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The cbject of thie peper la, to show how the temperature
of & gas flume 1ls affected by the amount of air supplied %o
burn this ges; also, te show how the temperature of the fleme
ls affected by preleating this air supply.

Thie papef 18 limited to a theoretical discussion, and the
datn calculeted is besed upon & sample of natural gus from the
North Osage Field in Oklahome.,

The nnel ysls by volume and by weilght, of this ssmple of
gas is shomn in the teble below., The dsta ond method uased to
calculate the analysis by weight are slso shown,

Weight of each

Percent by voluue Lbe. per constituent in Percent by
Cu., Ft. a Cu.Ft.of gas  Weigbt

005 1.50 0.11634 0.00174510 3.37
03 0.28 0.08462 0.00023693 - 0.45
CH, 74,64 0.04231 0.03158018 61.06
Cofg 13.26 0.07933 0.01051915 20.34
N 10.32 0.07404 0.00764092 14.78

100.00 BT 0.05172228 100.00

It is Iinteresting to note that the gpecifiec gravity of
thiec gus is 0,673 and this is en aversge figure for the apec;
ific gravity of the natural gas of the mid-continent Field.
(The specific gravity was obtained by dividing the weight of &
eublc foot of grs by the weight of the same.volume of ally, meus-
ured Qnder stendard conditions.)

Tais gas conteins two combuatible gases, nesmely: CsHg and
CHg; &nd the celorific velue is detemmined by multiplying the
heating value in B,T.U.s per pound of the two combustible gases

contained in the sample by the weight of these gases contained
36287
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in one pound of the mample.

The results of Favre snd Silberzan ere here used for the
¢alerific valus of the combustible gases, us shown dbelow:

CHy - = « « « o o s o o o o o o s o s o 20,8106 x 23513=1435%
CoHar « o o o o o« o o o« o o ¢« o« o s « « 0.2034 x 22338=_4534
Total 18200

The sbove totsl, 18200, is the grous heating value of tke
sample in B.T.U.e per pound. Thie value when reduced to the B,T,
T.e per cubic foot, becomes 277,

The net calorific velue of the gas ie obtained by subtract-
ing the latent heat whick is contained in the stesm that is form-
ed when the combustlion of the hydrogen eccurs, thbese values are
shown below:

CHy « ¢« « « & ¢« ¢« s o o o o o o+ » « . 0.6106 x 20998= 12821
CEH5° c s s s e s s s e s u e s s s o« 0,203 x 20328=__413¢
Totel 158965

The above total, 1£255, 1s the net heating veslue of the
pample in B,T.U%8 per pound. This value when reduced to the B,T,
U.e per cubic foot of gus, becomes 877.

The net calorific vulue is the ¢uantity generelly used in
making calculetions, because the latent heat is very seldom re-
covered from the steam in the products of combustion.

¥ren complete combustion of this sample of gas occurs, then

the following equutions represent the chemical reamcticns that take

Place:
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CEy + £ 0y = COu% 2 Hp0.
2 CoHg + 7 0 = & CO; + 6 H 0,

Fran the sbove @quations the amount of oxygen reguired te
burr. one pound of CHy is cslculated as 4 pounds, and the oxygen
required per pound of 0238 is 3.73 pounds. The al r aeceded to sup-
Ply enough oxygen to burnm one pound of the gas ls cslculated as
followa:

CI{_; L] . . L] . L] . L] . L] L] 3 (] (3 . »* L] . 0.5106 X 4 - 2.4‘;8&

i —

cdHG. B e & & & d e ¥ a2 e A m e s & 0.203& x 3.?3- Q‘.f"’f’e?

.2011
The oxygen already present ir the gas should bde
ti‘ibtra.ct’?d L] L] L] L] L] L] L] . L] L] L] [ ] L) L] L] (] [} L] L] _0‘1_00—45_
3.1566 1lbs,
of 0z.

The weight of alr which will contain this number of pounds
of oxygen 1s:

T
53,1966 X === + 33,1966 = 13.8982 pounls. For convenience in

calculatlons, 3?92 pounla will be used insteed of 13.8982,

The products of cambustion obtained when & pound of this
gns 1s burmed with the exact smount of sir needed, 1.e. 1%.9 pounds
mey be calculated as skown in the table below:

Analyeis of CO; per 1b. of H;0 per 1lb.of N
gas by weight

I

Constituent Mixture Conetituent Mirture

o, 5437 0.0357 *

CHy €1.06 2.75 1.6791 2.25 1.3739

Cofig £0.84 2.93 0.59¢€0 1.90 0.%Z6€1 10,7016 Np ina
N 14.78 0.1478 " v g

2.3088 1.7400 10,8494
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For- convenience in calculatione, the following velues will

be used:
- |

Totﬁl 14.96 le .

