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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

TECHNICAL NOTE NO . 1086 

THERMODYNAMIC CHARTS FOR THE COMPU'l'ATION OF COMBUSTION 

AND VIIXTlffiE TEHPERATURES AT CONSTANT PRESSURE 

By L. Richard Turner and Albert H. Lord 

stJMHARY 

Charts are presented for calculati.ng the combustion tempera 
tures and the temperature changes involved in constant- pressure 
thermodynamic processes of air and the products of combustion of 
air and hydrocarbon fuels . Examples are given in which the charts 
are applied to the calculat:on of the quantity of fuel reqliired for 
combustion to a given tempel"ature, the increase in tile temperature 
of products of combustion by the introduction and. combustion of 
additional fuel , the change in enthalpy of the products of combus 
tion with change in temperature, the equilibrium temperatQre 
resulting from the mixing of two gases representine products of 
combustion, and the temperature resulting from the afterburnins of 
ric:ler- than-stoichiometric exhaust gases with additional air . The 
charts are applicable only to processes in 1·rhich the final fuel - air 
ratio is leaner tha.l1 stoichiometric and at temperatures .. There dis 
sociation is unimportant . They may be applied to steady-state flow 
processes . 

Il\1I'RODUCTION 

The accurate calculation of the change in energy of a fluid as 
its temperature or composition is changed is difficult especially 
when the range of temperature variation is large . Calculations of 
this type arise in connection wtth the phenomena of combustion, 
afterburning of rich-mixture exhaust gas, and the mixing of air and 
combustion gases . BecaURe of t he diff1ci.:l ties imposed by the use 
of exact specific heats, man approximations have been used and in 
some cases these ap~roximations have led to large errors . 

Graphical methods of solving problems that invol-.re a ct.ange in 
the heat content of air or the products of combustion of air and 
hydrocarbon fuels at constant pressure have been devised at t:le N.t...CA 
Cleveland laboratory . Because the total temperatur e of a gas is a 
direct measure of its total energy content, the charts may bG l~sed 
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HACA TN No. 1086 

for any steady-state flO1v process by using the total te~:J.pe:,atures 
of the fluid. The charts are applied in th:s report, by means of 
examples, to the calculation of the quantity of fuel required fOl~ 
combustion to a given tenperature, the increase in tempera-cL.re of 
products of combustion by the introduction and burning of addi
tional fuel, the change in the enthal,y of a burned mixture with a 
change in temperature, the equilibrium temperature resulting from 
the mixing of two gases each of 1vh:ch is the product of combustion, 
and the temperature resu1 tine from the afterbUl~ning of richer-than
stoichiometric exhaust gases with air. 

f 

f 

ff 

H 

SYMBOLS 

molal specific heat at constant pressure, 
(Bt11)/(lb molo) (OR) 

specif1c heat at constant pressure of fuel, 
(Btu)/(lb) (OR) 

lower internal energy of combustion of fuel, (Btu)/(lb) 

fuel-air ratio 

mean fuel-air ratio of mixture 

chart fuel-air ratio; function of Ta and Tb 

molal enthalpy of cas , (Btu)/(lb mole) 

enthalpy of air, (Btu) / (lb) 

mean value of enthalpy of air mixture, 
(Btu)/(lb of mixture) 

enthalpy of leaner-than-sto:Lchiometric burned mlxture of 
fuel and air, (Btu)/(lb) 

sensible enthalpy of richer-than-stoichiometric exhaust 
gas excluding energy of chemical orGantzation, 
(Btu)/(lb) 

lower enthalpy of combustion of fuel, (Btu)/(lb) 

effective lower enthalpy of combustion of fuel in richer
than-stoichiometric exhaust gas, (Btu)/(lb) 
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enthalpy available through combustion with excess air of 
1 + f pounds of richer- than- stoichiometric exhaust bas, 
(Btu) / (lb) 

mechanical 0<1uivalent of heat, (779 ft-lb)/(Btl)) 

correction factor to change in total enthalpy of ric11er
than- stoichiomet:1 ic exhaust gas ,·rith changes i n ·t.em
perature for cha:1ges in fuel - air ratio and hyclr~Gon
carbon ratio of fuel 

correction factor to fuel -air ratio for change in 10:>"er 
enthalpy of combustion of fuel 

correction factor to fuel-air l~atio for change in 
hydrogen- carben ratio of fuel 

molecular weight of air, 28 . 972 (lb)/(lb mole) 

hydrogen-carbon ratio of fuel 

pressure (lb)/(5<1 it) 

universal gas constant, 1545 . 7 (ft- 1b)/(lb wolo) (oR) 

gas constent for air, 53 . 352 (ft-1b)/(lb)(oR) 

gas constant of burned !i1ixture of fuel and air, 
(ft - lb)/(lb) (OR) 

ratio of "Teights of original air in t,{O burned mixtures 

total temperature, (OR) 

total air temperature, (OR) 

total mean temperature of air mixture, ( ~R) 

total temperature of burnec mixture, (OR) 

total exl1aust-gas te~~erature, (OR) 

total initial tem:?erat ure, (OR) 

total final temperature , (Dn) 
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reference temper.ature, (On) 

specific molal volilllle, (Cll ft)/(lb mole) 

weight cf original air in burned mixture, (lb) 

combustion efficiency 

total ent lalpy of rtcher-than- stoichiometric eX~lau8t gas 
referred to enthalpy of air at 5400 R as zer") 0:' l ntl'.nl::;>y 

total enthalpy of richer-than- sto·5.chiometric exhaust gas 
at lS800 R 

concentration of oxygen in air, (mole oxygen)/(mole air) 

concentrati::m of hyclroGen in eX:'laust gas , (mole hydrogen) / 
(m.ole of originaJ. a:i..1') 

The subscripts 1, 2, etc . are used alone or in addition to any 
regular subscript to indicate successl ve values tab.-en Ol, by a sin.::sl:;) 
quantity . For example , Tbl and Tb2 designate, respectively, the 
temperature of a burned m.ixture, Tb at points 1 and 2. 

