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Summary

A digital computer program has been used to predict theoretical per-

formance for ammonia as a fuel for Diesel engines. The theoretical model

employed is the Diesel cycle, and products of combustion have been treated

as a chemical equilibrium system. Results are presented for ammonia and

in addition for cetene, a common hydrocarbon fuel. It is thus possible to

directly compare the performance predicted for ammonia to that predicted for

commonly employed hydrocarbon fuels.

The following conclusions regarding performance of ammonia are based

upon this work:

1) In the event of developments leading to successful combustion of ammonia

in Diesel engine application, ammonia would be expected to yield up to

107 more power output than typical hydrocarbon fuels operatin- under

the same conditions.

2) The thermal efficiency obtained with ammonia would be expected to be

greater than that for hydrocarbon fuels by as much as 20%.

3) Specific fuel .:onsumption for ammonia may be expected to be approxi-

mately 2-1/2 times greater for ammonia than for hydrocarbon fuels.

4) The exhaust concentration of nitric oxide resulting from the use of

ammonia should be substantially less than that produced by hydrocarbon

fuels.
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CALCULATION OF ENGINE PERFORNLANCE USING AMMONIA FUEL

II. Diesel Cycle

INTRODUCTION

This is the third in a series of reports concerning the performance of

ammonia as an internal combustion engine fuel. The first (1) presented the

general thermodynamic properties of combustion products of ammonia-air

mixtures at chemical equilibrium. These properties were calculated for a

wide range of temperatures, pressures and air-fuel mixture ratios. The

(2)
second report was concerned with the results of a theoretical study of

ammonia performance as a spark ignition engine fuel using the Otto cycle as

a model. The present report involves the prediction of compression ignition

engine performance with ammonia. In this case the Diesel cycle is used as

a theoretical model. The final report of this series will deal with Brayton

cycle performance and pertains to the operation of gas turbine engines.

As pointed out in the previous reports of this series, an important

problem arising in the theoretical analysis cf internal combustion engine

performance is determination of the thermodynamic properties of the working

fluid. If these properties are known or may be determined at each point of

the cycle of operation of a given engine, then the resulting engine per-

formance may easily be computed using fundamentzl thermodynamic relationships.

As an example of a simple system with known properties, we could consider

a hypothetical engine with working fluid consisting of a single pure

substance and with combustion replaced by a simple prescribed heat transfer

process. In this case properties for any point in the cycle could easily
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be computed, and the complete cycle analysis performed.

Unfortunately, however, in the operation of a real engine, a number of

factors lead to significant deviations from the performance predicted by

such a simple analysis. T-ese factors include the chemically reactive

nature of the working fluid, the finite time required for initiation and

completion of real combustion processes and the occurrence of heat losses

from the working fluid to surrounds.

At the temperatures encountered in representative combustion processes,

many normally stable chemical pecies such as 1120 , C02P and even the diatomic

species H2 ,02 , and N2 tend to dissociate forming such compounds as OH, CO,

NO and the atomic species 0, H, and N. The working fluid thus takes on a

chemically reactive nature and specification of its chemical composition

and resulting therm.,dynamic properties becomes quite complex. The working

fluid then varies continuously in compositicn throughout the combustion

and expansion processes.

If it may be assumed that the sequence of events occurring in the

engine cycle is sufficiently slow that time is available for continuous

equilibration of chemical reactions, then the well established principle of

chemical equilibrium may be used tc compute the chemical equilibrium

working fluid composition at any point of the cycle. According to thermo-

dynamic principles the compusition of any equilibrium, single phase chemically

reactive system is completely determined by specification of any two thermo-

dy............... for cxample, pressure, temperature, volume, entropy or
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energy. In this case when two properties are known for any given state point

of the engine cycle as example, pressure and enthalpy, then, in principle,

the chemical composition and hence the remaining properties for the

equilibrium reactive mixture may be computed. The detailed methods of

application of equilibrium techniques to the Diesel cycle analysis will be

given in a later section of this report.