The anelyses of the producte on combuetieon by velume, when
the exmct amount of air nesded is supplied, andi when tlere ias

an excesg of 10%, wre shown by the tables following:

Cu. Ft. Percent by Percent by volure
Lbs. per 1lt. volume, reglecting water vapor
CO, £.31 x 8.681 = 20,053 9.8 12.0
Ho“0 1,74 x21.057 = 56.639 18,0
No 10.85 x13.506 =146,540 72,2 88,0
14,90 503.232 100.0 100.C

When there is 107 excess of slr by weight, then the pro-

ducts of cambustion will be s £follows:

Ibs. Cu. Tt, Percent by Perceént by volume
per 1b, volume neglecting water vapor
COp 2.51 x 8,681 = 20,063 ©.0 10.8
H, G 1.74 x 21,007 = 36.,63¢ 16.5
o 11.92 x 13.506 = 160,991 72,8 87.2
0z 0.82 x 11,818 = 3,788 1,7 2.0
221.480 100.0 100.0

HEAT OF FORMATION OF COMBUSTIELE GASES.

Tho heet of formstion of a combustible gus may be defired
gy Lhe difference between the thermal velue of +tket gas und the
theruel value of its constituent elements. This quantity for sny
gao is the same whether the gaes is broken up into ite constitu~

ent elements, oy whether {t ig formed from its constituent ele-

ponte.
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The heat of formetlon fcr the Parafinc Series of Eydrocer-
tong is & mirus quantity, i.e., a certsin suount of heet nust be
gupplied to perform this irnternal weork; and for the Olefine fer-
fep it 1o & positive guantity, i.e., & certein amount of hest is
liversted during the change.

The following culculations show how the heat of fommtion
for thiu sample of gus was obtainped:

The following constants are teken fTrom the results of Favrie
pnd S8ilvermenn. Thermel value in B.T.UlLs per 1lb., considering the

water of coambuation s8 & liquid:

0% S o 14544
H ., & v . €2082
CH *« » & 25513
Cg%H, . . . 28838

Now, & pound of CH; contains twelve parts of C and four parte
of H; so that, theoreticelly, ite eelorific velue should be
/4 x 14544 + 1/4 x 62032 = £6414 B.T.Uls
This difference between 26414 and 23513, which is 2901 R,T.
Urs, is the hest formation for CHy,
By spplying this ssme process to obtein the heat cf formation
of C,fg there is obilained

(% % 14544 + % % 62032) — 22338 = 1703 B.T.U's

Now, the hegt of formmtion of the sauple of ges under con-
glderstion is obteined by multiplying the percentege, by weight,

of CH; and CoHg in the gas by their heats of formstion, as fgllows:
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CH, .£106 x 2901 = 1771
0, Hg 2034 x 1703 = _346
2117 B.T.U%s
Yhen & pound of this gas ie burned, thie figure must be
pubatrected fram the total heat velue of the gas, because this
guentity 1g used as irternel work, and im not svaileble for

kesating the products of cavbustion.

FLAME TEMPERATURE.
Fleme tempereture is here taken to meen tke tempereture
to whiclk the prodecuts of cembustion, formed by the clemicel un-
ion of pxygen and tho gns, will be ruised by the heat that ie
liverated dvring this reaction, Now, the thermal capacity of the
products of conbustion can be cmlculsted from the thermal cepac-
ity teble given on pape 53C, Kent. A cwrve can then be drawn '
showing the relation between the heat liberated snd the tempera-
fture t¢ which the products of combustieon will be ralsed. Then,
if the keat content of the mixture ie known, by referring tec tke

cuiyve, the fleme tempereture cen be aacertained,

Seven curves ere drawn, (Plate 1.) Curve "O" ghows the ther-

unl cepscity of the producte of combustion et dlfferent tempera-
turees when there is the thegretical emount of wmir required for

perfect combustion pregent in the mixture.