The subscripts x, y, etc . are used to identify t1,ro or more 
fluids that are to be mIxed. 

The total temperatL~re of a Bas is defined as the temperature 
attained by the gas in a steady-state flow process uh0n it is brought 
to rest with the conversion of all its kinetic energy to thermal 
ene1'8Y . 

SOURCE OF THEPMODYN.A.NIC DATA 

The specific-heat data used in the preparation of the constant
pressure combustion charts for hydrocarb')r'. fu.els and air vera taken 
from reference 1 and extended t :) l:igher te:r:"peratnres b-- t~le usc of 
data contained 1.n rCfel"enCeS 2 to 8 . The charts arE) exact only at 
temperatures below those at which dissociati'Jn becom.es import,ant . 
In ::nost calculations, dissociatton may be noclectod for all tecn
peratures below' about 3200° R . '21'1e charts have beon oxtended i)oj-c;nd 
3200° R, without, hm.ever , consid.ering d:s8ociation, in ord0J:' t11at 
approxirJate calculations ,jay bo r:lQdo ,Ii t!J. the cllart for e. higher 
final tomperaturo . 
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The charts are based on a reference temperature of 5400 R 
(eO . 3° F). The lleat of combustion of tho fuel, therefore, is to be 
corrected to the basis of th0 5400 R and to the no~mal stat0 of the 
fuel at that temperature before combustion calculations are made. 
These corrections are discussed in appendix A. 

PRINCIPLE OF TRE CONSTANT-PRESSURE COMBUSTION CH.4RTS 

Thermodynamics of eonstant-pross~re combustion . - In order to 
avoid the use of c()mplicatod subscripts the notati:.m 

is used to mean "the value of x at z minus the value of x at y." 

The lovrer enthalpy of combustion of a fuel at constant pressure 
he is defined as the heat (-hc ) removed during tIle con..bustion at 
constant pressure of a mixture of fuel and oxygen W'hen the initial 
and final temperatures are equal and the products of com0ustion are 
all in the gaseous phase. The first law of thermodynamics applied 
to an ideal constant-pressure combustion for loanor-than-stoichiometric 
mixtures leads to 

-T 
hal a _ fhe 

:J T r 
(1) 

The fom of equation (1) and of all subsequent equations implies that 
the value of - he has been corrected by adding to -he t:1e quantity 
of heat that must be added to the fuel to brtng the f ue l to i ts initial 
condition from its standard phase at the ~eference temperature Tr of 
5400 R. (See appendix A.) ilhen this correction has been applied, it 
is unnecessary to include an explicit term for the condition of the 
fuel in the equations for the conservation of energy . 

For leaner-than-stoichiom.etric mixtures, the term (1 + f) hb 
is given by 

(l+f)l;,b ha+fAm.+B 
m + 1 
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where 

- ~ H02)/2 .016 A ;:: (HR2O 

B == (RC02 - R02)/12 

( Arn.+B see reference 1 , equation (20).) The term in equation (2) 
m + 1 

accounts for the difference between the enthalpy of the carbon dioxide 
and water vapor in the burned mixture and the enthalpy of the oxygen 
removed from the air by their formation. 

The substitution of equation (2) in equation (1) yields the 
following relation : 

f ;:: 

-h c 

m 
'l-'-b 

kri1+BI 
m + 11 

~Tr 

(3) 

Two types of chart have been pl~e1?ared by the use of equation (3). 
The first is an alinement chart on ,,,hich the fuel-air ' rat:. 0 is rep 
resented by the slope of a line . This chart permits the solution of 
all problems i nvolving enthalpy changes when dissociation may be 
neglected but its general use may be inconvenient because a geometric 
construction or the use of a parallel rule is required to determine 
the slope of the fuel-air-ratio line . 

The second set of charts, which have a somewhat limited range 
of application) show: (a) temperature rise during combust.ion as a 
function of the fuel -air ratio and initial air temperature; (b) tem
perature rise during combustion as a function of t:10 fuel -air ratio 
and the final mixture temperature . These curves have been prepared 
f or a single fuel . Correction factors permit ' the calculation of the 
fuel-air ratio for other fuels with different hydrogen-carbon ratios 
and low'er heating values . 

Constrl,:ction of the constant-pressure a_incment chart . - The 
alinement-type constant ··pressure chart is shown in figure 1 . 'rte 
linear scale to the left is the enthalpy of air, which was ar-oi
trarily tal.en as zero at 5400 R. The !1orizontal lines marked ,,,ith 
a temperature scale are drawn at the ordinate equal to the cnt:lalpy 
of air at that ter.:perature minus its enthalpy at 5400 R. The 
abscissa is the 1m"er enthalpy of combustion of the fuel hc • 
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Along each temperature line the ~uantity 

-.T 
Am. + B I 
ill + 1· 

-',1' 
r 

is laid off to the left of the zero of the abscissa for three values 
of the hydrogen-carbon ratio m (0 . 10, 0 .15, and 0.20) of the fuel. 
Thus, vertical lengths on the chart represent quantities in the 
numerator of equation (3); horizontal lengths represent quantities 
in the denominator of equation (3) . 

