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CHARTS OF THERMODYNAMIC PROPERTIES OF FLUIDS ENCOUNTERED IN
CALCULATIONS OF INTERNAL COMBUSTION ENGINE CYCLES

By H. C. Hottel and G. C, Williams
SUMMARY

A single chart has been prepared that simplifies the
calculation of the thermodynamic properties of air, various
octene~air mixtures, and mixtures of those with their prod-
vetds of combustion at all temperatures below which chemical
dissociation becomes unimportant. The chart is based on the
use of 1 pound mol of mixture, and pxamples of its use are
given in the form of the caleculation of a turbocompressor
power plant and a supercharged Otto engine ecycle.

INTRODUCTION

Reference 1 presented thermodynamic property charts for
the products of combustion of octene and air in different
ratios. For the calculastion of various engine cycles, there
is necessary in addition s chart or set ¢9f charts giving the
thermodynamic properties of unburned air-fuel mixtures. Such
an unburned-fuel-alir mixture chart has been calculated, and
80 pPlotted that it applies to various air-fuel ratios and
various ratios of burned to unburned gases, and includes pure
alr as the basic chart,

Phis investigation, conducted at the Massachusetts
Institute of Technology, was sponsored by and conducted with
the financial agssistance of the National Advisory Oommittee

for Aeronauntics.

The completion of this project would not have been pos-
sible without the consclentious and efficient assistance of
Mrs. Bdward Addelson, who made all the calculatione and dia
2ll the drafting and lettering on the final charts,


http://www.abbottaerospace.com/technical-library

¥4CA TN No. 1026 ")
FUNDAMEKTAL DATA

The charts in reference 1 were each on a basis of 1
pound of air plus the appropriate fuel, and the coordinates
were entropy S and internal energy E, A set of correspond-=
ing "unburned¥ charts on the s~me basls conld be prepared,
one corresponding to sach "burned chart. If, however, the
basis for the properties of unburned mixtures is not 1 pound
of air but 1 pound mol of mixture, the p-v-T relations for _
various mixture ratios are subetantially the same - 1dentical,
of course, if the various air~fuel mixtures were perfect

gases,

Furthermore, 1f the coordinates of the chart are entropy
S &and temperature T rather than S and I as previously,
the representation of the properties of different mixtures on
a single chart 1s facllitated. It will be shown that the
small variations, with air-fuel mixture ratios, from a common
p-v-T relstion due to gas 4imperfections and from a common HK-T
or B.T relation due to molal-specific~heat variations from
fuel to air, can be allowed for on a sinegle chart. Such a
chart ecan then be used for all mixtures, burned or unburned
and including pure air, at the temperatures of interest here
(up to 1800° R (1340° F) for unburned fuel-air mixtures,
2520° R (2060° P) for burned mixtures).

Although such a single chart has the disadvantage over
a series of charts that a change in basis is involved during
the calculation of some thermodynamiec ocycles, that change is
not difficult (an example will be given); furthermore, the
advantages of a single chart are many. 3Beslides the physical
sinplification of handling a single chart there is the possi-
bllity of calculation of complete gas turbine cvcles of any
mixture ratio of present interest inetead of only those ratios
for which burned charts are availadle; & comparison of the
alr-standard eye¢le with the actual fuel evcle can be maeds di-
rectly on the single chart; the chart gives directly the prop-
erties of pure air for calculation of various pumping or
power cycles.

In the previous charts gero values wers assigned to va-
rious thermodynamic properties at a base of 100° F. Since
calculations of high-altitude power-plant performance will
involve the present chart at temperatures to -60° F or lower,
it 1s desirable to drop the temperature base to a value
below any anticipated in order to involve differences of pos-
itive numbers in engineering c¢alculations. The base chosen


http://www.abbottaerospace.com/technical-library

NACA T¥ FNo. 1026 . 3

was 200° K (360° R or -100° F) because basic thermodynamic
data are tabulated in the literature at that temperature.

DESCRIPTION OF CHART

Used as an Air Chart

The chart 1is best viewed first without consideration of

the various peripheral plots. It is then a representation

of the p-v-T-8 relations for pure air, due allowance having

been made for departure from perfect gas. Lines of constant
volume, cubic feet per pound mol (labeled V), and lines of
constant pressure, pounds per square inch absolute (labeled .P),
are plotted on S5-T coordinates, with temperature scale rrom

360° R (the base temperature) to 25620° R (2060° F). 2Zero

value has beern assigned t¢ entropy at the base temperature

and 1 atmosphere (14.696 paia). :

The value at zero pressure (i.e,, for perfect~gas condi-
tions) of the enthalpy, called EC (British thermal units per
pound mol) can be read from the first vertical scele to the
right of the T-scale. This scale consists of a number of
diagonal curved lines at the bottom of which appear values
of F, the ratio of fuel used to that required for stoicho-
metrically complete combustion. For air, F = 0, the left
edge of the H-scale is read. To allow for the effect of
pressure on the enthalpy of alr, refer to figure 23A or 2B,
the line marked F = O, where the value (H - HO)/P 1is
found as & function of temperature. For example, when vol-

ume and pressure are 16 cubic feet per pound mol and 500 psia,

t%e entropy is found to bde ~-2.05, temperature is 740° R,

H™ = 2660 Btu per pound mol, From figure 24, at 740° R and
F=0, (HE-H°)/P =-0.085, from which H - H®° = .. 500

X 0,085 = ~42.5, =and H = 2660 ~ 42 = 2618 Btu per pound mol.
It will be noted that the pressure correction to E% to ob-
tain H ©becomes negligible at pressures below 1 atmosphere

or temperatures above 1000° R, and that,for many calculations,
figures 24 and 2B may be i1gnored. Values of EHE® are based

on H = 0 at the base temperature and 1 atmosphere.?