Curve "A" ghows the conditions when the over-ventilstion is 10% of

Curve "B® " " " " ] n ] " 25% "
Curve won n " " " n " " "5 o% "
Curve D" " " " U] ] " n " 10.0’{ "

Curve "X" whern there is only 90% of the air required.
Curve "Y" wken there is 75§ of the air required,

"
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The duts for esch curve sre worked out in the following
puges, each step in the process being explained. Actuel uge
of these curves to obteir values for the temperature of the

flame L1a explained in the last few pages of this paper.

THERMAL CAPACITY AND SPECIFIC HFAT TABLFS,
The following table of thermal cepuacities in calories per
kiloprem was taken from Kent's Mechanicel Fngineer's Pocket Boek;
the velues in B.T.U’g per pound, were cslculated from this data,

The specific hest teble was also calculated from the seme source,

THERMAL CAPACITIES

ngp. Temp. Calories per kilogram B,T.U. per pound

°c Co, €O H0 Alr 0 CO HO Air

Ne No

[~ ~
1832 1000 27T 217 609 2566 498 475 1097 461
2192 1200 354 325 770 515 637 586 138¢ 567
2858 1400 435 283 943 372 784 6&20 1695 670
2912 1600 523 445 1130 425 Y42 802 2038 76l

SaTe 1800 6l86 508 1530 493 i1l2 915 £395 8487
S6&c 2000 728 575 1542 508 1310 1035 2780 1005

S8PECIFIC HEAT IN B.7.U.8 PER POUND
Temp. cCO

o oy COZ Hz HBO 02 Air
<00 392 216 +» 200 +000 «236 ek’
600 111= &0l 24 «04d 028 o 245
800 1472 « 260 « 259 «57b « BE6 o201

1000 1832 277 b4 « 609 232 206

1200 2192 295 271 o B4 8% o263

1400 <008 « 311 276 «675 39 o267

1600 £91e o 0BT .278 . 708 + 245 o0

1800 T 345 282 . 738 247 274

2000 5655 o G4 «288 o773 <051 .280



Ba

Themeal cepacity of products of combustion when 100% or
e alr reguired is supplied:

Constituent Los., in proaucts of

combustion from 1 1b, o Tewp., Op, -

gas. 2552° 29120 32720 3632

co,, 2.31 1811 2178 2572 3280
v 10.85 7480 8700 9940 11350
.0 1.74 2950 3542 4170 4840
Totals 12241 14420 16682 19470

Tle sniove totals are the data i or cvurve O,

Therwel capaclity of products of cambustiorn when toere is
10/ excess of air, which meens an excess of 1.39 lbs. air per

powni of ges:s

Temwp. Op
56620 29129 52720 36329
COz, H,0 end Ny 1224) 14480 1le6sz 19470
1.39 1be. sir 932 1058 1232 1398
Totels 13175 15478 17914 20868

The wilove lLotals are the data ror Cwive A,

Therwel capacity of products of combuetion wihen there is

e excess of sir of 258, or 3.475 lbs:

Tewmp., 9F
LH6e® 291c 32720 35320
Coz, EgO, N» 12g4l 14420 16685 19440
354475 1ba, air 2325 2645 5080 3495
Totals 14568 17062 19762 22965

The above totels are the data I or Curve B,
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Thermsl capacity of products of combustion wien 150% of the

#ir reguired is supplied:

L. Op
Temp, F. o
Poundég 18329 21920 25529 29129 azveo
CO; 2. S 1150 1470 1811 2178 EHT7TE
Ny 10.85 5160 6350 7480 8700 9940
H.0 1.7 1210 2410 2950 3042  41%0
Totuls BEZ0 10230 12441 14420 16682
Alr axcess 6.695 3080 3800 4480 5100 5940
Totulsa 11300 14030 16721l 18520 <xb6iL

e
1

e mbove totals are the data for Curve C.

The thermsal cepacity when the air excess is 100% ie es follows:

18329 219&° 20520 5eve©

COb, g, HgO 8220 10330 12241 144<0
aiyr in excemps 15.9 lbs. 6150 7600 9320 11580
Totals 14400 17830 21561 <6000

The above are the data for Gurve D.