The values of ha, A, and B are given in table I as functions 
of the temperature . 

USES OF THE CONSTM'T- PRESSURE ALINEMENT CHART 

Constant-pressure COIilbustion . - The use of the constant-pressure 
alinem.ent chart to determine the tel":1"peraturo attained by an ideal 
constant -pressure combustion process is il.lust:cated in figure 2 (a) 
by the following example: 

Initial air temperature Ta ) 
Final combustion temperatu~c 
Lower enthalpy of combustion 
Hydrogen-carbon ratio of fuel 

9000 R 

Tb , 1860° R 
hc , -18)900 Btu ]cr 
m, 0.175 

A line is drawn from the point a (located at Ta = 9000 R, 
he = -18 ,900 Btu/1b) to the point b (at tho intersection of the 
18600 R temperature line vith the m = 0.175 line (interpolated)). 
For the purpose of illustl~ation) the right triangle abc is 
completeu. The side bc of the triangle is equal to the term. 

which is the numerator of equation (3), and the side ac of the 
triangle is equal to the tel1m 

-h -c 
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which is the denominator of equation (3). The slope of the line ab 
is therefore proportional to the fuel-air ratio requil'ed foX' t he com
bustion. The scales of tl:e ordinate and the abscissa in figures 1 
and 2 have been so chosen that the fuel-air ratio is one-fm"tieth of 
the actual geometric slope. Two alternative methods are provided 
for measuring the slope of line ab; l:ence the fuel-air l"atio : 

(a) Draw a line through the reference point A (located at 
T = 5400 R, hc = -8000 Btu/lb) pal'allel to the line abo The fue1-
air ratio is found at the intersection of this line with the extreme 
right-hand fuel-air-ratio scale. The required fuel-alr ratio for 
the example is 0.0138. 

(b) Extend the line ab to the right until it intersects the 
abscissa of hc to the right of the zero line at d (he == -18 ,900 Btu! 
lb). Read the fuel-air ratio f2 opposite this intersection 
(0.01828) and the fuel-air ratio :1 opposite the ordinate Tn. of 
9000 R (0.00448) . The reqllired fuel-air ratio f is the difference 
bet,-leen the fuel-air ratios f2 and fl' 

f = 0.01828 - 0.00448 = 0.0138 

The inverse problea of finding the initial or final te~pereture, 
if one temperatUl"e and the fuel-air ratio are ImOi-ffi, is solved 1n a 
sj~ilar manner except that the slope of the fuel-air ratio line i3 
used to deteroine the un.lmmm temperature . 

Reheating by burning add_i tional fuel. - The method of calc1..l.la
tion of the temperature resulting from bQ~ninB additional fuel in 
the products of combustion is shmm in figure 2 (b) • Assume that 
the combustion gas of the example described in figure 2(a) is cooled 
to a temperature of 16200 R. Determine the amount of fuel required 
to raise the temperature of the gas to a temperature of 19000 R by 
burning additional fuel. 

Drm-T a line from the point a {located at To = 16200 d, 

m = 0.175) i-lith a slope of f == 0 . 0138 (par allel to a ' A) until it 
intersects t he ve: tical line for a value of hc of' - 18 ,900 Bt.u per 
pound at b . This point estaj;lishes an i::itial temperatm"e, approx
imately 6300 R, compatible \-,ith a comb _~stion temperature T~ of 
16200 R and the original fuel-air ratio f of 0 . 0138 . Dral-' a line 
from b to c (located at 'I'b = 19000 R, m = 0.175) and t .le 
parallel line Ac' . Ti1e slope of Ac' is the total fuel-ail' rat:i.o 
required (0.0183). The required increment in f'.lel per pound of 
original air f is the difference bet'Vleen these trIO fuel - ail- l~at :i_os : 

~f = 0.0183 - 0.0138 = 0 . 0045 . 
8 
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The increment of fueJ. re<luired may also be determined by 
extending the lines ab and bc to the second abscissa of hc , 
using the scale to the right of the zero line, at d and e , 
respectively , (at hc = - 18,900 Btu/lb) . The difference be-c1-Teen 
the ordinates d and e is 6f , as indicated on figure 2(b) . 

Change of e!1thalpy of a burned mixture with change in te!npej::"~ 
ture . - The use of the constant -:presst~re aHnement chart to (etermine 
the heat abstracted from a burned mixture of combustion Gases during 
a change in temperature is illuBt~ated in figure 2 (c) by the f:;llmving 
example : 

Initial temperature Ti J 26000 R 
Final teLlpel'ature Tf , 1000° R 
Fuel-air ratio f , 0 . 030 
Hydr ogen- carbon ratio m, 0 .175 

Locate the points a and b at Ti = 2600° Rand Tf = 1000° R 
on the m = 0 . 175 line . Dray;· a line vlith s;.opo e<luivalent to 
f = 0 . 030 through each point a and b iutersectins the he = 0 
axis at a ' and b ', respectively . The re<lu i red cnange in 
enthalpy is the difference between the ordinate of a' and b', 
- 469 Btu per pound of original air or - 455 . 5 Btu :?er pound of 
bl rned mixture . This result follovTs immediately from a consj rlera
tion of e<luation (2) . The distance ac in fieure 2(c) is e<lual to 

and the distance cd is equal to 

by the construction . The sum of ac 

(ac) + (cd) 

::: (1 + f) 

9 

and cd is then given by 
- Tf 

Am+B/ 
m + 1 

·.iT. 
1. 