It is well known that for real systems, significant time delays are

inherent in initiation and completion of combustion processes. This fact

leads to further deviation of real cycle processes from those of the more

simple theoretical models. Analysis of the combustion process in the Diesel

engine involves complexities at several physical levels. First arises the

problem of diffusion of fuel vapor from the liquid fuel droplet into the

surrounding air, generally in turbulent motion. Second, on a microscopic

level consideration must be given to the mechanisms of chemical reaction

involved in propagation of the flame. At present, these processes are little

understood and the possibility of theoretical prediction of burning rates

must be discarded. For this reason, it is usually assumed for puirposes of

analysis that fuel injection may be controlled such that combustion occurs

as a constant pressure process beginning at the top center piston position

and terminating with complete combustion of the prescribed quantity of fuel.

An additional influence upon deviation of real engine performance from

that predicted by simple theoretical models is the loss of heat from the

high temperature combustion products to the surrounoing engine structure.
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It is known that in general approximately 20% of the energy supplied to the

engine will be lost by way of heat transfer to the surrounds. The influence

of such heat losses upon engine performance depends not only on the total

quantity of heat dissipated but also upon the distribution of dissipation

over the cycle events. The heat transfer calculation required in predicting

the heat loss rate throughout the cycle would at best be quite complex and

of questionable validity. For this reason it is often assumed in theoretical

cycle analyses that heat transfer effects may be neglected.

It is readily evident that a theoretical cycle analysis which neglects

the effects of finite combustion time and heat transfer losses will yield

engine performance predictions exceeding the performance to be realized

from a real engine. Detailed consideration of the processes of both real

and theoretical engine cycles leads however to the conclusion that the in-

fluence of finite combustion times and of heat losses upon comparitive

reoults will be of minor concern.

For example in the determj,,ation of the influence of a particular

parameter, theoretical anal:-;er neglecting heat transfer and burning velocities

may be carried out. The results obtained will deviate from those to be

expected from a real engine on an absolute basis. However if it may be

assumed that heat transfer rates and burning velocities remain essentially

unchanged with variation of the given parameter, then comparative or

relative results obtained for different values of this parameter will be

the same as relative results expected from the real engine. It is therefore
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evident that if real engine performance is known for a given value of the

parameter of interest, then theoretically predicted values may be scaled

to real engine performance to yield a complete performance curve for the

real engine.

This type of analysis has been extended to consideration of the in-

fluence of fuel composition upon engine performance. It was desired to

predict the performance of a yet untested fuel, ammonia. A complete theo-

retical cycle analysis '.is been carried out for the fuel under study and an

identical analysis has been carried out for a fuel (cetene) whose real

performance is well-known from experimental measurements. It was then

possible to scale the predicted results for the fuel under study to those

to be expected from real engine operation.

Specifically, the object of this work has been to predict the performance

of ammonia as a compression ignition engine fuel. The theoretical model

employed is the traditional Diesel cycle with analysis of combustion and

expansion processes incorporating properties of chemical equilibrium

combustion products corresponding to the fuel air mixture considered. The

effects of heat transfer and burning velocity have been neglected, and as

a consequence the validity of this comparative analyst. tquires that burning

velocities and heat transfer rates be substantially the ;ame for ammonia

and the reference fuel, cetene (Hexadecene).

It is knownx that in general, burning velocities associated with ammonia -

air mixtures are much lower than those for hydrocarbon - air mixtures. It is
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thus apparent that the above restriction concerning the invariance of burning

velocity with fuel type may not be valid. Indeed the primary problem in

practical development of ammonia as an engine fuel is the augmentation of

ammonia-air burning velocity with the velocities of hydro-carbon air mixtures

as desired upper limits. In this sense the analysis presented here may be

viewed as predicting an upper limit of comparative engine performance for

ammonia. This upper limit might serve, for example, to indicate, in the

development of an engine, the degree to which the full potential of the fuel

has been realized, or as an indication of whether at a given point of

development further work on augmentation of fuel burning velocity would be

feasible or justifiable.