Thernel capecity of products of combustion when the alr supply
is 10¥ less then that which 1s theoreticzlly needed. The combustion
taken place according to the following equations:

CHy + 1.8 Og = 2 Hy0 + 0.6 COg + 0.4 CO
2 OpHg + 6.3 O = 6 H:0 + 2.6 CO; + 1.4 CO

The products of combustion are shown by the following table:

Analysis of COgzper 1lb. of CO per 1lb. of N.O per 1b.of

mixture. Constit. Mixture Constit. Mixture Constit. Mixture N
CHy 1.66 1.0075 0.70 0.4274 2.85 1,574
C2Hg 20.34 1.91 0.3885 0.656 00,1520 1.80 0. 560 .
N 14,78 0.1478
N in
air 9.83 9.6315

1.4297 0.5594 1,720 9,%¢94
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Therusl cepuacity of products of combustion:

los, 25539 29120 3272° 3620°
Co,, 1.45 1120 1348 1590 18%2
Cco 0,56 : ~ .
7150 8500 3480 10720
Ny 9.78
H-0 1.74 £950 5642 4170 4840
Totala 11220 15190 15240 17432

The moove totels ars the dets for Curve X,

When the alr supply is only 75% of that needed, then the
comhustion takes place according to the following equations:

CHy + 1.5 0g = 2 Hy0 + CO

2 CpHg + 5.2b0gz = 6 H,0 + 4C0 + 0.25 CO :

The produets of cambustion are ug follews:

Analysis of COz per 1b. of CO per lu, of Nz0 per 1lb, of

mixture Conptiv,Mixture OConstit,.Mixtwe Constit.Mixture
Co,, 3.3% 0.3357
CH 61.06 2.25 l1.374 i TH 1.07
Czfls 20,3  .367 0.0746 1.8  0.366  1.87 0,38
Nz 14,78
Hs in air
0.108 1,740 1,45

.Theruml capacity of products of cowbustion:

Lbs. Temp, °F,
18329 21929 25520 29120
Co. 0.11 55 70 Qg 104
H, 7 1910 410 2550 3047
ad + 1 9.63 4580 5650 8850 Y730
Totals 6545 8150 96R6 11376

The totals are the data for Curve Y.

0,148
8.057

8,185

182
4120
8800

15082
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Example Showing Use of Curves,

The net calorific power of the gas in L.T.U.’s per
pound, was calculated to be 189D5; slso tie heat of lomstion
wig calculated to ve £1)7 B.T.Uls per poundi of gas. The net
heat evailable to inoremse the temperature of the products of
conbustion is eguel tg 1l6955-2117 = 14838 B.T.U.J8. by refer-
enee to curve 0O, plmte I, the temperature corresponding to
this value is 39600, anld this is the thecoretical flame where
there is supplied the exact amount of air required,

In the sswé menner the following values are takem frouw
Curves A, B, C and D, mnd represent the flamue temperatures un-
der the conditions Tor which the curves are drawn, snd wien
there is no preheating of the wir supply:

Curve 0 29800

" A 28100
" B 25920
"G 23059
" D 1880%

Now, for Curve X, where the air supply ie 90% of that
needed, the heat available 1s 14838, minus the heat value of
the 0, 55° 1bs, oI CO which pass out unburned, and this 1is
0.559 x 4400 = 2460 B,T.U.8, 80 that the net heat available
is 12878, and this corresponds to a flame temperature of £7859.

For Curve Y, there are 1,45 lbs. of CO unburned, so that
ths net heat mvailable is 14838, minus 4400 x 1.45 = 8458 B,T.U.s
und thie corresponds to a flame temperature of 22709,

The above values for Curves X and Y should be slightly bigh-
er because the correction for the heat of fomation should be
wade; but dhis is so suall as to be negligible,

The above points on the Curves O, A, B, C, D, X and Y,
which show the fleme temperatures when there is no preheating
of . the alr supply, eare connected by the curve M,M.,M, This curve
is very interesting, in that it shows the effect of over-and
under-ventilation upon the flame temperature.
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The Curve M on Plate 2 shows tle offect .of ever-ventiléa-
tion and under-ventilation on tle fluuwe tewperature, This
curve is worked out on a percentage basis, uwo tiat tke impor-
tunce of heving the proper Quantisy of air supplied, usay be
sesrn at a glance,

The above process mey be applied to the ordinary couwer-
¢cial cowbustible gases. It is interesting 10 note that the
sbove calculations more closely approach the actusl values,
us found in practice, then do the resulta or other nethode
thet do not take 1nto amccount all the factors timt Lave Oeen

conieidered 1in thie puper.