1 Tf 
hb! 

-' T· 
1-

(4) 
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By the construction shown in f i(S~!"e 2 (c) the line seg;·.1ent 
a'b' ::: ac + cd because the 11ne8 aa' and db' are parallel. 

Temperature of a mixture of combustion gases . - The temperature 
of a mixture of tHO gases eacl'. produced "oy the combust ion of a lean 
mixture of ai!" antI a hydrocarbon fuel r.l.ay be calculated by t;10 con
struction Sh~lffi in figure 2(d) . It is assumed that the t,vo f uels 
have the same hydrcgen-carbon ratio . '}'he mixture of the; follm-ring 
two gases may be considered as an example . 

(a) Fluid x , the products of combustion of 1 pound of air 
Wax with 0 . 0138 pound of fuel , fx = 0 . 0138 , at a temperature of 
16200 R. 

(b ) Fluid YJ tho products of coniliustion for 3 pounds of air 
Way with 0 . 021 pound of fuel at a fuel - air ratio fy of 0 . 007 at 
a temperature of 1200° R. 

The :1ydrogen- carbon ratio of the two fuels is 0 . 175 . 

Dravr the 1 inc ca' vitll the slope f x ::: 0 . 0138 t lrou£:l the 
point a located at Tb::: l62CP Rand iJ::: 0 . 175 . Tho Joint a' 
is tho intersect ion of thi s line l-ri th the line hc::: O. Drmr tho 
similar line cb' through the point b 10catoc1 at To::: 12000 R 
and m::: 0 . 175 vTitll the sl09C f Y ::: 0 . 007 . Draw' a hori zontal lino 
froi!l b' to d on the line 1'::: - 1 and a horizontal line fron 
a' to e on the line r::: ~-lay ;Wax ::: 3, whero Wa is t:l0 1wight 
of original ai!" in each fl'..1id . In order to obtain tho greatost 
possible accuracy tho weight ratio r should be expressGd as a 
number groater than 1. The line a ' e} corresponding tc r? 1 
must always be drawn to the left from the point a l on the he ::: 0 
axts eorl~cs::?onding to the fluid having the smaller 'wight. 

Dra1v the line de, which intersocts the line he::: 0 at 13; 
(l.ra\{ the line gc . The temperature of tho Gas mixt ll~C (2.310° R) 
is fOlIDd at . i whore tho line ge intorsoetG the hydrogcn- carbon
ratio line at Ll::: 0.175 . The slope of the l:Lno ef!, is eq'lal to 
the moan fuel-air ratio of the mixturo. The mean fuel-air ratio 
can be determined b~r drmvine tlle lino Ag I parallel to tho l~. ne cg . 
The construction just doscribod solYos the problem of uotorminine the 
tomperature of tho gas mixture boes-use the line de dividos tho 
vertical line segment a Ib I into t1VO sO@llents vrJ.th l CI18tl1s pTopor
tional to r. 

The distanco a'c' ts proport:'onal to fx; the distance b lc l 

is similarly proportional to f y • Tho distence a'b l is then 

10 



NACA TN No . 1086 

proportional to fx - f y and the distance b'g 
portional to (fx - fy)/ (l + 1') . The distance 

j.s tl10rofo':::-e pro
g::; I :1 s then propor-

fx - fy fx + l' fy 
tional to o£y + 1 + l' = 1+""-;-- and tho slope of tl:e lino cg 

corresponds to the mean fuel-air ratio f 81 ven b JT the equatian 

o£x + l' fy 
f = ---~ 

1 + l' 

The l ine cg divides any vorticalline draWl! f rom a' c to 
b I C in~o se~ents yThose J.cnsths are proportional to r . From the 
construction illust~ated in figt~e 2(c ) , the vertical distance 
from i (in fi8 . 2(1)) to the line a ' c is proportional to the 
change in enthalpy of fluid x in Btu per pound of ol~iginal air ; 
Similarly the vertical distance from i to the line b ' c is pro
portional to the change in enthalpy of flu~d y . The construction, 
therefore, satisfies the condi ticm that the change in enthalpy of 
the fluids shall be equal but opposite in sign llhen equilibrium is 
attained; namely, 

because the length of the two segments have the ratio r. 

Afterburning of richer- than- stoichiometric exhaust gases . -
Consideration of the la1.; of the conservation of energy yields the 
o£olloving equation for the temperature produced by the com.bustion 
of 1 4- f p::lUnds of a ricl1er-than- stotchiometric ex.'l-J.aust gas with 
l' pounds of air , when the final fuel -air ratio f/(l + 1') is 
leaner than stoichiometric: 

The value of fuel - air ratio f used in equation (5) 
original fuel-ai~ ratio of the richer- than- stoichiometric 
gas . From equation (2) the enthalpy of the final mixture 
perature Tb is given by the equation 

11 

(5) 

is the 
eX~1aust 

at tem-

(6) 

-.-~-----------------.------. - --~-
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When the term (1 + f + r) hb]~ is eliminated from 
o 

. e~uations (5) and (6), the following more convenient form is 
obtained: 

Tb 

]
Tb Am + BJ 

+ r he + f m + 1 
Tr T r 

where 

(8) 

is the total enthalpy of the richer- than- stoichiometric exhaust
gas referred to the enthalpy of air at the reference temperature 
Tr as the zero of enthalpy. . 

