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Gravimetric Analysis of Exhaust Gas From Gas Turbine 
Combustion Chambers 1 

By Fillmer W. Ruegg and Carl Halpern 

Beeau~e of the high air-fuel ratio. used in combustion chambers of gas tur bines, the 
concentratIOn of products of combustIOn IS so low that standard vo lumetri c met hods of 
analysis have proved llnrelia1;>le. A gravimetric method of anaylsis was developed and ap
plied to the problem, no~ to Identify all of the constituents, but prima rily to determine the 
efficlCncy of the com ~:)ll~tlOn process. I n this method the products of complete combustion, 
water and carbon dIOXide, are separated from each other and from the r emainder of the 
samT;'le, which is t hen passed into a furnace to bu rn the combustible component. Carbon 
dIOXide and wate r arc determined by change of weight of so lid absorbents . Experiments 
showed that the method may be used to prov ide accurate information about t he 
magn it ud e of the loss of heat due to in complete combustion, and part ial information about 
t he nature of t he co mponents of t he exhaust gas. 

1. Introduction 

The primary objective of application of the com
bustion process in combustion chambers of gas tur
bines, and in fact in nearly all of its applications, is 
the release of energy in the fnel to heat the working 
fluid from its initial to its final temperature. Change 
of temperature of the working fluid is an indication 
of its enthalpy change , but temperature alone is 
inadequate to relate this en thalpy change to the 
energy available in the fnel. In order to obtain 
such a relation, calculation of a heat balance in
volving rates of flow as well as temperature must be 
made. It i inconvenien t or perhaps impossible in 
some cases to make accurate measuremen ts of these 
quantities, and it is in such instances that gas analy
sis may be called upon to snpply the desired infor
mation about the efficiency of the combustion process. 
Even in cases where the heat balance can be calcu
lated from experimental data, the measurements 

I The work descr ibed in this report was sponsored by tbe Bureau of Aero
nautics, Department of t he Kavy. 

arc subj ect to un certainties, and an accuraLe meLhod 
of analysis of the exhaust gas is usefnl a an inde
pendent check . The analysis also provide informa
tion regarding the nature of Lhe componenLs of the 
exhaust, which may be useful in the design and de
velopment of combustion chambers. 

Accurate analysis of exhaust gases from gas tur
bine combustion chambers is difficul t becausc the 
fnel is burned with so mu ch excess ail' that the con
cen tration of the products of combustion is very low. 
Because of this dilution the more common methods 
of analysis, such as that employed in Orsat instru
ments, have proved unreliable. Gravimetric meth
ods of analysis are known to afford precise results 
when dealing with small quantities, and it appeared 
that such methods could be applied to th e problem 
of analysis of exhaust gas from combustion chambers 
for gas tnrbines. Jordan and Eclmlan [1] 2 used 
gravimetric methods for the determination of gases 
in metals. The application to analysis of exhaust 
gas would depend on efficien t separation of the prod-

2 Figures in brackets inciicate the literatUl'c references at the end of this paper. 
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ucts of complete combustion, namely water and car
bon dioxide, from each other and from the remainder 
of the sample. It was proposed to make the sepa
ration by using solid reagents to absorb water and 
carbon dioxide, and then to burn the combustibles 
remaining in the gas in a furnace over copper oxide. 
Water and carbon dioxide formed by combustion 
could then be separated and absorbed similarly. 
Use of a relatively large volume of sample would 
serve to minimize effects of errors in weighing on 
the accuracy of the determinations. 

Separate determination of carbon monoxide, and 
relation of the amount so determined to the carbon 
dioxide and water produced by combustion in the 
furnace, wal introduced t') make the analysis more 
complete. Calculation of combustion efficiency from 
data of this type is possible, and the accuracy of the 
efficiency so calculated depends primarily on the 
completeness of separation of the various components 
and on the accuracy of the determination of the 
amounts of carbon dioxide and water before and 
after the treatment in the furnace. It was not pro
posed to identify and determine the quan~ity of each 
component of the exhaust gas, because It was con
sidered that the time consumed and equipment re
quired for such determinations would be prohibitive. 