Computations involved in the theoretical analysis have been carried out

on un I.B.M. 7094 digital computer. The thermodynamic properties of combustion

products employed in this work are those presented in Technical Report One

of this series (1 )  The source of fundamental thermochemical data for this

(3)and previous work was the Joint Army,Navy, Air Force Thermo Chemical Tables

METHOD OF CALCULATION

The Diesel cycle, used as a theoretical model for this analysis is

presented in its simplest form in Figure one. In terms of elementary thermo-

dynamic processes, the cycle consists of induction of fresh charge of air,

5-1, compression of combustion air, 1-2, constant pressure combustion, 2-3,

isentropic expansion of combustion products with production of work, 3-4,
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and "blow-down" of expanded combustion products to atmospheric pressure, 4-1.

This cycle has been programmed for analysis using an IBM type 7094 digital

computer. The specific analytical techniques employed are best described

in terms of the elementary cycle processes.

I) Induction

Referring agin to Figure 1, the induction process occurring between

state points 5 and 1 consists of mixing of fresh air at ambient temperature

T with the residual fraction, f, of burned products of combustion at
A

temperature T . The values of f and Tf are not known a-priori and must be

assumed at the outset. The iterative procedure employed in testing and

adjusting these values will be discussed in a later part of this report.

Since the induction process occurs at constant pressure, the total

enthalpy of the system must remain constant. Thus, for a system based on a

total working fluid mass equivalent to that of 1 lb. air plus the prescribed

quantity of fuel,

MA (l-f) hA + f Hf = MA (l-f) hA- + fHifl (1)

or assuming (Cp)f (C )A

M (l-f)(C) (T -T + f H = M (C) (T -T) (2)
Ap AA AO f A pA 1 0

Then,

MA (1-f)(C) (T - T) + f H
Ap)A A 0 f

T,=T 0+ M A(C p)A
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where: MA = moles air per lb. air

f = residual fraction of combustion products

T1 = calculated temperature of state point 1

T = ambient air supply temperature
A

T = datum state temp. (298 k or 5370 R)

Hf = enthalpy of residual fraction of combustion products based on

combustion of air plus fuel

(C p A= specific heat of air - Btu/lb-mole-0 R

(Cp f= specific heat of residual products Btu/lb-mole-0 R

The assumption that the specific heat of residual products is the same

as that of air leads to an error of less than one percent since the residual

fraction usually comprises less than 1% of the mixture and also since the

main contribution to the specific heat of the residual is that of N2 which

is also the case for air.

II) Compression

With determination of the initial temperature, TV it is assumed that

the fresh charge is compressed isentropically to state point 2. The process

is divided into 10 equal volume increments, k = 1, 2 10 during which

compression occurs isentropically.

The variation of specific heats during compression is small relative

to the variation of the primary variables, as example, energy, temperature,

and pressure. It is therefore assumed that the specific heats ratio, ':

- - ~ ~ J.~ ~ b -
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remains constant during each of the compression increments. Compression

is then carried out as follows:

P V k Tk-i 1k-ik
Ek+l =Ek + .k -1 Vk (0

T k-

kk

Tk+l =Tk (f ) (5)

k+ 1

(-V k k (6)

k+l k Vk+l

Where the subscript k represents the kth increment of compression.

Subsequent to the completion of each increment, the value of k

is adjusted according tc the Yelation,

S(Cp (7)k Cv (T)

K v k

where the specific heats are known functions of temperature. With completion

of the 10th increment the properties corresponding to state point 2 have

been computed.

III) Combustion

It is assumed that following compression, liquid fuel is injected such

that combustion occurs completely at constant pressure, and that the com-

bustion products immediately attain their equilibrium composition. For

an adiabatic, constant pressure combustion process total enthalpy must
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remain constant, thus:
n n

P43 ( "Js[H + H'J) M2 (S i is-MfLH 8
j=l J=l

where: M3 = total moles product

M2 = total moles reactant

X. = mole fraction of species j3

Hj = energy of formation of species j at TO

H.js = -H. =sensible enthalpy of species jHi5 HjT JTo

Mf = moles fuel

AH = latent heat of vaporization of fuel
v

The two variables P3 and H3 are thus readily available, and, as

previously stated, specification of any two variables completely determines

in principle, the composition and properties of the system of equilibrium

combustion products. Unfortunately, from i -aputational viewpoint, the

terms (Xj)3 of expression (8), (the product mole fractions), are themselves

dependent upon the properties to be so obtained, As a consequence the

solution of this system of equations usually involves a triel and error

technique in which assumed values for temperature are used in computing

composition. An energy balance tested against the known value H3 then

indicates the error in the assumed temperature. This process is in general

quite time consuming and often is prone to difficulties with convergence.
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The method of calculation employed in the present work provides an

alternative to the usual trial and error type of solution. It will be re-

called that Technical Report No. 1 (1) presented the equilibrium properties

of ammonia - air combustion products over a wide range of temperatures and

pressures. This data has subsequently been employed as input to a cur-

vilinear regression program through which the following functional relation-

ships among the appropriate thermodynamic parameters have been generated.

