MM BTU, the coal/natural gas hybrid (Shell
gasifier) is more economical than the natural gas only design. Ifthe cost of natural gas exceeds
$4.94/MM BTU, the all coal design (Shell gasifier) is more economical than the hybrid. This is
primarily a result of the high capital investment for the gasifier and accompanying cryogenic
oxygen plant. This higher investment outweighs the benefit of using coal, which is a cheaper raw
material. The only way for coal based processes to be more competitive than natural gas under all
conditions is either for the relative price of coal and natural gas to change or for a major
development to occur in coal gasification technology. Price variations would have greater impact
on the natural gas reference cases, since raw material costs for these cases are a larger portion of
the total annualized cost. Therefore, the competitiveness of the coal-based cases would be
enhanced more by increases in the price of natural gas than by decreases in coal cost.

The most energy efficient design, by wide margin, uses only natural gas. If pollution
credits based on CO, or other combustion products are obtainable in the future, this process will
benefit relative to the coal cases. The major question is whether an increase in natural gas prices
would be completely offset by any potential gains realized by pollution credits.



2.2.2 Fuel Testing
2.2.2.1  Explanation of Exhaust Sampling Rig and Testing Method

A flow diagram of the exhaust sampling system is shown in Figure 1. An explanation of
the symbols used in Figure 1 follows:

. P - pumps for drawing in the raw exhaust and the dilution air.

. MFC - Mass Flow Controller. These set the mass flow rate of mixture flowing
through a particular line.

. BX, DX - filters which protect the MFC’s from harmfil constituents.

J V' - 3-way valves for switching between warm-up / bypass mode and sample
mode.
. " - mass flow rate of mixture through a particular line.

The system is capable of capturing exhaust emissions from an engiile fueled by either pure
gasoline or a blend of gasoline and alcohol. Whether running on either pure gasoline or a blend of
gasoline and alcohol, the system performs the following two tasks:

L. It draws in a sample of raw exhaust exiting the engine and dilute the exhaust with
fresh air from a bottle.

2. It captures a diluted exhaust sample in a bag.

When sampling an engine fueled by a blend of gasoline and alcohol, the following three
tasks are also performed by the system:

L. It draws a sample of the diluted exhaust through an in-line HFID (Heated Flame
Ionization Detector) to determine the concentration hydrocarbon emissions.

2. It captures unburned alcohols in the diluted exhaust in water contained in the
bubblers.

3. It captures aldehydes and ketones in the Dinitrophenylhydrazine (DNPH)
cartridge.

The in-line HFID is needed when running blends of gasoline and alcohol because the
reading obtained from the HFID will be affected by unburned alcohol, and unburned alcohol will
settle on the walls of the tedlar bag. Therefore, a different hydrocarbon concentration would be
obtained from the tedlar bag than would be obtained from the in-line HFID. The other
constituents (CO, CO,, NO,) will not be affected, and bag sampling is acceptable.




Hydrocarbons measured by the HFID and not measured as unburned CH;OH (methanol)
or C,H;OH (ethanol) are reported as RHC (Residual HydroCarbons). RHC is calculated from
the following [1]:

RHC = HFID - r, ctonCenon™, c0nCepon )]

where the 7’s are the HFID response factors for the particular alcohol, and the C’s are the
concentrations of the particular alcohol in the exhaust obtained from the gas chromatography
analysis of unburned alcohol trapped in the bubblers. The alcohol response factors are determined
by analyzing a known concentration of a particular alcohol using the HFID (calibrated on
propane) and observing the reading. Hence:

HFID reading € ppm
Aleohol concentration (C,) € mixture, ppm

@

The EPA (Environmental Protection Agency) uses a quantity known as the OMHCE
(Organic Matter HydroCarbon Equivalent) to denote the total hydrocarbon mass emitted from the

engine as unburned and partially burned fuel. For a blend containing methanol and ethanol,
OMHCE is [1]:

13.8756 13.8756 L 13.8756 13.8756

OMHCE = RHC+———"—"—"m + m +—=—" " m
32,042 CHOH 23034 CHOH 30 0p62 HCHO ~95 3 CHiCHO

€)

where: m’s are masses of the particular constituents

13.876 - molecular weight of gasoline associated with each carbon atom
23.034 - molecular weight of C,HsOH per carbon atom