EFFECT OF PREHFATING AIR,

When toe air for coumbugtion is Prelieated, thern sensivle
heat is sdued te the wixture, end this sensible heat must be
added wo the smount e heat already availnbile in the ges in
cvder to get tne figure for the total heat avelleble, Then, by
referring to tie curve which corresponds to tie comndition of
over-ventilation and umwler-ventilation, tne flame temperature
is ovtained,

If the air supply is 100% of that regquired, Curve 0, and
il the ailr 1s preheated 500°, then the heat asded is 13,9 x
500 x 0,246 = 1710 B.T.U)e, 0.246 beilng thke apecific uest of
air at 500°%, The totwml heat, then, is 14838 plus 1710 eguuls
16548 B.T.U:a, and this correspondse to & temperature of 32609,

By the seme process the following data ere calculated for
the various coanditions eas represented by Curves 0,A3,B3,C3,Dy,

X3 ad Y).
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Spere I 1o Sensible Heat liber- '"lote]l neat Corres-
Praneat x Hept ¥ Lbs.alr=heat edded ated by cow~- in products ponding
by preheat- buation o. combus- ‘temper-
ing alir tion ature
Cuwve O,
500 0,246 15.9 1710 14838 16548 3260
800 0. 4&" 15,9 204 14838 = 17685 5390
1700 0.200 13.9 4170 12838 = 19008 39'%%
wrva A,
500 0,246 15,29 1481 14838 = 1b"19 5100
800 0.247 15.29 307 14838 = 1750l 3&??
1200 0.%50 15.29 4587 14838 = 19425 §455
Cuyve b,
500 0,246 17.38% 2la’ 148358 = 15975 E89H
800 0.247 17.387 5434 14838 = 15570 5070
1200 0.250 17,37 5211 14838 = 0049 5300
Curve C,
500 0.346 20,80 <564 14838 = 1740% 2040
300 0.247 20,85 +120 14838 = 18958 283t
1502 0.<00 20,85 6455 14838 = 21093 3095
Curve D,
500 0.246 27.8 3419 14838 = 18257 2535
800 Qo247 27.8 5493 14838 = 20331 2435
1200 0,200 27.8 8340 14838 = 23178 2685
Curve X.
500 0.246 1:.51 1539 12378 = 15917 30%0
B0OO 0.247 12.51 2472 12378 = 14800 505
1200 0.250 12.51 3753 12378 = 16151 3420
CuWB X
500 0,246 10.4%2 1281 8458 = - 189 2o65
800 Qe 247 10.42 £09°2 8458 = 10017 27350
1200 0.260 10.4< 3136 8458 = 11534 2950

Tie wvove dete ure shown graphimlly oy Cuives 0y, 4, By, Cj,
Dy, X3, and Yy on Plate #1.

[t {g interewting to mote thst the Iiaue temperature 1s inc reased
approxlmetely two per cent roy each one fundred degrees of prelieut or

the air supply.
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Curves 0, A, B, C annii D on Plate < are drawn to siow tie
relation vetween tlie sensible heant carried awey Iirom & gas Iur-
neco vy the escuping 1lue gases arul tlhe total heat liberated
Uy comvuation.

An exwuple sbowing the sdvantuge to be gained by preleat-
ing the air for combdbustion, bty utilizing the heat 1n the escap-
ing five guses, 1is here given:

Agaume thet & tempereture of 1500°2 is to be maintained in
a furmmece, snd taat the flue gases leave the Iurnace at a tempelr-
ature of 18000, wiich tvewperature is 20% Ligher than the operat-—
ing tempersture, und this is & very conservetive assumption., The
efI'iciency of this operation, when the rlame temperature is £98009,
is 46%, neglecting rudiation and other losses. Now, if an air pre-
heater were uged s0 that tie alr for combustion ia pre-aeuntved
12009, then the flame tempsratiure becouwes 55750, and the effic-
iency under these essuued conditions vecomes 58f, waich is an in-
creage in efficiency of 12%; but this 1&% meens & saving in gas
consuniption of 26%.

All of the edove could be accomplisied ami still allow the
flue geases to leave the air preheuter at s tempersture close to

tomt whiiclh: is obtained in modern boller plants.
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