It is recognized that sampling technique is im
portant if an accurate picture of the combustion 
process is to be had by gas analysis. As the primary 
interest was in the analytical technique, sampling 
was done to give an average sample rather than a 
picture of the combustion process at any particular 
point. The samples were taken at positions in the 
combustion systems where concentration gradients 
in the gas were at a minimum, the gas temperature 
was low enough that combustion reactions were 
probably stopped, and the problem of continued 
re!;1ctiu)ll in the water-cooled sampling probes did not 
al'lse. 

The first application of the method at this labora
tory was made in 1944, and since that time the 
investigation has been continued to determine the 
accuracy and the most efficient form of application 
of the method. 

II. Combustion Efficiency 

As one of the primary objects of exhaust-gas 
analysis is the determination of the efficiency of the 
combustion process, it is desirable to specify what is 
meant by combustion efficiency and what is re
quired for its calculation. The primary interest in 
combustion problems is in the increase of enthalpy 
of the working fluid, and consequently combustion 
efficiency is usually expressed in terms of heat 
quantities, or in terms that are related to heat 
quantities. Numerous definitions have been pro
posed, and three that are commonly used are 

(1) 

fideal 
1Jb=-- . 

factual 

(2) 

(3) 

The first definition relates the actual to the ideal 
change 0 flnthalpy, and this has been cO::lsidered the 
orthodox definition. In practice, L1hactual is evalu
ated from a knowledge of the initial temperature of 
fuel and air and the temperature of the products of 
combustion, and from a knowledge of the specific 
heats of the components of the exhaust gas. Usually 
it is necessary to assume a composition, and the 
accuracy of the assumption will affect the accuracy 
of the evaluation of 1Jb. For many purposes, the as
sumption is made that the actual products have the 
same enthalpy-temperature relation as the products 
of complete combustion. The ideal change of 
enthalpy is generally replaced by the heat of com
plete combustion of the fuel, and therefore this 
definition is one that may be described as based on 
"stoichiometric" completeness . Heat of combus
tion of the fuel may be defined in several different 
ways, and generally the heating va'ue for combus
tion at constant pressure is used. There is no 
general agreement about the choice between the 
lower and upper heating value, and opinions differ 
whether these enthalpy changes should be evaluated 
with respect to some standard re~erence tempera
ture, To, or to the initial temperature, T I , of the 
reactants. 

The second definition may be considered an 
approximation of the first. The third definition, 
which was proposed by A. L. London [2], relates 
the ideal amount of fuel required to produce the 
observed temperature after combustion to the actual 
amount of fuel burned. These definitions are used 
by some investigators in the field of combustion. 
Where the temperature of the products of combustion 
is high enough to cause dissociation of the carbon 
dioxide, water, oxygen and nitrogen, some investi
gators prefer to base the ideal rise of temperature or 
ideal fuel on the temperature that the gases attain 
when dissociation is considered and when equilibrium 
is established among the constituents of the exhaust 
gas. This is often referred to as "thermodynami
cally" complete combustion, and at temperatures over 
1,550° K, 'T/b based on thermodynamic completeness 
will differ substantially from that based on stoichio
metric completeness . 

This brief discussion has indicated that there is no 
general agreement about the definition of combustion 
efficiency and that each can be calculated in various 
ways. Fortunately, it is unnecessary to further 
complicate the situation by injecting a different 
definition derived from data of chemical analysis. 
Equation 1 may be used as the basis for defining 
'T/b with suitable rearrangement to accommodate the 
type of data obtained from chemical analysis. 
Equations 2 and 3 require calculations that are 
lengthy and more complex. 
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For the purpose of these calculations, it may be 
assumed that the ail' and fuel are brought together 
at temperatures Ta and 1/, respectively, and that 
the weight ratio of fuel to air is j. Further, it may 
be assumed that the air and fuel mix at constant 
pressure with no change of phase and arrive at a 
common temperature T]. A heat balance equation 
may be set up, 

(4) 

and this may be solved for T]. After the fuel and 
air mix, it is assumed that combustion takes place 
at constant pressure and that products of combustion 
of amount (1 +.1) are formed. 