V = V (H,P) (9)

S = S (E,V) (10)

P = P (E,S) (11)

T = T (E,S) (12)

E = E (SV) (13)

These relations take the form of series expansions in powers of the in-

dependent variables. Expression (9) for example, takes the form

H3 H2 4 H 5 H 6
V = A + B + ( + D ( ) + E (P) + E (P) + F (-) (14)

where the terms A, B, ---- , F are constants generated by the regression

analysis.

A complete series of such expressions is developed for each fuel-air

mixture to be studied, and the resulting terms are applicable quite generally

to any problem involving the -temical equilibrium combustion products of that
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fuel-air system. For this reason the regression coefficients for ammonia-air

combustion products have been tabulated and appear in Tables 1-6.

Knowledge of the two quantities H3 and P3 together with the expressions

(9) - (13) then leads at once to complete determination of working fluid

properties at state point 3 representing completion of the combustion process.

IV) Expansion

With the completion of the combustion process, the high temperature,

high pressure products of combustion continue to expand from state point 3

to state point 4. During this expansion further useful work is produced.

For purposes of analysis, it is assumed that expansion proceeds reversibly

and adiabatically and further that chemical equilibrium of combustion products

is maintained at all times. In this case then the entropy of combustion

products will remain constant at that value determined previously for state

point three, and at any point of the expansion given by specified cylinder

volume V, working fluid composition and properties may be obtained by

simultaneous solution of the following system of equations.

S = M E X. S.(T) - R Z X. .9n X. - R in P = S KNOWN QUANTITY (15)
ji 3 33 J 3'

V = 0 (T, P, X.), j = 1, 2,..., n, SPECIFIED VOLUME (16)

X . (T, P), j 1 ...... n (17)
3 "A
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Again, the usual procedure followed in solution of this system of equations

would involve trial and error techniques. However, the previously described

regression equations may be used to advantagt in simplifying the solution.

Specifically, in solving for working fluid properties at point 4, the end

of expansion, the following sequence may be employed.

S4 = S3 = known (18)

V4 = V2 x C.R. (19)

E4 = E4 (S4 ,V4 ) (regression) (20)

P4 = P4 (E 4'S 4) (regression) (21)

T4 = T4 (E4,S 4 ) (regression) (22)

Thus each of the pertinent thermodynamic properties corresponding to the

end point of expansion is easily obtained by straight forward substitution

into the regression equations.

V) Blow Down

At completion of the expansion process as represented by state point 4

of Figure 1, the combustion products remain at a pressure greater than

atmospheric. The blowdown process is characterized by opening of the exhaust

valve with further expansion of the combustion products to atmospheric

pressure. It is again assumed that expansion of those gases remaining in

the cylinder occurs reversibly and adiabatically and that combustion products

continue to exist in a state of chemical equilibrium. The expelled cylinder
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I I

gases expand to a hypothetical volume V4 dictated by the condition S4 = S4

and P4 = 14.7 psia. The pertinent properties of state point 4' are given

by the following regression equations,

I t

T4 = T(S , 14.7 psia) (23)

4 4

V4 = V(T , 14.7 psia) (24)

4 4
I I

H4 = H(S , 14.7 psia) (25)

Following return of the piston to the top center position, a fraction of

the combustion products at condition 4' will remain to dilute the incoming

charge for the following cycle. This fraction is given by the expression

f = VI/V 4  (26)

In the discussion of the induction process it was noted that it was

necessary at the outset to assume values for f and for T 4  The assumed

values may now be compared with those computed above and accordingly adjusted.