Similar to H®, B° (the value of internal energy at
zero pressure) can be read from the extreme right scale, and
the pressure correction from figpre 34 or 3B, using the line
F = 0. TFor the previous example, when T = 7400 R, '

E° = 1180 Btu per pound mol, (B - B°)/P = -0.10, E = 1180
~ 0.10 x 500 = 1130. The base for B is consistent with

1This gives H® & value of 7 Btu per pound mol at the
base temperature.
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—144PV
that for Hy E = ———— at the base temperature and 1 at—

mosphere. 777,75

Used as & Mixture OChart

The use of the chart in determining the properties of an
air—fuel mixture will next be described, without inclusion of
the thermodynamic basis for the procedure. Suppose the mix—
ture contains 20 percent more fuel than the stcichiometric
mixture. Then F = 1,20, The mixture may, in addition, con—
sist in part of unpurged combustion products from the previ-—
ous cycle in an Otto cycle engine, together with some fresh
fuel—air mixture. The weight fractior of the former in the
total mixture is referred to as f, the "unpurged fraction,
or welght—fraction of the fuel in the burned state. For
Otto—cycle calculations, f may vary from 0.01 to 0,055 for
combustion in & gas turbine cycle, f is C on entry and
about 1,0 cn leaving. As an example, consider a mixture with
F =1.2 and f = 0,05, at a temperature of 9500 R and pres—
sure of 100 psia. From figure 5, one pound of air produces
0.03545 mols of such a mixture. This is the conversion
factor in going from the present chart to the burned charts,
(See reference 1.) Because in many problems the oxygen of
the air is partially or wholly combined with fuel, the ordinate
of figure 5 is labeled "pound mols of mixture per pound of air
constituents.® From the main chart, at T = 950° R and
P = 100, Vg4, = 102, This volume applies for air, Since
the p—v—T relations for air and for the mixture are somewhat
different, a correction is read from figure 7; V -V

“r

mix air

= 0,07, vmix = 102.07, Since the uncorrected volume can be

read tc no better than 1/2 percent, the correction at this
temperature and pressure is obviously not worth making.

To obtain enthalpy, first determine H® from the right—
hand scale by moving horizontally along the T  950-line to
F = 1.2 and interpolate between the dashed—-line scales cor—
responding to an f of 0,05, finding HO = 45290, Similarly,

B = 2690 (linear interpolstion and extrapolation are valid
for obtaining values at f other than O or 0.C5), From
figure 2o, (H — HO)/P = —0,08 and (®E — E©)/P = —0.12.
Then, H = 4580 — 0.08 x 100 = 4582, gand ¥ = 2690 — 0,12 X
1060 = 2678. The corrections, for this exammle, were barely
worth making,

The only addltional property of interest 1is entropy,
Absolute values of entrovy for mixtures do not appear on the
chart] but a change in entropy along a specified path or the
change in other properties along a2 path of constant entropy
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may be evaluated, The varistion, with temnerature and press

sure, ef the entrepy of a mixture differs from that of pure
air besecause of differences in specific heats and in pev-T
relations fer the two. Allowance for the specific-heat ef-

fect appears in families of curves running almost vertically

along the left eide of the chart, labeled (Spiy - Sair),

and pletted against temperature. Allowsance for the effect

of differences in p~v-T relations of air and ef gzs mixtures

ig mueh less important, and may be neglscted for many uses of

the ehart, (See later example,)

As an gxample, suppose the last given mixture is to be
compressed isentropically from its temperature and pressure
of 85Q° R and 100 psia, respectively, to a new pregsure of
600 psia, The entropy of air at the first condition is fepund
to be 2.99, and the difference between the entropy of the
mixture of interest and that of air (exclusive of a senstant
whieh 18 independent of temperature and pressure) ies read
from the famlily ef almost vertical lines at the left af the
plot. It ie found to be 0.63. The sum of these 1g 3,62,

Now move upward from 950° R and 100 psia along such a path
that the new value of the sum of Sgir &and (Spix - Sgir)

is the same. Thie may e done by trial and -errcr, choeosing
various temmeratures until the condition 1e satisfied. HMugh
eimpler 1s the graphical procedure of laying the edge of a
sheet of paper herigzontally along the 950C isotherm and mark.
ing on it the distance bhetween the points where the line

P = 3100 on the right, and F = 1.2, f = 0,08 oen the left,
cut the isotherm, Then, move the horizontal edge of tho
paper vertically upward keeping the left-hand point sn the
line labeled "F = 1.2; £ = 0.05" wuntil the right-hand point
colneides with the line, P = 600, From this precedure it 1ig
apparent that the families of lines at the left may be thought
of as direction lines for moving along a constant-entrepy
path with a given mixture of fuel, aly, and combustian pred-
uota. At P = 600 it 18 found that T = 1435° R sgnd