Equation 1 may be writ ten in the form 

(5) 

which states that 'l/b is the change of enthalpy of the 
products of combustion divided by the specific lower 
heat of combustion of t he fuel for isothermal constant 
pressure reaction at tha initial t emperature. The 
negative sign indicates an exothermic reaction. It 
can be considered that the reaction take place in 
two steps, the first of which is an isothermal reaction 
forming the actual products of combustion, and the 
second step is one in which the heat of the isother
mal reaction is applied to the products to raise them 
to temperature T2 • Thus th a numerator of eq 5 
may be written 

(6) 

where (t::..I-Jactualhl is the heat of reaction at T] , in 
which the actual products of amount (1 +j) are 
formed. In the real case, combustion is not com
plete, and t he heat that can still be produced by 
continued reaction is determined by the difference 
between the heat of combustion of the fuel and the 
actual heat of reaction. Thus if the products of 

incomplete combustion were caused to react to com
pletion at temperature T I , the heat of this reaction 
would be determined by 

If eq 7 is solved for (t::..I-Jactualh and if its value is 
substituted in eq 5, 'l/ b will be dpfined by 

(8) 

which is approaching a form amenable to application 
of data from exhaust gas analysis. 

If all of the components of exhaust gas could be 
identified and determined quantitatively, it would 
be only necessary to find in the literature the values 
of the heat of reaction (or combustion) of the various 
components, and enter these values in the numerator, 
weighted according to the relative amounts of each. 
However , a complete determination of all the com
ponents would be extremely difficult, and some other 
means of arriving at a satisfactory answer is neces-
ary. By standard thermochemical procedure we 

may write for oxidation of the combustible material 

- (t::..I-Ih 1 = - ("Z,t::.. I-Jj products-"Z,t::..l-Ijcombusti bles) TO } , 

+ [hcombustibles] ~~ - [hproducts] ~~ 
(9) 

and for the fuel 

- j(t::..I-Jch] = - ("Z,t::..I-Jj prOdlicts- "Z,t::..I-JjruCI)To } , 

(10) 
+ [hrur l +02]~~ - [hprodllcts] f.~ 

whore t::..I-Jj is the heat of formation. The amounts 
of products and reactan ts are determined by the 
chemical equation for the complete oxidation of 
combustible and of fuel in amount 1- Substitution 
of eq 9 and 10 in eq 8 leads to 

-('Et::..I-JI prod. - "Z,t::..I-Jjcornb)To + [hcomb.+Oz] f.~ - [hprod.l ~~ 
'1/ b = 1- _ ('Et::..I-Jf prod. - "Z,t::..I-Jjruelh o + [hruel+02]f.~- [hprod.l ~~ . 

(11) 

The magnitude of the change of heat of combustion 
with temperature for some of the more common fuels 
and products of combustion was calculated, and it 
was found that the change is small. The most 
extreme change, for hydrogen, is only about 3}~ 
percent over the range from 0 0 to 1,000° K. H ence 
this effect may usually be neglected, and the enthalpy 
terms of eq 11 may thus be ignored. 