The 3fterbur ning calculation may also be treated as the com
bustion of a fuel with the effective lower enthalpy of combustion 
(hc)eff given by 

When the value of [2 from e~uation (9) is substituted in 
e~uatlon (7), the relation reduces to 

f 

1 + r 
= 

(9) 

(10 ) 

The mean fuel -air ratio f for this combustion is given by 
the equation 

f __ f_ 
1 + r 

where f is the original fuel -air ratio of the richer-than
stoichiometric exhaust gas, 

12 
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A derivation of eCluatio:l.s (7) and (8 ) and the eCluation for n 
in terms of the thel~odynamic properties of the component gases is 
given in appendix B. 

The value of (2 may be obtained from figure 3 in w-hich Q is 
gi ven as the sum of two numbers wand KtI w. The change in D as 
the temperature is changed is equal to t. w for a fuel ,vi th a 
hydrogen- carbon ratio of 0.175 at a fuel -air ratio of 0.08 . Tho 
correction factor K accounts for changes in the hydrogen-carbon 
ratio and the fuel -air ratio. 

The use of the constant-pressure alinem.cnt chart to determine 
the temperature of a mixture of exhaust gas and air with afterbur:l.ing 
is illustrated in f:;.gure 4 by the follmving eXaJiJ.ple: Determine the 
temperature attained by the afterburnip..g and subsequent mix::'ng of 
1.08 pounds of richer- than-stoichiom.etric exhaust Gas , fuel -air 
r atio f of 0 . 08, hydrogen-carbon ratio m of 0 . 175, and an exhaust
gas temperature Te of 1980° R, ,-r:.th 2 pounds of air at 411° R. 
(Note tilat r = 2 . ) 

From figure 3, the value of w = 767. 5 and Kt.w= O. The 
value of [2 is therefore 767 . 5 Btu per pound of air . The necessary 
construction is shmm in f igure 4. The point a I is l oce.ted on the 
line hc = 0 with the ordinate ha = [2 = 767 . 5. (It vr111 of ten 
be necessary t o extend the scale of ordinates beyond 900 Btu/1b of 
air . ) From this point, the f i_nal temperature is determined exactly 
as in the case of a mixture ()f tvro leaner-than- stoichiome-t.ric com
bustion gases . 

Draw a line tJ:U'OUG"l a I .ri th the slope of f eClual to the 
fuel--air ratio of the richer-than-stotchion:.etric exhaust cas 
(f = O. OS ) intersecting at c the li~1e be drawn at the a ir tem
perature Ta '"' 4110 R . D-.caw a horizontal line from a I to e 
under r = 2 . Draw a horizontal line from b t o the point d at 
r = -1. Draw the Hne ed, i-,hich intersects hc = 0 at g . 
Draw tne line cg. The final combustion t emperature i s found at i 
"\.,here the line eg intersects the hy1roGen-carbon -rat io line 
m = 0 . 175. The final temperatu:::'e obtained by afterbur nine; and sub 
seCluent mixing is 1425° R. 

The'point c is located at the value of the abscissa 0~ual to 
the value of (hc)eff given by cCluation (0), as can be seen from 
the construction . The S101)e of the line 08 corresponds to tho 
mean fuel-air rat ic f (equation (11)) . 

13 
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The highest tem~erature of afterburning that cal! be calcu.lated 
with this chart is that for a stoichiometric final mixture. The 
temperature for burning just to stoichiometric mixture for the example 
cited is 25600 R (2100° F) and is obtained Ivith approximately 10 ~0r
cent air at 4110 R. 

Heat balance of an internal-comoustion engine . - The quantity of 
heat in the eXhaust -gas of an internal-combustion engine to be used 
in constructing a heat balance is given by 

l
Te 

(1 + f) hb 
-'Tr 

for leaner-than-stoichiometric mixtures and by the quantity 0 for 
richer-than-stoichiometric mixtures . In each case this quantity is 
the enthalpy per pound of original air in the burned mixture . 

SPECIAL COI·ffiUSTION CHJL-qrrS 

'IVo special charts for !:laking combustion calculations have been 
prepared . (See figs . 5 and 6 . ) These charts ShOll the tem~erature 
rise 6T during ideal constant -pressure combustion for a fuel with a 
lower enthalpy of combustion hc of - 18,700 Btu per pound and a 
hydrogen-carbon ratio m of 0.175 . The plots of the two correction 
factors Km and Kh that permtt the calculation of the fuel -air ratio 
for other fuels with different hydrogen-carbon ratios and lower heating 
values are included as inserts . The fuel -air ratio f is the product 
of the chart fuel-air ratio fl and the two factors Km and K11 

The two correction factors have been so adjusted that the correction 
is exact for the average variation of the lower heating value with 
the hydrogen-carbon ratio of the gasolines, kerosenes, and light 
fuel oils currently available . The assumed average relation is 

hc = - (15,935 + 15,800 m) (12) 

The corrections are also exact for a hydrogen-carbon ratio of 0.175 
for any l ower heating value . Small errors exist for other combina
tions of heating value and hydrogen- carbon ratio. For example , the 
fuel quantity calculated for a combustion temperature of 30000 R for 
a fuel with a hydrogen- carbon ratio of 0 . 084 will be in error about 
1 percent for every 1500 Btu per pound that the lower heating value 
of the fuel varies from the value given by equation (12) . 