The entire cycle calculation is then repeated until assumed initial values

are found to agree satisfactorily with those computed. For this work satis-

factory agreement was taken to be a deviation of one percent or less between

assumed and computed values of f and T4

-la4
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CYCLE PERFORMANCE PARAMETERS

With complete determination of working fluid properties at each of the

state points indicated in Figure 1, the theoretical prediction of engine

performance may be carried out.

I) Work Output Per Cycle

The work obtained from the cycle consists of the expansion work occurring

during the constant pressure combustion process in addition to that produced

by isentropic expansion less the work required in compressing the fresh air

charge plus dilution fraction. According to the first law of thermodynamics,

th'e net work produced per cycle is given by the relation:

W =P 2 (V3 - V2) + (E3 - E)- (E2 - E ) (27)

II) Mean Effective Pre3sure

The mean effective pressure is that pressure measured above the mean

compression pressure which, if acting during the entire expansion, would

prc' ce a quantity of work equivalent to that actually predicted. For a

cycle for which the mean effective pressure was in fact active during the

entire expansion, the work produced would be,

W = P (V -V2) - P (V -V ) (28)
exp 12 com 12

hence

W = MEP (V -V ) (29)

or
W

MEP - V -V (30)

1 2
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where W is the cycle work given by Equation (27).

III) Thermal Efficiency

The thermal efficiency is defined as the ratio of useful work output

obtained from a cycle to the total quaitity of heat added to the system during

the cycle, that is,

W
nth Q i (31)

where Qin is the heat added per cycle. In the present case the heat addition

is given by the expression,

Qin = (LHV) x Wf (32)

where: (LHV) = Lower heat of combustion of the fuel, Wf = weight o± fuel

supplied per cycle.

Hence

W (33)
th = (LHV) x Wf

IV) Specific Fuel Consumption

The specific fuel consumption, an additional measure of engine efficiency,

is defined as he weight of fuel consumed per horse-power-hour of engine

output. Hence

Wf B

ISFC=(-) x2545- HP-
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where

Wf = lbs. fuel per cycle

W = work output per cycle - Btu

RESULTS

I) Peak Cycle Temperatures

In the analysis of Diesel cycle engines one of the more interesting cal-

culated parameters is the peak cycle temperature. The peak cycle temperature

influences the the.rmal stresses to which the engine mechanism is subjected,

to some extent the quality of combustion, and to a large extent the composition

of engine exhaust gases.

Among the factors determining peak cycle temperature for a given engine

are the energy content of fuel supplied, the latent heat of vaporization of

fuel and the total heat capacity of combustion products for the given fuel,

including dissociation effects. In general, a fuel with low energy content,

high heat of vaporization and with combustion products having high total

heat capacity would be expected to exhibit low peak cycle temperatures.

In comparing ammonia with typical hydrocarbon fuels one observes for

ammonia a slightly higher energy content. On the other hand the latent heat

of vaporization of ammonia is considerably greater than that of hydrocarbon

fuels, and further, the number of moles of products prodliced in the combustiol

of ammonia at a given equivalence ratio is considerably greater than the

number produced by hydrocarbon fuels at the same equivalence ratio lea.ling
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to the conclusion that total heat capacities should be greater for ammonia

combustion products than hydrocarbon combustion products.

It would then be expected that the use of ammonia would lead to lower

peak cycle temperatures than would the use of hydrocarbon fuels. Figures 2

and 3 indicate that this is so. As shown by Figure 2, predicted ammonia

temperatures range from 400 to 8000 R less than those predicted for hydro-

carbon fuels, depending upon the fuel-air ratio. The temperature difference

diminishes as fuel to air ratio decreases, with temperatures converging to

the compression temperature in the limit as fuel-air ratio approaches zero.

Figure 3 illustrates the variation of peak cycle temperature with com-

pression ratio for a fuel-air equivalence ratio of 0.6. As indicated, the

difference between hydrocarbon and ammonia temperatures is about 4000 R and

remains nearly constant throughout the range of compression ratios of

interest.

II) Engine Power Output

The power output to be obtained from an engine of given volumetric

capacity is best given by the indicated mean effective pressure. Figures

5-7 which show predicted cycle mean effective pressures for a number of

operating conditions indicate that ammonia would be expected to deliver

slightly greater output than typical hydrocarbon fuels.