32.0262 - molecular weight of HCHO per carbon atom

22.03 - molecular weight of CH;CHO per carbon atom

The raw exhaust sampling line is heated to prevent condensation in the line which would
dissolve any unburned alcohol before it reaches the bubblers and the HFID. Once the exhaust is
diluted, the dew point is sufficiently lowered so that no condensation occurs at room temperature.
The three-way valves in the system are used to allow the system to be warmed up and conditioned
with exhaust before any sample is taken. The sample trapped in the tedlar bag is analyzed in a gas
analysis bench to determine the concentration of CO, CO,, and NO,.

22.2.2 Calculation of Raw Exhaust Gas Emissions

Since the HFID and the analysis of the bag sample gives the concentration of the various
constituents in the diluted exhaust, a method must be derived for calculating the concentration of
the constituents in the raw exhaust exiting the engine. It should be noted that the volume
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flowrates used below are standard volume flowrates controlled by the mass flot controllers.

Therefore, these standard volume flowrates can be treated as mass flowrates. The standard
conditions set in the mass flow controllers are 70 °F and 1 atmosphere.

Consider some time interval, z. Then, the total volume of diluted exhaust drawn by the
sampling system, Vo , 1s:

Voe=Vpet

4)
where: “PE = standard volume flowrate of diluted exhaust

The total volume of constituent i in the diluted exhaust, Voz , drawn by the sampling system is:
Vzgz"V DEC£E

©)
where: be = concentration of constituent 7 in the diluted exhaust
Combipjng 4) & (5):
Voe=Vpe!Coe

(6)
The total volume of constituent 7 in the diluted exhaust will come from two sources: the raw

exhaust stream and the dilution air. Thus, the total volume of constituent 7 in the diluted exhaust
: oo Ve
coming from the dilution air, %= _is:

i_p i
Voe,,=VpatCpa

14
where; "4

i
CDA

Q)
standard volume flowrate of dilution air

concentration of constituent 7 in the dilution air

Likewise, the total volume of constituent 7 in the diluted exhaust coming from the raw exhaust,
i i

Dk , is:

VLI)EM=VREtC};.E

14
where: "RE =

Cre

®
standard volume flowrate of raw exhaust

concentration of constituent 7 in the raw exhaust
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" Applying conservation of mass on the diluted exhaust stream:

VDE = VRE +7, DA . %)
4 ISE = V;E,, +Vl.;EM (10)
Rearranging (8):
i
i DEpg
=t 11
= (1

Substituting (10) into (11):

i i
- Voe = Vozm

’ —————————————
Cos =5~ | (12)
Substituting (6) and (7) into (12):

= VDEtCIiJE.-VDAthL (13)
Vst

Cre
Substituting (9) into (13) and canceling out ¢;

(VRE +Vp4 )gips ~VouCha

Ci

= 7 (14)
Rearranging (14):
Che = (1+ZPA) Cie —KP—‘-CLA ' (15)
VRE VRE

Defining parameter &
1Z
5= 2 16
7 (16)
Substituting (16) into (15):

Crg = (1+8)Cpz —Cp, . (17)

Il




Rearranging (17):

Ch = Chg +8(Chs - Chy) (18)

Equation (18) gives the concentration of constituent 7 in the raw exhaust stream in terms of -
known quantities. The next step is to calculate the mass flowrate of exhaust coming out of the
engine. Neglecting blowby past the piston rings and any losses from the cylinder head,
conservation of mass on the engine gives: '

Mg =m, + My, (19)

where: 11, = mass flowrate of exhaust exiting the engine
n1, = mass flowrate of air entering the engine (known)
1, = mass flowrate of fuel entering the engine (known)

Applying the ideal gas equation of state on the exhaust gas stream exiting the engine, we get:

. m RT
Ve=—% 20
£ MP (20)
where: ¥, = volumetric flowrate of exhaust
R = universal gas constant
T =temperature
P =pressure
Mg = molecular weight of the exhaust mixture
Combining (19) & (20):
,  (m,+m.)RT
V.=x4 £/ 21
E M_P 1)
The standard volume flowrate of constituent  in the exhaust exiting the engine:
Vi=V,Cis (22)
Combining (21) and (22):
5 (my+m)RT _,
yi = ( 4T M C ’ 23
Combining (18) and (23):
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i_ (i, + itz )RT

ST MLP [Czipa ‘*‘5( pe = Cpa )] : (249
Using the density, the mass flowrate of each constituent i in the exhaust exiting the engine can
now be calculated:

i, + 1 )p'RT . :
i = O eV R e o(Che - )| 25)
: E

The density p' is the density of constituent i at temperature T and pressure P. Dividing the right
hand side of (25) by the engine power output, &, the mass flow of exhaust per unit time per unit
power is:

. . i
- =(mA + 11z )p RT[

.PE +6(Chs = Cp)| 26)

A check on the units in equation (26) yields:

(mA +11;) g of exhaust|p’ kgof1|8 314 N-ml|(T+45967) °R

gmol of exhaust |

m
s | m® of i l gmol-°K I lM gofexhaustl
| |[c;‘,£+5 ci_-Ck ] m’ ofi| K |atm-m? |
P atm|¢ BHP| 1,000,000 m? of exhaust |1.8 °R|101325 N|
1000 gofi| 3600 s
kgofi | hr
Finally:

(i, + 1) (T +459.67)

i, =1.641 056 007 895 39 x 10° APE [Coe +6(Che - Ciu)] 27)

where: 71, = grams/BHP-hr = emission of specie i from the engine
m, & rm, =grams/sec
T=°F
o' =ke/m®
M =grams/gmol
P = atmospheres
& = Brake Horsepower

13



Vou _ standard volume flowrate of dilution air
Vee ~ standard volume flowrate of raw exhaust into sampling system
(NOTE: symbol = means “has units of”)

o=

Mass emission rates from the engine can now be calculated from the concentrations measured
in the diluted exhaust taken in by the sampling system. Only one more point needs to be
considered. The Code of Federal Regulations [1] uses a humidity correction factor, K, on the

NO, calculation:

K, = (28)
43478RP

a=(2165)

1-0.0047 75

where:  R;=relative humidity of the engine intake air, in percent
P, = Saturated vapor pressure, in mm Hg, at the engine intake air dry bulb temperature
Pg = Barometric pressure, in mm Hg

The NO, concentration obtained from equation (27) is multiplied by KXy from equation (28) to
get the corrected NO, concentration.

2.2.2.3  Calculation of Molecular Weight of Exhaust

The molecular weight of the raw exhaust gas, Mwg., which is needed in the calculation using
equation (27) is computed as follows [2]:

The chemical formula of the fuel is given by C;H;O,N;. At low temperatures and carbon to
oxygen ratios less than one, the overall combustion reaction can be written as:

$eCH,0 N, + (021 0, + 0.79 N;) - v,CO, +v,;H,0 + v,N, +
v,0, + v.CO + v¢H,

Convenient approximations for lean and rich combustion are:

For ¢<I: vs=vs=0
For ¢>1: vs=0

where ¢ is the equivalence ratio, € is the molar fuel-air ratio, and the coefficients v; , i=(1,6), that
describe the product composition. The mole fraction of the ith component, Y;, is given by:

14



The molecular weight of the exhaust gas is given by:

Mwge = ZY‘ Mw, where Mw; is the molecular weight of the species i.
i .

For the lean or stoichiometric cases, atom-balance equations are sufficient to determine the
product composition. For the rich case, the following reaction is introduced:

CO, +H, « CO+H,0

O . . VoVs ., . .
and the equilibrium constant for this reaction K = ;2-;5- is given at temperature T in Kelvin as:
16

27630125 7611501141200 2503)
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Solution for both rich and lean cases are given in Table 1.