14 
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USES OF TITE SPECIAL COMBUSTION CHARTS 

The use of these combustion charts is illustrated by the following 
examples using a fuel with a hydrogen- carbon ratio ill of 0 . 100 and a 
lower enthalpy of combustion hc of -18,300 Btu per p:::>lmd.. 

Constant-pressu~e combustion. - Find the combustion temperature 
Tb resulting when 0 . 02 pound of fuel is burned with 1 pound of air 
at an initial temperature of 6000 R. First estimate the combustion 
temperature from figure 5 using an approximate chart fuel-air ratio 
fl equal to -£'hc/18,700 = 0 . 02 X 18 , 300/18,700 = 0.0196. From 
figure 5, for the approximate chart fuel -air ratio f' of 0 . 0196 
and an initial temperature Ta of 6000 R, 6T is 13520 Rj there-

• 0 0 
fore Tb is approximately 6000 + 1352 R = 1952 R. Determine the 
correction factors Km and Kh from the correction inserts and 
calculate the chart fuel -air rat:o. 

Kh = 1.023 

Km ::: 0 . 9890 

f' ::: f/Kh KID = 0.02/(1 . 023)(0 . 989) ::: 0 . 1977 

Repeat the calculation of 6T using the new chart fuel -air ratio 
of 0.1977 . At this chart fuel-air ratio 6T::: 13660 Rj therefore 
~ ::: Ta + 6T = 600 + 1366 = 19660 R. The corresponding combustion 
temperature calcgla-ced from figure 1 by the method shmiU in fig
ure 2(a) is 1966 R. 

ReheatiI~ by burning additional fuel. - If the gas of the fore
going example is cooled to lBOOO R and reheated to a temperature of 
23000 n by burning additional fuel, determine how m:.lch additional 
fuel is required. This calculation is made by finding an initial 
air terJperature consistent \vith the hot-gas temperature, fuel-atr 
ratio, hydrogen-carbon ratio and lower enthalpy of combustion of the 
fuel. This calculated initial temperature is used to calculate the 
fuel-air ratio required to produce the desired reheat temperature . 
The additional fuel required rer pound of original air is the dif
ference between the new fuel-air rntio and the original fuel -air 
ratio. Determine the correction factors K~ and Kh from the 
known values of he 'and m from the correction insert of figure 6 
at 18000 R. These values are 1.0230 and 0 . 9904 J respectively . 
Calculate the initial chart fuel-air ratio f l ' 

15 
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and find the corresponding 6T for Tb = 18000 R from figure 6; 

the value of 6T is seen to be 13970 R. The corresponding initial 
temperature is 

Ta Tb - 6T = 1800 - 1397 = 4030 R 

Determine tbe chart fuel-air ratio f' requi:red to produce 
a combustion temperature Tt = 2300° R by burning fuel with an 
initial air temperature Ta of 4030 R (fig . 5): 

Calculate the correction factors Km and Kh corresponding to a 
temperature of 23000 R 

ISn 0 . 9855 

Kh = 1.0236 

The combustion fuel -air r atio f2 1s ther efore 

f2 = f'2 ISn Kh = (0 .0282)(1 . 0236)(0 . 9855) = 0 . 02844 

The additional fuel required is then 

6f = f2 - fl = 0.02844 - 0.02 = 0 . 00844 pound of fuel per pound of 
original air . 

The corresponding increment in fuel-air ratio calculated from fig
ure 1 is 0 . 00840 . 

Temperature of a mixture of combustion gases.~ - The temperature 
of a mixture of combustion gases may be calculated by finding a 
consistent initial air temperat;ure for each gas of the mixture, as 
in the first part of the ]1receding example . The temperature of the 
mixture of the two masses of air uoed in the original combustion is 
then calculated and also the mean fuel-air ratio of tbe entire gas 
mixture . The final mixture temperature is then fOlmd by burning 
the averaged mixture. The enthalpy of dry air is shown in fiBure 7 
as an aid to calculating the air-mixture temperature using the 
equation 

Wax hax + Way hay 

16 
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As an exa1Uple compute the tJixture temperature of the following 
combustion gases: 

Fluid x) the product of combustion of 1 pound of air 'Hax 
with 0 . 0138 pound of fuel) hydrogen-cc:.rbon ratio ro. of 0 .1) fuel
air ratio fx of 0 . 0::"38) at a temperature - T-ox of 16200 R. 

Fluid 
with 0 . 021 
air ratio 

y, the ~l'oduct of combustion of 3 pounds of air I-lay 
po~~d of fuel, hydrogen- carbon ratio Dl of~Ool) fuel
fy of 0.0070) at a temperature Tby of lluO R. 

Because the mixture tempe::..~ature is independent of the heating 
value of the fuel ) it is not neceasary to apply the correction for 
the heat of combustion but only that for the hydrogen-carbon ratio. 

The chart fuel -air ratios of the fluJ.ds} the temperature 
changes and the correspondins initial terpel;'atures are: 

fx' ::: O. 0138/Km ::: (0.0138/0.9918) ::: 0.01391 

ClTx = 987 

Tax = 1620 - 987 ::: G33° R 

fy 
, = 0.0070/I{m ::: 0.0070/0.9960 = 0 . 00703 

ClTy = 525 

Tay ::: 1100 - 525 ::: 5750 R 

In this case the two initial temperatures are so close that their 
weighted average may be taken as the mean air mixture temperature Ta 

In general, Ta must be found by calculating the enthalpy of the 
air for each Ta from figure 7 and determining t}:;.e ,",sighted average 
enthalpy, which is then used to find the mean temperature from 
figure 7 . 