Vair = 36. Strietly, a pressure correction to entrspy sheuld

be made, usling peripheral figure 8, The correction is appre-
clable only for the lower left region of the mainm chart (lew
temperaturs, high pressure). Purthermore, numerieal values
read from figure 8 indicate that, along paths of apprcximataly
constant entrepy the pressure correction is substagtially esn-
stant (within a AS of 0.005, i.e., one-tenth of a gmgll
square) and may therefore bs neglected, The only remaining
correction is to convert from Vga3p 6 Vpypixgure- 4% tho

initiael temperature the difference of the two was negligible.
(See previous example.) At the final temperature af 14350 R
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the correction is even less important, The work of compres-
slon in a flow system is LH, By rounding off the result
from the previous example, H, = 4580; H = 8790,

(g, - H°,)/P = 0.05; Hy - E°; = 30, H, 8820. Then,

worl = 8820 - 4580 = 4240 Btu. Tkis number is established

to abont .10 Btu by careful use of the chart. Omission of

the pressure corrections to H would have given the answer
4200 Btu - that is, 1 percent lower. Treatment of the whole
problem as though the gas were alr rather than a partially '_
burned fuel-air mixture would have given a final temperature
of 1?40o R and a work of compression of 4390 Btu (3 5 percent
high

CONVERSION FROK PRESENT CHART TO YBURNED MIXTURE" GHARTS

OF REFERENCE 1

The present chart will be referred to as the "modified-
air" chart for brevity. Given a system located on the modi-~
fied-air chart, unreacted, and of such composition that con-
bustion would raise the temperature to a point where dissoci-
atlion is important - that is, to a temperature not%t included
on the chart - what is the procedure? : -

Case 1.~ Combustion occurs at constant volume. It is
necessary to evaluate E of the burmned system above the older
burned—chart base — that is, above 2 state in which zere value

¢f internal energy is assigned to COp, HzO0(v), Ny, Oz at
100° F., From the "modified—air" chart, read E at state in
question befere reaction, and read BE® at 100° F (=560° R).
To help the reader, a heavy line appears in the E—scale at
560° R, From the same chart (fig, 5}, read y = pound mols of
mixture per pound of air constituents. Then (E — Eosso) v

= sensible internal energy per pound of original air, above
560° base, of the gas, which contains both fresh fuel—air
and unpurged gas. The internal energles of combustion of
these, at the base temperature, must be ndded to obtain _E.

Eburned chart = ¥ (B - Eosso.]ﬁodified—air chart -

+ (1 = £)AE) 560 * T Qv
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The term —AEcvsco is the internal energy of combustion of

eny fresh fuel in the mixture, and eguals +2,151,000 Btu per
pound mol of octene, or :

2151000 {(0.01749 F)

= 12989 F
28.95 : ’

per pound air constituenté, where (001743 F) is mols fuel

per mol air, (See fig. 4.) And Qy is the internal energy

of combustion, at 100° F, of any unburned fuel in the unpurged
products of a previous cycle., It is read from the right-~hand
side of the burned charts, or from the following tabdble:

F 0.8 0.9 1.0 1.1 1.5
Qy ‘2 2 | =2 169 336 832
Obviously, Qy hes no importance for lean mixtures.,
Recapitulating, - .
Eburned chart = vy & - E?seo]modifiedmair chart
+ (1 ~ £)1299 F + £q_ (1),
In addition to B, volume V must be k¥nown to locate

the system on the burned chart. On the modified—air chart
v is per mol of mixture; on the burned chart is is per pound
of air constituents. Figure 5 gives the converasion facter y.

¥(Vmodified—air chart’ = Vburned chart

Case II.,— Combustion occurs at constant pressure. The
eondition to satisfy is that H is constant. On the burned
charts Hg; is the AH, to the temperature in guestion from

that temperature where both E_ = J(PV) = —NRT and
8 R

BEg = INMC, (T —560), Solutions of these equations from the
data used in calculating the burned charts indicate that, over
the burned—chart range of F = 0.8 to 1,5, T = 405 is an
adequate average base temperature, constant to within 1° F.
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From the modified—air chart, read H &at state in ques—
tion before combustion; and read HO,45° R (froem the solid

line on the H-scale); and from figure 5, read y = pound mols
mixture per pound of air constituents. Then (H — HO s05) ¥

= sensible enthalpy, per pound of original air, above 4059 R
base, cf the gases containing both freszh fuel and unpurged
ga8.

B = y (E — E%ps)

burned ehart modified—air chart

+ (1 - £)(1299 F) + £Q (2)

It 1s to be noted that the chemical contributions to the
value of EHyyrned chart 18volve AE, and Qy, and not

AE, and Qp- This 1s a consequence of the fact that the
burned charts define H as E + PV, and Hyg as Eg + PV,
where Eg = B - Qy. Therefore, H = Hj + Q, and pnot

EB + Qp‘

Zixamples of Cycle Caleculations

I. Turbocomnressor power plant.- Consider a turbine and
compressor, direct-coupled. The compressor takes alr at 0° .
and 8 psia, compresses it sevenfold in pressure, with an
efficiency of 75 percent. Liguid fuel at 40° F is then
sprayed in to give an air-fuel weight raetio of 73:1, combus-
tion occurs at constant pressure, and the gases are expanded
through a turbine with an efficiency of 90 percent to a pres-
gsure of 10 psia. Per pound of fuel burned per hour, what is
the available shaft horsepower?