Obviously, if the combustibles are not identified, 
it is not possible to use the value of their heats of 
formation, and hence it is necessary either to neglect 
this term in the numerator of eq 11, or to estimate 
its value. The heat of combustion of saturated 
hydrocarbons is generally about 90 to 97 percen t of 
the sum of the heats of formation of thei.r products 

of combustion. If for these hydrocarbons, the sum 
of the heats of formation of their products is used 
in eq 11 and if their heats of formation are ignored, 
an error will be introduced, amounting to about 0.03 
percent to 0.1 percent for every 1 percent of combus
tion loss due to these compounds. In the case of 
olefins the error will be smaller, and for acetylene, 
the error thus introduced will amount to about 0.2 
percent, but it is doubted that acetylene is present 
in exhaust gas in any significan t amount. For 
partially oxidized compounds, such as carbon 
monoxide and formaldehyde, the error will be still 
larger, but these compounds may be identified and 
their quantity determined wi th relative ease, and 
the correct values can be used in the equation for 'l/b. 
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From these considerations, eq 11 may be reduced to 
- 1 ('2:,6,I-Ijprooucts trom combustibles) 

'Y/b - - T 
'2:,6,I-I jprooucts trom fu el 0 

(12) 

The heats of formation of carbon dioxide and water 
are well established and are listed below: 

C+02--l>C0 2, 6,H298.l1iOK= - 2,137 cal/g CO2 , 

1 
H 2+ 2 0 2--l>H 20, 6,H298 . 160 K = -3,208 cal/g H 20. 

All products and reactants are gaseous, except car
bon, which is graphite. These heat values are listed 
on a weight basis, since the components are deter
mined by weight in the analysis. 

Let it be assumed that the weight of carbon dioxide 
originally in the exhaust gas sample, and the weight 
of carbon dioxide and water from combustion of 
unburned material have been determined. With this 
information, eq 12 may be written 

- 1- 2137 (wt CO2)+3208 (wt H 20 ) O,3) 
'Y/ b- 2137 (wt total CO2) +3208 (wt total H 20) 

where the terms in the numerator are from the un
burned material, and the weight of total carbon 
dioxide is th e sum of the carbon dioxide originally in 
the sample and the carbon dioxide from the unburned 
material. The quantity of total water is not deter
mined experimentally but is calculated from the 
hydrogen and carbon content of the fuel. All terms 
of this equation may be divided by the heat of for
mation of carbon dioxide, which leads to 

Carbollmonoxid e is present in exhaust gas in rela
tively large quantity, and therefore it is necessary to 
correct for it. Let it be assumed that a separate 
analysis has determined the quantity of carbon 
dioxide from combustion of carbon monoxide. The 
ratio of the heat of combustion of carbon monoxide 
to the heat of formation of carbon dioxide is 0.719, 
and hence eq 14 may be corrected to the following: 

0.719 (wt CO2 from CO) + (wt CO2 - wt CO2 from CO) + 1.50 (wt H 20 ) 
wt total CO2+ 1.50 (wt total H20 ) 

(15) 

Similar modifications to eq 14 may be made for other 
compounds if the necessary information is determined 
abou t their quantity. 

If the volume fractions of carbon dioxide and car
bon monoxide in a gas sample are known in addition 
to the weight of free carbon dioxide, then the amount 
of carbon dioxide from combustion of the carbon 
monoxide may be calculated by the following equa
tion: 

wt COz from CO 
vol CO 
vol CO2 (wt CO2). (16) 

The amount of total water may be calculated from 
th e observed total weight of carbon dioxide by th e 
equation, 

at. wt C 
wt to tal H 20 = (wt to tal CO2) X 1 t CO X mo.w 2 

mol. wt H 20 x wt H, 
mol. wt H2 wt C 

(17) 

where the weight percent hydrogen and carbon in th e 
fuel is either estimated from its physical properties 
[3] or determined directly by methods such as out
lined in reference [4]. 