Assume that the mixture is ncm burned from an initial ail' tem
perature of 5900 R. 1'he estimated final temperature is obtained by 
using an estimated value of Km equal to tile 1-reighted average va:-"ue 
for the two fluids at their inittal temperatures 

Km = (3 X 0.9960 + 0 . 9918)/4 ::: 0.9950 

17 
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The mean fuel - air ratio of the mixture f is 0 . GOS7 

f l = 0 . 0087/0.9950 = C. 008743 

F-.com figure 5 , 1T is 647 0 R; the mixtt~re tenperature Tb is 
therefore 5900 + 6';7° ::; 12370 R. As a check, the value of K£l for 
this value of Tb is 0 . 9951, whic!:. is sufficiently close t o -:'118 
assumed value . The corresponding Llixture tomperature ca1c".11ated 
from f1gure 1 is 1240° R. 

This method can be applied to the calculation of the aL10unt of 
fuel necessary fo!' relleattne; by burning addltional fuel and to the 
calculation of mixtl;re ter-:.perat,res only if the apparent ini t-Lal 
temperatures corresvondinG to t~e biven state of the burned mixtures 
are real physical tem:?eratures . TilG calculations can be made frOLl 
figure 1 'rrithout rega:~d to this limitation . 

Aircraft Engine Research Laboratory, 
National Advisory COL~ittee for Aeronautics , 

Cleveland, Ohio, October 10, 1945 . 
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APPENDIX A 

CORRECTION OF HEATS OF COMBUSTION TO THE REFERENCE 

TEMPERATURE OF 5400 R 

The heating value usually determined from measurement8 in a 
combustion bomb is the lower internal energy of combust I on nt 
constant volume ee rather than the lower enthal~y of combustion . 
For most uses , t he differences between these two heats of combus
tion are negligible . 

The difference (-ee) - (-hc ) 18 due to the work done dis

placing the atmosphere P6V which ts equal to 6(PV ) for the 
processes at constant pressure . The gas constant of the burned 
mixt ure ia given by equation (21) of reference 1, 

R m 
(1 + f) Rb = Ra + f 4 . 032 m + 1 

and the external work done in a constant - tomperature process 
(in Btu/lb of fuel) therefore is 

6(PV) 
fJ 

---.L- RT _m_ m = 0 . 493 T 
4 . 032 J m + 1 m + 1 

For example, the difference (-ec ) (-he ) is 40 Btu per pound 

for octane at 5400 R. The minimum probable error in very procise 
measurements is about 25 Btu per pound. In most ordinary deter
minations, the probable error is betw'een 50 and 100 Btu p8r pound 
and ther efore is larger than the differ enco betweon - or; and -hc ' 

The heat of combustion is stated for a reference temperature 
Tr , usually 150 C to 250 C (590 F to 770 F) . The variat i on of the 
heat of combustion in this range is, however , very much smaller 
than the uncertainty in t he measurements . For hydrocarbon fuels , 
the lower heat ing value increases with temperature according to 
t he relation, 

2 . 242 m + 0 . 15'(3 
cpf - m + 1 
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at temperatures in the neighborhood of 5400 R 

where 

a = (CPH20 - 1/2 C
P02

)/2 . 016 

- Cp ) /12 IC 
\ PC02 

b 
O2 ;1 

cpf specific heat at constant pressure of fuel 

Assuming that cpf = 0 . 5 Btu per pound per ~, the increase in the 

l ower heating value with an increase in reference temperature is 
less than 0 . 2 Btu per pound per oR. 

If the fuel is introduced, however, to the system at a temper
ature other than 5400 R, the heat of combustion must be corrected 
by adding t o the lower heating value the quantity of heat that must 
be added to the fuel to bring the fuel to its initial temperature 
and condition from 54Qo R. This correction is a uproximately 
0 . 5 Btu per of f or fuel in the l i quid phase . If the fue l is vapor
ized, the latent heat of vaporization must be added if the lower 
heating value was given f or fuel in the liquid. phase . 

20 
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APPENDIX B 

THE AFTERBURNING OF RICHER-THAN-STOICHIO~~IC EXHAUST GASES 

Consideration of the law of the conservation of energy yields 
the following equation for the temperature Tb produced by the 
combustion of 1 + f pounds of richer-than-stoichiometric exhaust 
gas with r pounds of air: 

From equation (2) 

Tb 
(1 + f + r) hbJ = (1 + r) 

o 

Tb 
= (1 + f + r) hb] 

o 

T Tb 
h ] b + f Am + BJ a m + 1 

o 0 

(5 ) 

(6) 

provided that the final mixture ratio is leaner than stoichiometric . 