At 460° R and 8 psia, find 6§ = 2.92, H,° = 698, -
(H, - H,°)/P = ~0.27, H, = 696 - 0.27 % 8 = 694.

Perfect compression to 8 X 7 = 56 psi would give
T = 800, H = 3085 - 0.07 x 56 = 3081. Then AH would be
3081 -~ 694 = 2387. Instead, because of imperfect compression
process,

AH = 2387%/0.75 = 3183

Then H, = 694 + 3183 = 3877, T, = about 912° R, (E. — H_°)
= -0.04 x 56 = -2, H,° = 3879, and T, = 912° R,
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Now, add liquid fuel, From figure 4, when pounds fuel
per pound air = 1/73 = 0.01370,

F o= 0:0137 _ 4. som

0.08775
H of liquid, per mol, from figure 9, = -13,200. 4and AR
of combustion at base temperature of 360° R = 2,150,000 Btu
per pound mol. Then
Total H of liquid = 2,150,000 - 13,200 = 2,137,000
From equation on figure 4,

Mols fuel per mol air = 0.01749 X 0.2021 = 0.003535

H, of mixture per mol of fresh mixture

3877 + 0.008535 x 2187000 _ 13 agq
1.00354

Mols burned mixture/mol fresh mixture 1s read from figure 6,
line marked f =0, at F = 0,2021; it is 1.01l.

When combustion occurs, H does not change. But, since
the number of mols changed from 1 to 1.011 due to combustion,
and since the chart basis is 1 mol

Ha
1.011

= 11,265 Btu per mol ©burned mixture

From chart at H, = 11,265, T, 1s about 1865° R, (¥ - H®)/P

= +0,04 (fig. 2B), H;° = 11,265 - 0.04 x 56 = 11,263, and
Ty, = 1863° R (1403° #)

S, ailr, from chart at psz = 56 psi and T3z = 1863° R,
is 9.23; Spmix - Sair 1s read from the group of nearly ver-
tical lines at the left; at ¥ = 0.202, f = 1, and

Ty = 1863°, it is 0.18. The pressure correction on S 1is

negligible. S3 = 9,23 + 0,18 = 9,41 (plus a constant of no

interest here).
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Let the gas expand through the turbine to 10 psia. If
perfeet expansion occurs, 8(total) 1s still 9.41, To find
the econdition at end of this sxpansion, lay the edge of a
paper horizontally at T; = 1863 from the initial coordinate,

85,a1r * 9.23, to the extreme left to line ¥ = 0,2, f = 1.

The distance between marks on the paper now represents
S¢otal. Move the paper downward with edge kept horiszontal,

and left mark kept on the line P = 0.2, £ = 1, untll the
right-hand mark %ntersects the line p = 10. At this point,
T, = 1205° R, H,;” = 6100. (Actually, the left-hand S-guide

line i1e s¢ nearly vertical that an approximate method 1s fre-
quently better than the exact graphlical one described), If

the expansion path had been assumed to occur along a line of
constant S,i., & preliminary value of T, of 1195° B would

be read, from which Spyy - Sg3r = 0.11, & consideradble er-
ror in T, does not affect this guantity appreciaebdbly. Con-
sequently, without further trial and error, 8, air = 9.42
-~ 0.11 = 9.30, and T4 = 12305, H4° = 6100, EHa4 = 6100

- 0.02 X 10 = 8100,

Then -AH during perfect expansion would be 11,263
~ 6100 = 5163, Actually, because of turbine inefficiency,

~AH = 5163 x 0.9 = 4647

Hy, = 11,263 - 4647 = 6616

The correction from H, +to 340 $s negligible; then
T, = 1275° B
Bagis of calculation of outputy 1 mol ailr

Mols fuel = 0,00354
Pounds fuel = 0,00354 x 112.1 = 0,397
Mols unburned mixture = 1.0035
Mols burned mixture = 1,011 X 1.,0035
= 1.0146
Work output of turbine = 4647 x 1,0145 = 4714
Work into compressor = 3183

2645 x 0.397 -
1631

Pounds fuel/hp-hr = 0.66
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The low value of this figure is a consequence of assuming
high values for the separate efficiencies of the compressor
and turbine, without introducing compensating allowance for
pressure drop in ducts and the combustion chamber.

There may be occasion to use the velocity of the exhaust
gas to obtain additionel thrust. If the exhaust gas expands
reversibly from 10 psia to atmospheric pressure of 8 psia,
the temperature changes from 1275° to 1202° R, and BH® from
6616 to 6080, Corrections to H are negligibvle. Then
~AH = 536 per mol mixture.

pounds fuel + pounds nir
mol mlxture

Pounds mixture per mol mixture =

. 0.397 + 28.95 _ .5 o
1.0145

As expected with such a lean mixture, the molecular weight
of the products is the gsame as that of atir.