Air-fuel ratio by gas analysis of this kind is based 
on the volume fraction of carbon dioxide in the dry 
gas as established by the volumetric analysis. When 
combustion is complete, carbon dioxide concentration 
may be used as an indication of the air-fuel ratio , and 
the relation 

(vol C02)~b = lOo= vol C02 X 

wt free CO2+C0 2 from combustibles 
wt free C-0 2 

(18) 

may be used to establish the concentration for the 
hypothetical case of complete combustion. This 
equation is not strictly correct, but its accuracy is 
sufficien t for the present purpose. Air-fuel ratio 
mav then be calculated by the equation 

where C is the weight fraction of carbon in the hydro
carbon fuel. This equation may be derived from the 
chemical equation describing the relation among 
reactants and products of complete combustion of 
hydrocarbon fuels in air. If a gas sample representa
tive of average condit ions in the combustion chamber 
is desired , then the air-fuel ratio by gas analysis may 
be used as a criterion in judging the quality of the 
sample. 

III. Experimental Apparatus 

The combustion train used in this laboratory was 
patterned after that described by Wagman and Rossi
ni [4]. 

A diagram of the assembled apparatus is shown in 
figure 1, in which A represents a source of com-
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pressed air; B, con t1'ol valve; C, 3-gal jar filled with 
activated alumina; D , mercury manometer; E, quartz 
combustion tube containing copper oxide wire; F, 
electric heater; G, fem&le Pyrex connection, standard 
taper ; H, graded seal, quartz to Pyrex; I , Pyrex 
absorption tube containing in order, anhydrone and 
ascarite; J , Pyrex absorption tube con taining in 
order ascarite and anhydrone; K Pyrex absorption 
tube containing phosphorus pentoxide. Components 
of the system Ii through K comprise the purification 
section. L is a three-way stopcock; lVI, 16-liter 
stainless-steel sample container; N, three-way stop
cock; 0, Pyrex glass cold trap; P, femal e Pyr~x 
connection, standard taper; Q and R, electn c 
heaters ; S, quartz combustion tube packed with 
copper oxide wire; T, graded seal, quartz to Pyrex 
and U, flow meter; 1, Turner absorption bottle 
containing in order drierite and phosphorus pentox
ide, separated by asbestos; 2, Turner absorption 
bottle containing in order ascarite and phosphorus 
pentoxide, separated by asbestos; 3 and 5, Turner 
absorption bottles containing in order anhydrone and 
phosphorus pentoxide, separated by asbestos; 4 and 
6 Turner absorption bottles containing in order 
a~carite and phosphorus pentoxide, separated by 
asbestos. These bottles may be closed by turning the 
body under the cap . T emperature is measured by 
Chromel- Alumel thermocouples placed along the 
combustion tubes. Components 0 tlU'ough U and 
absorption bottles 1 to 6 comprise the analysis 
section. The combustion tube is made of quartz; 
the length is 100 cm; the internal diameter 20 mm ; 
and the wall thickness 5 mm. Only the last 55 cm 
are heated in the furnace. The Turner absorption 
bottles that contain the reagents were modified by 
attaching 12/5 male spherical joints to the caps. 
The cold trap was made of Pyrex glass, Lhe inner 
tube of which was wrapped with glass wool , and a 
side arm was used to insert a copper-constan tan 
thermocouple to measure the temperature of the gas. 
The freezing mixture, which gives a temperature of 
-780 C, was prepared by adding crushed dry ice to a 
mixture of equal weights of carbon tetrachloride and 
chloroform. 

The balance used has a capacity of 200 g and a 
sensiti vity of 0.1 mg. Before weighing the absorption 
bottles, the lubricant was carefully washed from the 
ball joints with carbon tetrachloride, and then the 
whole surface was washed with ethyl alcohol. The 
bottles were allowed to rest in the balance case for 
20 min before weighing. A closed absorption bottle 
containing ascarite was used as a counterpoise. 

The gas sampling t ube consisted of an outer 
nominal %-in. standard iron pipe with an inner %-in. 
thin-walled copper tube. This sampling tube, or 
probe, was cooled by passing water through the 
space between the tube and pipe. 