When equation (6) is substituted into equation (5) and the term 
o 

(1 + r) ha] added to each side of the equation the following 

Ta 
equation is obtained 

(1 + f) hbr ]

Te 

]
Tb .Am 

:: (1 + r) ha + f -m--
o Ta 

If the term f.Am + BjTr 1s subtracted from each side of equa
m + 1 

o 
tion (13) and it is noted that 

the following equation is obtained : 

21 
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(14) 

The value of the first four terms of the left-hand side of equa
tion (14) depends on the tem~erature and the composition of t~e hot 
exhaust gas . The calculation of the sun of these terns can be 
simplified by a suitable collection of terms . For convenience let 

l
Tr 

_fAm+B 
ill + 11 

-0 

(8 ) 

-Te 
The value of the firs'c two terms (1 + f) hor I - hchem may be cal

-t o 
culated fr o!1l equations (25) and (26) and tabJ.e II of reference 1: 

'I{here 

The enthalpy as definecl b;l equation (26) in refer ence 1 includes 
the cheuical enthalpy . Wnen equatio~s (3 ) and (15) aTe combined, 

-re -'I Tr I -Te 
_ AJTr ) 

~Te (Qz)a re D - B, + m~EI -:Te --0 - -0 ,- 0 oj 
(H2 ) F I 

(2 = ha - --c + f + - I 

Me. 0 ill + 1 HI -Tr 
a_ O 

(16) 

22 
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Equation (16) may be simplified by writing 

wher e 

o = u + f mX + Y + (H2 ) IV 
m + 1 

]
Te 

X = E 
o ]

'fr 
- A 

o 

J
Te JTe 

Y = D - B 
o 0 

The values of U, X, Y, and W, which are functions only of Tel are 

givAn in table II for dry air . The values of (H2) computed by 
means of equation (25) of reference 1 are given in table III . 
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TABLE I - FACTORS FOR COMPUTING THE ENTHALPY 

,--_. 

T 
(oK) 

200 
300 
400 
500 
600 
700 
800 
900 

1000 
1100 
1200 
1300 
1400 
1500 
1600 
1700 
1800 
1900 
2000 

OF LEAN-MIXTURE COMBUSTION GASES 

T 
(OR) 

360 
540 
720 
900 

1080 
1260 
1440 
1620 
1800 
1980 
2160 
2340 
2520 
2700 
2880 
3060 
3240 
3420 
3600 

ba 
(Btu/lb ) 

A B 

85 . 99 --------- --------
129.13 1,195 .8 26.042 
172.48 1,602.6 60 . 767 
216.40 2,016.9 105 . 33 
261.13 2,442 . 8 157.18 
306 .85 2,884.9 214 . 38 
353.62 .3,343 . 3 276 . 07 
401.38 3,821.0 341. 50 
450 . 04 4, 321. 6 1 410 . 00 
499.54 4,842.9 I 481. 42 
549.73 5, 388 . 6 554 .75 
600 . 58 5,956 . 6 630 . 25 
651 . 90 6, 548 . 9 707 . 92 
703 . 86 7,152 . 6 785 . 50 
756.19 7 , 780 . 8 865.00 
808 . 94 8,423.1 I 945.33 
862.04 9,081.3 1026 . 58 
915.47 9,754 •2 1 1108.25 
969 . 17 10,440 . 2 1190 . 25 . 
National Advisory Committee 

for Aeronautics 
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TABLE II - FACTORS FOR COMPUTING THE ENTHALPY 

OF RI CH -MIXTURE EXHAUST GAS 

T T 
U X Y W 

(~) (OR) 
300 540 -1756.90 60,ll5 . 4 20,198.8 -610.76 
400 720 -1716.47 60,622.0 26,267. 1 -602.85 
500 900 -1673.67 61,074.9 20,324.6 -590 . 97 
600 1080 -1628.85 61 ,497.5 20,375.4 -576.84 
700 1260 -1582.24 61,909 .3 20,422.4 -561. 91 
800 1440 -1534.01 62 ,318.2 20,467 - 546 .44 
900 1620 -1484.37 62,731.2 20,511 -531.03 

1000 1800 -1433.51 63 ,156.2 20,554 - 516 . 02 
1100 1980 -1381. 52 1)3,592 20,597 -501.21 
1200 2160 -1328.68 64,048 20,640 -487 . 51 
1300 2340 -1275.49 64,517 20,683 -473.56 
1400 2520 -1220.61 65,006 20,725 -460 . 51 
1500 2700 -1165.61 65,505 20,768 -447 . 61 

. '--. 

TABLE III - HYDROGEN CONTENT OF EXHAUST GAS 

Fuel- Hydrogen-carbon ratio of fuel 
air 

0 .101 0.125 I~ ratio 0.084 I 0.150_ 0 . 175 0.189 0.200 

Concentration of hydrogen, mole per mole or original air 

0.07 ------- ------- -------
. 08 0 .00323 0 . 00543 0 .00984 
.09 . 01218 .01662 . 02478 
.10 .02380 .03091 .04332 
. 11 .03803 .04809 .06499 
.12 . 05471 . 06779 . 08918 

'-
0.00100 0.00398 0.00597 0 .00764 

.01530 .02190 ,02560 . 02881 

.03408 .04431 .05035 . 05518 

. 05677 .07094 . 07909 . 08551 

.08260 .10061 , ll077 1 .ll870 

.110831 .13250 . 14456 .15391 

National Advisory Committee 
for Aeronautics 
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Fig. 3 NACA TN NO. 1086 
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Figure 3. - Total enthalpy Q of richer-than-stoichiometric 
exhaust gas. Q = w + K~w. (A 17 1- by 19-in. print of 

2 
this figure is attached.) 
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Figure ~. - Use of the constant pressure al inement chart to 
determine the temperature of after burning of richer-than
stoichiometric exhaust gas. 
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Figure 5. - Temperature rise during ideal constant-pressure 
combustion as a function of ini:iaJ temperature; 
f - f'KmKht (A 15- by 21-in. print of this figure is 
attached. ) 
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combustion as a function of the combustion temperature; 
f = f'KmKh' (A 16- by 21-in. print of this figure is 

attached.) 
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