AE per pound mixture = :3:5 = 18.52 Btu
u®
This equals
2gJ

4 =/ 64.4 X 778 X 18.52 = 962 feet per second

Pounds mixture per pound fuel = 74
Then
Pounds thrust per (1b fuel/hr) = EEE

74 X 962

= = 0.66
3600 x 32.2

Otto-Cycle Bngine with Supercharger

Supercharged engine operating in air at P = 10 psia
and T = 20° F (T = 480° R), supercharging with 70 percent
efficliency to 30 psia, after which liquid fuel is sprayed in
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at 60° F with 20 percent excess fuel, ZEngine compression
ratio is 6.

First determine H of unburned air~fuel mixture entsr-
ing manifold.

Isentropic compression of 1 mol of air from 10 to 30
pounds, starting at 480° R, ‘

Hyefore = 835 + 0.26 X 10 = 838; 6§ = 2.77

Compression at constant - S to 30 pei gives

by = 6B7

after

Hofter = 2080 + 0.12 x 30 = 2084

Igentropic work = 2084 - 838 = 1246
Actual work input = 1246/0.7 = 1780

If no thermal losses are assumed, all the extra work goes
into temperature in the ges, and

H after compression = 1780 + 838 = 2618
from which T 418 appreximated as 740° R
(H - H°)/P = 0.09
E® = 2618 - 0.09 x 30 = 2615
T may now be determined exactly; it 1ls 734%° R
Volume = 263 cubic feet

At this point, inject 1liquid fuel at 60° F (520° R). Accord-
ing to flgure 9,

Mols of liguid = 1.2 X 0.01749 = 0,0210
H of liguid = -12,200 x 0.0210 = -266
H of mixture, per mol mixture = 2618 - 256 = 2313

1.0210
(Note that basis has changed here.)

H° of mixture = 2313 - 0.24 x 30 = 23306, and corresponding
temperature 690° R and V = 246, Oorrection on V is 0,2

(negligivie).
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Now, assume that temperature in cylinder at e%d nf ex—
haust stroke and after expansion te 10 psi is 2100~ R,

(This is subjeet to check by ceompletion of the cyclé calbuiéQﬂ-“

tiens.) One mol products (f = 1) at 2100° R and 10 pei, has
E = 9720, V = 2260, For the process of mixing fresh mixture
at 30 psi through a throttling valve intoe eumbustion products
initially at 10 psi and rising ultimately to 30 pei, while
the volume remains constant, the enthslpy of the entering
charge plus the initial internal energy of the combustion
products must equal the internal energy of the final mixture,
The basis of calculatien will be 1 mol of unpurged mixture
from previsus cycle, left in engine at top dead center,

Let x = mols fresh charge entering at top dead center
by throttling through intake valve and mixing with unpurged
ges, but not yet including any fresh charge entering during
intake stroke. Ons mol of fresh mixture of composition
F = 1.2 produces 1.10 mols products (fig, 6). To find the
weight fraction of burned material in the resultant mixture,
convert burned and unburned parts to a common etate, elther
burned or unburned, and then determine the mol or volume
fraction. 3By coenverting the fresh mixture to the burned
state,

fl = o
The prime indicates that this f is an intermediate value

and not the one corresponding to the introduction of all the
fresh charge; that comes in a later step.

2313x+ 9720
x + 1

Eper mel of resultant mixture
and

2260
1l + x

vper mol of resultant mixture ~

Given V, f', and E 1in terms of unknown x and given
P = 30, wuse the chart to solve for x by trial and error,
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Values of B |B from
Assumed corresp, to Viabove Diff.
values of |V = 2260 1ev o 1  lang £', and|equa-~- in
x l+x 1 +1.1 xla Pt = 30 tion E'sg
5 377~ 0.154 3320 - 3 3550~ -230
4.6 404 - .165 3800 - 3 3638 +160
4.76 392+ .160 [(3590 + 10)-3|3600 -7

Therefore, x = 4,76, f' = 0.160, V = 392, E = 3600, fronm
which H = 5770,

This mixture now mixee further at a pressure assumed
constant at 30 psi, with more fresh mixture entering as the
piston recedes to six times the previous volume, The enthalpy
of the resultant mixture then equals the sum of the H'!'s of
the two components.

6 x 2260 = 13,560

total volume of new mixture containing } mol of dburned gases,
4.76 mols of fresh charge, and x, additional mole of fresh
charge now entering. ¥y thig process, point (1) on the p-v

diagram of the c¢ycle is reached. (See fig, 10,) The result-

ant enthalpy EH, is given by
Hi (1 + 4.76 + x,) = 5770(1 + 4.76) + 2313 x,

13560

v, =

1
1+ (4.76 + x,)1.1

f =

Ae before, x; 18 obtained by trial and error,

H corresn.| H from [Diff.
Asszmed Vi = 13560 1, - 1 to Vand F | above in
3 5.76+x; 6.226+1.1x, at P=30 equation) H's
45 287 0.01794 29106 2704 +200
48 252 .0169 2620-6 2684 -70
47 .3 265.5 .01718 2690-6 2688 -4

Therefore, x, = 47.3, V, = 255,5, f = 0.0172, and
H, = 2688. The corresponding B, = 1280,
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Figure 10.- The supercharged Otto cycle.
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The next step is compression to state 2, assumed isen-
tropic. The volume correction on V, is -0.16 (negliglble)

The entropy S, 1s 3.37 and the entropy correction 1s
-0.00013 x 30 (negligible). The isentroplc compression is

followed by measuring the horizontal distance from poilnt

P,, ¥V, %to the entropy-direction line for F = 1.2, f = 0,017,
then moving the meesuring device upward with left end on the
entropy-direction line until the right end is on the line

Vo, = 256.3/6 = 42.6. The correction on volume-is negligible.