As noted previously, ammonia exhibits an unusually high latent heat

of vaporization. As a consequence, the energy involved in evaporation of

the injected liquid charge is significant and tends to reduce the overall
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power output predicted. This effect becomes especially pronounced in the

regions of lower compression ratio where the heat of vaporization is large

relative to expansion work. As compression ratio increases, the work of

expansion increases while the heat of vaporization remains essentially

constant, and hence the influence of fuel evaporation becomes less significant.

This fact is indicated by Figures 5 and 6 which show mean effective pressure

as influenced by compression ratio. As compression ratio increases, the mean

effective pressure indicated for ammonia increases at a rate higher than

that predicted for Cetene, a result of the decreasing significance of ammonia

evaporation.

In the discussion of peak cycle temperatures it was noted that for a

given fuel-air equivalence ratio, the number of moles product produced in

combustion of ammonia exceeds that number resulting from combustion of hydro-

carbon fuels. It may be shown that for an engine represented by the Diesel

cycle, work output is dependent upon fuel energy content and upon the number

of moles product produced in the combustion process. Figure 7 which gives

mean effective pressure as influenced by fuel-air ratio indicates that for

equivalence ratio:, ranging from 0.8 to 1.0, predicted ammonia mean effective

pressure increases more rapidly than does that of hydrocarbon fuels. This

phenomenon results directly from the fact that with increases in fuel-air

ratio, the moles of combustion products increases for ammonia but remains

effectively insignificant for hydrocarbon fuels.
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Again it should be pointed out that the results presented are based

upon the assumption that ammonia can be made to burn successfully following

liquid fuel injection. For this reason the predicted performance represents

an upper limit to the performance one might expect to achieve in the develop-

ment of Diesel engines using ammonia rather than Diesel fuel.

III) Thermal Efficiency

Figures 8 and 9 present thermal efficiencies for ammonia and for cetene.

The values predicted for ammonia are somewhat higher than for hydrocarbon

fuels and several features noted in the mean effective pressure results are

reflected in thermal efficiency.

As shown by Figure 8 which presents efficiency as influenced by com-

pression ratio, the efficiency for ammonia increases at a higher rate than

does th.at for cetene, a result again of the decreasing significance of fuel

vaporization with increasing compression ratio.

Figure 9 shows the influence of fuel-air ratio upon efficiency. As a

consequence of the increasing moles of combustion products produced from

ammonia with increasing fuel to air ratio, the efficiency of ammonia decreases

less rapidly than that of cetene.

IV) Specific Fuel Consumption

In the practical evaluation of fuel performance the specific fuel

consumption is more significant than thermal elficiency.
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The specific fuel consumption predicted for ammonia as compared with

that for cetene is given by Figures 10-12. Figure 10 shows the influence

of compression ratio upon specific fuel consumption for ammonia and for

cetene for a number of air-fuel ratios. Figure 11 presents specific fuel

consumption as influenced by fuel-air ratic..

The specific fuel consumption of ammonia rela ive to that o: cetene is

illustrated by Figure 12. All values plotted have been normalized by

assigning the value unity to the specific fuel consumption cf cetene at fuel-

air equivalence ratio 0.6.

It is noted that in general the specific fuel consumption to be expected

with ammonia is about 2-1/2 times that to be obtained with common hydrocarbon

fuels.

V) Exhaust Gas Composition

Among the more significant of the objectionable compounds present in

engine exhausts is nitric oxide (NO).

At the temperatures and pressures associated with the Diesel engine

combustion process, the theoretical equilibrium concentration of nitric

oxide ranges to values as high as 1 percent. As the expansion process

proceeds with a resultant decrease in temperature, equilibrium principles

predict the aecomposition of "NO" to N2 and 0 Therefore that concentration

corresponding to the peak cycle temperature represents the maximum amount

of "NO" present at any point of the cycle.
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Figure 13 presents the equilibrium nitric-oxide concentration of products

of combustion corresponding to the peak cycle temperature condition. Nitric

oxide concentrations for ammonia are compared with those for cetene for

several fuel-air ratios. It is seen that in all cases, for a given fuel-air

equivalence ratio, the "NO" produced by ammonia is substantially less than

thz. produced by cetene. It should again be pointed out that the reported

values correspond to the theoretical peak cycle temperature and hence are

in excess of those to be expected from the exhaust of a real engine. T!Iese

values do however, indicate that "NO" concentrations, appearing in the

exhaust of engines operated with ammonia should be much less than for cetene.