Table 1: Low temperature combustion products
i Specie =<1 d>1
1 CO, ade ade-vs
2 H,0 Boe/2 . 0.42-¢pe(2o~y)+vs
3 N, 0.79+d¢e/2 0.79+3¢e/2
4 0, 0.21(1-9) 0
5 Cco 0 ‘ Vs
6 H, 0 0.42(¢-1)- vs

In the rich case, vs is given by the solution of a quadratic equation, which is given by:

-b++/b? -4ac

2a

V; =

where

a=1-K 15

—— et - U —




b = 0.42-pe(20-7)+K(0.42(¢-1)+ ade)
¢ =-0.42ade($p-1)K

2.2.2.4  Results of Testing

Several baseline tests (tests run on pure indolene) have been conducted, and the results are
given in Table 3 and Figures 2 - 9. From left to right, Table 2 gives the following information
about the baseline tests:

. Test Number

. Date when test was conducted

. Engine Parameters - speed, torque output, power output

. Ambient Air Entering Engine - barometric pressure, dry-bulb temperature,
humidity, volume flowrate, mass flowrate

. Mass flow rate of fuel

. Air/Fuel ratio on a mass basis

. Equivalence Ratio

. Molecular weight of fuel calculated from procedure outlined earlier

. Temperatures - engine coolant, intake manifold, exhaust manifold, crankcase oil

. Mass Flow Controllers® Settings on Sampling Cart

. Dilution Factor, &, calculated from equation (16)

. Concentration of each exhaust constituent in the diluted exhaust

. Concentration of each exhaust constituent in the bottled dilution air

. Concentration of each exhaust constituent in the raw exhaust (ppm) from equation
(18)

. Engine emissions calculated from equation (27)

. Brake Specific Fuel Consumption

16




The figures give the following information:

Figure 2 - Carbon monoxide emissions (g/BHP-hr) vs. equivalence ratio
Figure 3 - Carbon dioxide emissions (g/BHP-hr) vs. equivalence ratio
Figure 4 - Nitric oxide emissions (g/BHP-hr) vs. equivalence ratio
Figure 5 - Hydrocarbon emissions (g/BHP-hr) vs. equivalence ratio
Figure 6 - Brake specific fuel consumption vs. equivalence ratio

Figure 7 - Exhaust gas temperature vs. equivalence ratio

Figure 8 - Molecular weight of exhaust gas mixture vs. equivalence ratio
Figure 9 - Engine torque output vs. equivalence ratio

17
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In addition to running baseline tests on pure indolene, the two limiting blends have been
made and sent out to Ashland Automotive and Product Application Laboratories for several types
of tests. The results are listed in Table 2 below along with the same properties of pure indolene:

Table 2: Properties of Two Limiting Blends and Pure Indolene

Blend #1 Blend #2 Baseline
90% Indolene 90% Indolene 100% Indolene
1% Methanol 0% Methanol
7.5% Ethanol 8.5% Ethanol
1.2% Propanol 1.2% Propanol
0.2% Butanol 0.2% Butanol
0.1% Pentanol 0.1% Pentanol

3.69% Oxygen by wt. | 3.53% Oxygen by wt. 0% Oxygen by wt.

RON 99.4 99.2 96.7
MON 89.6 90.0 87.2
RVP (psi) 8.89 9.12 8.9
API Gravity 58.4 58.3 59.0
Sp. Gravity 0.7451 0. 7426
Sulfur (Wt%) 0.008 0.007 0.0061
Aromatics (V%) 29.4 28.4 30.6
Olefins (V%) 3.1 3.1 54
Saturates (V%) 67.5 68.5 64.0
IBP (°F) 83 95 94
10% Evap (°F) 125 124 131
50% Evap (°F) 199 204 221
90% Evap (°F) 299 303 307
FBP (°F) 394 393 398

2.3 Conclusions

18




2.4 Future Work

Now that baseline tests have been conducted, tests need to be run on the two limiting
blends to obtain the same kinds of data recorded on the baseline tests. The in-line HFID is now
being added to the exhaust sampling system, and that work should be completed within the next
couple of weeks. In addition, the cylinder pressure measurement instrumentation is in the process
of being installed and tested. Data from the two limiting blends should be available within the
next month, '

2.4 References

1. Code of Federal Regulations. CFR 40. Office of the Federal Register, National Archives and
Records Administration, Revised July 1, 1993.

2. Ferguson, C.R., “Internal Combustion Engines, Applied Thermosciences,” John Wiley &
Sons, New York, 1985.
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