(As a check on the graphical procedure,

3.37 + 0.38 3.75

S, + (smix - sair)l =
and

2.74 + 1.01 3.75)

Sz + (Spix - %air)a

From figure 8, the correction on Sy is negligible, At the
new point, Py = 321, T, = 1260, and E; = 4735 - 0.08

X 321 = 4710. (Fote that the BE-correction is the only one
not negligible soc far.) S

The next step is a constant-volume combustion, assumed
adiabatic and to thermodynamic equilibrium. The temperature
reached 1s so0o high as to make the assumption of frozen chem-
ical equilibrium on which the present chart 1s based, no
longer wvalid. On the other hand, the new high temperature
makes allowance for gas imperfection unimportant. The set of
thermodynamic-property charts presented in a previous report
must be used at this point. 4e previously explained, the
burned-mixture charts are of necessity on g different basis,
since the number of mols associated with a given system
changes along various thermodynamic paths and the basis must
be one of mass rather than number of mols,

The constunt—volume combustion process is one at.constant .
E. From eguation (1),

E E — E° :
burned chart ( 560 modified air chart

+ (1~ f)(_A‘Ec,seo) + T Qy

(4710 — 390)C.0353 + 0.983x(1299 x 1.2) + 0,017 x 336

162 +° 1532 + 6 = 1690 Btu, &,

Va = 42,6 y = 42.6 x 0.0353 = 1,504 cudic feet

per pound air
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From the burned echart for T = 1.2, T, P,, and S,
corresponding to E; and V5 are 5230° B (a770® T),
1482 pei, and 0.518. (I% is to be understsocd that the ecycle
has been caloulated assuming compression and combustion te
®e adiabatic, and that the pressures and temperature are con-
sequently high,)

The mext step 1s isentreple expansion to V, = 6 X 1,504
= 9,02. Reading from the bdburned chart, Py, = 160, X, = 1085,
As the exhaust valve eopens, the mixture at state 4 expands
irreversibly through the valve, but that part remaining in
the engine expands isentropically, doing werk on the effluent
gases. BExpansien is to P,/ = 10 psl, and frem the echart
TJd = 1900° R and V,/ = 79, The fraction af the mixture
staying in the cylinder is then ¥V, /V = 9,02/79 = 0.1142,
Ag the piston returns to top dead centgr, 1t expels five-
sixths of this burned residue, leaving 0.1142/6 = 0.0190
which 1e the £, or unpurged fraction, for the cycle. Thls
does not agree exactly with the value 0.01l72 previously de-
termiped in gteps 6-6'~1 because the tempergture of the clear-
ance gases was assumed to be 2100° R against the value 1900
Just determined, The eycle calculation using s clearance-gas
temperature of 1900° R instead of 2100° R csuld be repeated,
but the result would be found te differ negligitly frem those
Just obtained,

The work of the cyecle may now be calculated, The basis
218 1 mol of unpurged gas left in the engine at top dead cens
toer. Te this were addéd

4,76 + 47,3 = 52,06 mols fresh charge

Eack mol of this contained 1/0,03531 or 28.32 pounds fresh air,
The work of the cycle, exclusive of the pumping leop, ls

(By - By) - (B ~ By)
= (1690 - 1085) 52,06 x 28.32 -~ (4710 - 1280)52,06
= 892,500 - 178,500 = 714,000 Btu

The work of the pumping leop, positive in a suvercharged engine,

144

= (vl - va)(El - Patm) 578

144

= 3 0 - - Ty
(13,56 2260) (30 - 10) 555

= 41,800 Btu
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The work put into the supercharger (assumed mechanically

geared to the engine) was founrd to be 1780 Btu per mol of
air., Mols of air entering

52.06 x 28.32
28,95

= 50.EE
Work into supercharger = 1780 X 50.95 = 90,600 Btu

Net work of cycle = 714,000 + 41,8060 -~ 90,600 = 665,200 Btu

Finally, the mole fuel entering, per mol air, = 0,01749F
(from fig. 95, 80

Mols fuel = 50,95 X 0.01749 X 1.2 = 1.069
Pounds fuel = 1.069 X 112.13 = 119.9

Conventionally, the enthalpy of the liquid fuel at a
standard temperature 1s used in the denominator to express _
efficiency. The velues for AH and AE for combustion are
given in the table below the nomenclature for the main chart,
At 5609 R, AH = 2,148,000 Btu per pound mol, from vaporilzed
gasoline to water as vapor. The heat of vaporization of octene
at 560° R is obtainable from the chart, inset figure 9, by
taking the difference between the enthalpies of the vapor and
the liguid, It is 6100 — (-10200), or 16,300 Btu per pound
mol. Then, AH from liguid gasoline to combustion products
(water as vapor) is 2,148,000 — 16,300 = 2,132,000 (1904 Btu/1lb),.