CONCLUSIONS

The following conclusions summarize the predicted theoretical performance

of ammonia as a diesel engine fuel.

1) In *he event of developments leading to successful combustion of

ammonia in Iesel engine application, ammonia would be expected to yield

up to 10% more power output than typical hydrocarbon fuels operating under

the same conditions.

2) The thermal efficiency obtained with ammonia is predicted to range

to values 20% greater than those for hydrocarbon fuels.

3) Specific fuel consumption for ammonia would be expected to be

approximately 2-1/2 times greater for ammonia than for hydrocarbon fuels.

4) The exhaust concentration of NO, resulting from the use of ammonia

should be substantially less than that produced by hydrocrbon fuels.
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MATHEMATICAL SYMBOLS AND UNIIS

0

T - temperature - R

P - pressure-PSIA

V - volume - Ft3

H - enthalpy - Btu/(ib-combustion air)

E - energy - Btu/(ib-combustion-air)

h - enthalply-Btu/mole

C - specific heat - at (on:tant pressure - Btu/mole - RP

M - moles

f - mass fraction of resid, ! gases

T - specific heats ratio - (C iC )p v

X. - mole fraction of species jJ

S - entropy - Btu/ib-combustion-air- R

R - universal gas constant - 1.987 ( -Btu

W - work - Btu

MEP - mean effective pressure - PSI

Ith - thermal efficiency

Wf - lbs fuel-per cycle

(LHV) - lower heating value of fuel - Btu/lb-fuel
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FIGURE I

THEORETICAL DIESEL CYCLE

w

U)
U)
w

VOLUME

w

w4
0-

w ~J 4

ENTROPY



30

0 Z~000

ro ''8- r-

C£4

-,4 0 0 0 0 0
r 4 1

to u

00

01J $m4 0 0 0

44 0
44 ri

00
4J~ + c 0 0

r. :$
4 U2

U) U .0

a)) $

U~ x *

(U) N U

to 0
0: 4

414
m0

4 04.r

.0 0 0 t 00 . -

oo Lo 0 0 U')

-4 M;-

CO N
a~>



FIGURE 2

INFLUENCE OF FUEL-AIR RATIO UPON
PEAK CYCLE TEMPERATURE
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FIGURE 3

INFLUENCE OF COMPRESSION RATIO
UPON PEAK THEORETICAL CYCLE
TEMPERATURE
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FIGURE 4

INFLUENCE OF COMPRESSION RATIO
UPON THEORETICALLY PREDICTED
PEAK CYCLE PRESSURE
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FIGURE 5

VARIATION OF THEORET10CAL CYCLE
240- MEAN EFFECTIVE PRESSURE WITHr COMPRESSION RATIO
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FIGURE 8

MEAN EFFECTIVE PRESSURE OF AMMONIA
AND CETENE RELATIVE TO CETENE
AT 0in.6
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FIGURE 7

VARIATION OF THEORETICAL CYCLE
MEAN EFFECTIVE PRESSURE WITH
FUEL-AIR RATIO
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FIGURE 8

VARIATION OF THEORETICAL THERMAL
EFFICIENCY WITH COMPRESSION RATIO
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FIGURE 9

VARIATION OF THEORETICAL THERMAL

58 EFFICIENCY WITH FUEL-AIR RATIO
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FIGURE 10

THEOR~ETICAL SPECIFIC FUEL CONSUMPTION
AS INFLUENCED BY COMPRESSION RATIO
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FIGURE 12

THEORETICAL SPECIFIC FUEL CONSUMPTION
RELATIVE TO THAT OF CETENE AT

~u0.6
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FIGURE 13

THEORETICAL EQUILIBRIUM NITRIC OXIDE
CONCENTRATION AT PEAK THEORETICAL
CYLINDER TEMPERATURE
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FIGURE 14
DIESEL CYCLE PROGRAM
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