Then, cycle efficiency ( engine—supercharger combined)

6£5200
119.9 X 1904

29.1 percent

The obtaining of displacement volume per horsepower~hour is
straightforward, and will not be included here.

Massachusetts Institute of Technology,
Cambridge, Mass., April 1945.
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APPENDIX
I. FUNDAMaSNTAL DATA

Constants used throughout these calculations are iden-
tical with those used in the previous paper. The only others
involved are constants for the Beattle-Bridgeman eguations of
state used in this report; see later,

Specific Heat of Octene

Specific heats of hydrocarbon vapors may be caleulated
by a summation of a number of Einstein functions, each rep-
resentin? a bond energy in the molecule, (Sse reference 2.)

(reference &) has improved the method of Bennewits
and Rossner by adding allowance for molscular rotation.
Values for the specifie heat of propane have been plotted,
from the papers of Bennewitz and Rossner, Dobratz, Fugassl
and Rudy (refersnce 4), and Edmister (referencs 55, for com~
parison with the experimental data of Konz and Brown (refer-
ence 6) and of Brown (reference 7). Dobratz' method fits the
experimental data more closely than the others (within 1 per-—
cent at 800° X), and furthermors predicts 3 high-temperature
variation much more in accord with expectations from theory
than any straight-line extrapolatlon of the experimental
data. GConsequently, Dobratz' correction to the caleculations
of Bennewitz and Rossner has been acceapted for the caleula-
tion of the specific heat of octene.

The formula for 3 (p=0) &iven by Dobratz is

° 3n -~ 6 - Zvy - &
1
where
a number of bonds permitting free rotation, C&-C or
similar : .
v,y nunber of bonds of type 1

P31, energv associated with each bona of type 1

n total number of atoms in molecule
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I# m = number of © atoms in the molecule, this becomes,
for normal or branched olefines,

Sm - 3

o
¢, = (6 + m)Rf2 + (m - 2)P, + Py + 2uP; + PR

[(m - 2)Q, + Q + 2mQ,] (4)

For octens, for which m = 8,

a7
G; = 7R + 6P, + P, + 16F, + 38 (8Q, + Q5 + 16Q4) (5)

The Zinstein function by which P; and Q1 may be deter-
mined is

2 eX

PorQ:R(x —(-QT———I-S; (6)
where
x = hy/kT
h Planck's constant

characteristic freguency
k gas constant per molecule
T temperature, °CK
h/k = 4,778 % 10" gegree seconds
v=oc/A= 2.99796(1/A\) x 10*° em/sec/cm

hv _ 1.4324(3/7)
T kT T

Wave .numbers 1/A,, 1/A,, and 1/A; for P-energy are 990,
1620, and 2990, and for Qwenergy are 390, 845, and 1320, A
table of Zinstein functions may be found in Physik.-Chem,
Tab.,Landolt~-BYrnstein, 1927, p. 702, fifth ed., first en-
larged volume. :
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. . _ . o
By applying these va2lues to the equation, the CP of -
cctene at 2105 23C7 2507 . .., 990° K is determined. Then

o - 0 - _ .
H above 200° K 20~ZCP e e
and . _ o
sp = 20 5 (o] /T) o
Finally, %' (= change in internal energy above zero—base
‘:I, R . - .
for E at 200°K) = [ ¢ 4T = H® — R(T — T )

20C . . . . Lo B

Entropies and Internal Energles of Other Gages .

The previous report gives values of .E and S5 above
300° X fcr the various ‘geses invoived (tsbles II and III of
that report). TFor the nresent purpose it is nrecessary orly _
to determine valuae from 300° down to 9000 and -pat all val— ;
ues on a new base corresponding to O—value at 2000 K for all e m
gases. The results are given in tables I and II.

CRITICAL CONSTANTS

For n—octane, the critical temperature, Tc, is 2959 ¢
'(569° K); the critical pressure, P,, is 24.6 atm. (See ref—
erence 8,) From ethylene—ethane snd propylene—propane
critical—constant relations (temperature down 22.4° and 5. l°
C, respectively; pressure up 1.9 and 3.0 atm, espectlvelv)

assume that octene has T, and P, which are 59 ¢ lower and L

2 atm higher, respectively, than octane. Then- S

= o] . : -
= 564° K; Pc,octéne = 26.6 atm

Tc,octene
Considering the fact that gascline is a mixture, the above
procedure for determining critical constants is entirelwy ade—
gquate for estimating correctiomns due to gas imperfections,
which in any case are small. :

fl

For water, o 374.0° ¢lfgan . 2% K) - . -

C

ard . F o

217.7 atm
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SUMMARY OF BEATTIE-BRIDGEMAN CONSTANTS FOR GASES

Gas Octene’ (Air-N, €O, Hz0
(reference 9) | (reference 10) | (referencs 11)
B_P
°_ < 0.1620 0.1384
RT,
AOPC
Y .4253 .3140
= (o]
C P '
5 T%; .0667 .1438
[+
o 0.2819 0,04070 0.10476 0.03377
A, | 34.248 1.0763 5.0065 4.0686
& 4
2.088x10°| 12 x 10° 66 x 10 951 x 10

*From a private communication by J. A. Beattie.

For octene, the bottom half of the table was obtained
from the top half and from the previously given critical data,
a8 follows:

BoPe 0,08208 X 564
B°=< X
R T

R = 0,2819 liter?/gm mol

AP, (0.08206 x 564)°
Ay =<: z 2) X -
R°T, 26.6
<o Pc) 0.08206 x 564*
X

= 34,248(1iters/gm mol)3(atm)

0 = = 2,082 x 107(liters/gm mol)(°x)®

9
R T, 26.6

The Beattie-Bridgeman constants for water vapor were obtained
in like manner.

It wes assumed that all diatomic species (8O, Oz, Hy, OH,
NO), because of the minute quantity present, had the same B.B,
constants as Air-N,. . o
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F = 0.8
notes.
Composition (AE,200 to 300° X)/100 = MG, N.MCy
(cal/gm mol)
Ng 1 4.95 4.9500
¥o .00119 5,21 .0062
0z .05248 5.02 ,2635
€0z .14178 6,40 .9080
Ho0 .14154 6.00 .8500
co .00001 4,97 -
He _— 4,78 ——
OH .00045 5,21 .0027
TN=1.33743 T NMCy=6.9804
~NRT = LNMC (T - T,)
~1.33743 x 1.987 X T = 6.9804(T ~ 560) = 6.9804T . 3910
3910
T = : = 406° R
6.9804 + 2.655
F = .5
Composition MC, N.MC,
Np 1.0 4,95 4.9500
Coz .09667 6.40 .6185
EZ0 .16897 6.00 1,0140
Go .16900 4.97 .8400
Hy .09€69 4,78 .4625
H .00003 3,00 . 0001

23

II., CALCULATION OF TEMPERATURE AT WHICH H = 0

IN=1.53134

-1.63134 x 1,987 x T

ON BURNED-MIXTURE CHARTS

Composition of gas is from page 55 of M,I.T. flle~

7.8851(T ~ 560)
7.8851T ~ 4415

~-3,04T

4415
T = ——— = 404° R

10,925
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Spread of but 2° ¥ between tge two extremes of composltion
suggests an average T = 405 R at whickh H = 0. This pro-
duces a maximum error in H of about 7 Btu per mol, or about
0.25 Btu per pound, whieh on the burned charts is one- .
thirtieth of one small divieion on the H-scale. A heavy line
has beég drawn on the H-gcale of the Modified Air chart at

T = 405 R,

REFPERENCES
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TABLE T.- INTERNAL ENRRGY IN PERFECT GAS STATE (p = 0), ABOVE BASE OF 200°K (E0')

{cal{em mol)
(OTK) AMr |Octene | Atr-N, | 05 | 00, H,0 H, 00 %0 OE .| 0,E
200 0. 0 0 0 0 0 0 0 0 0 0
250 248 | 1,295 oug 2lg 507 299 23 2hg 263 262 19
30 | 6| 2,830 | U9 | 502 640 § 600 | g | wy | 521 | sa | oos
400 997| 6,748 | 992 |04 | 1,385 | 1220 | o | 997 10#7 1032 596
600 2026 | 17,876 | 2006 | 2103 3,118 ﬁ 2508 | 1975 | 2025 | 2101 | 2046 1192
800 3118 32,5h63 3075 3282 5,090 3907 2986 3118 3237 2067 1728
1000 | k275|49,864 | 4207 | us29 | 7,229 | wsues | wory | ueyg | wbig | wie | o3sn
1200 . | kg3 5394 | 5819 | 985 f 7071 | 5083 | 5495 | 5691 | 598 | 2980
1400 | 6733 6624 | 71y | 11,825 § se6 | 6188 | 6751 | 6979 | 6338 | 3576

"ON RI VOVH

92801

az
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TABLE II.- CO¥STANT-PRESSURE CHAWGe OF BRTROFY WITH TEMP.RATURE, SQ
(8al/em mol ©K or Btuflb mol OR)

[Zero value assigned at 2009K]

(Ex) Air | Octene | Air-H, 0o 05 | .0 Hp co | W OE |0,
t
200 0 0 0 0 0 0 0 0 0 0 0
250 1.544 | 6.176 1.542 1.553 | 1.809 | 1.773 [ 1.495 | 1.553 ) 1.615 {1.609 |1.11
l 300 2.815 | 12.111 2.812 2.826 | 3.384% | %.230 | 2.742 .'«:.52:1J 2.921 12.913 2.02
400 L.82Y4 | 23.90% 4,812 4.869 | 6.090 | 5.556 | 4.739 | 4.829 § h.978 | .98 {3.45
. 600 | 7.7ublu6.987 | 7.671 | 7.876 |10.389 | 8.959 | 7.573 | 7.7a7 || 7.937 | 7.8 [5.%
800 9.854{ 68.579 9.778 | 10.141 |13.790 [11.531 | 9.594 9.359_ 10.136 | 9.8% {6.89
1000 | 11.585] 88.277 { 11.482 | 11.972 [16.617 [13.657 |11.190 {11.596 {]11.921 |11.49 |2.00
1200 | 13%.049 12.927 | 13.510 |19.034 |15.508 |12.523 |13.065 §13.39 |12.84 |8.90
1400 | 14.319 14,281 | 14837 [21.143 [17.161 |13.680 |1k.339 ff1M.69 |1h.01 9.67

*oN NI vOVYR

ggo1

9
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