The stainless steel container had an internal 
volume of 1,000 in.3 and. was fitted with a needle 
val ve at each end and wIth a compound vacuum
pressure gage. Gas was drawn through the inner 
tube of the water-cooled probe and pumped into an 
evacuated tank by a diaphragm pump to a pressure 

I J K 

A 

1c:::==::J 

FIGURE 1. Combusti on train. 

of about 30 Ib/in.2 gage. In some cases samples were 
collected at combustion-chamber pressure (usually 
near atmospheric) by connecting the evacuated 
container directly to the pro be and opening the valve. 

The volume fraction of carbon dioxide in the 
sample was found by analyzing a portion in an 
improved Orsat apparatus as described by Shepherd 
[5]. Colorimetric tubes described by Shepherd [6] 
were used to determine the carbon monoxide content. 
These t ubes contain palladium sulfate and am
monium molybdate on silica gel. PassaO"e of gas 
ov-er this material produces a change of color, and a 
comparison with color standards indicates the 
concent ration of carbon monoxide in the gas. The 
colorimetric tubes used in this investigation were 
designed and calibrated for passage of 90 lnl of gas 
at the rate of 1 }~ ml/sec, and the change of color 
indicated concentra tion of carbon monoxide from 
0.0025 to 0.020 percent by v-olume. Usually i t was 
neccssaTY to dilu te a portion of the exhaust gas with 
air and pass 90 ml of Lhe mL'Cture through the tubes. 
The con centration of carbon monoxide in the exhaust 
gas was then calculated from the observ-ed concen
tration in the mL'Cture. 

IV. Analytical Procedure and Results 

Air was passed tlu'ough the system until the fur 
naces reached the operating temperature of 1,000 0 C, 
the absorp tion bottles were put in place, and then 
the exh aust gas was passed tlnough the analyzing 
section of the sys tem. When the gas sample in the 
container was at atmospheric press ure, it was dis
placed into the analysis section by air from the 
purification section. For samples at higher pressure, 
the gas was discharged into the analysis section, and 
the rate was controlled by adj ustment of the n eedle 
val ve on the sample container. The sample rate in 
most experiments was 400 ml/min. After the 
sample was passed through the cold trap and bottles 
1 to 4, inclusive, the condensate in the trap was 
volatilized by gentle heating and flushed directly 
into the furnace and thence to bottles 5 and 6 by 
air from the purification section. All bottles were 
r emoved, and the combustion tubes were then 
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allowed to cool while the flow of air was continued. 
While this part of the analysis was in progress, a 

small sample of the exhaust gas was analyzed for 
its carbon dioxide and carbon monoxide content. 
These data, in conjunction with the observed increase 
of weight of absorption bottles 2, 3, 4, and 6 were used 
to calculate combustion efficiency. Change of 
weight of bottle 5 was not measured since water 
vapor condensed in the trap and susequently was 
absorbed in bottle 5. H ence it was necessary to 
estimate the quantity of water from combustion of 
condensed hydrocarbons, and this was done on the 
assumption that the condensed material was original 
fuel. Equation 17 was used with the change of 
weight of bottle 6 to calculate the water of comlms
tion in bottle 5. 

Experimental results from a series of tests in which 
80 octane unleaded gasoline was burned are presented 
in table 1, in which the observed changes of weight 
of the various absorption bottles are listed under 
the numbers that identify the bottles in figure 1. 
Change of weight of absorption bottle 6 was corrected 

by subtracting 8 mg, as it was found that this amount 
of carbon dioxide was held up in the trap, some as 
gas and some occluded or dissol ved in the condensate. 
This correction was established by flowing exhaust 
gas samples of the same size and composition (32 
liters containing about 3 vol % carbon dioxide) 
through a cold trap at - 78 0 C and then warming 
and flushing the condensate into two absorption 
bottles by a stream of air free from carbon dioxide, 
water, and combustibles. The increase of weight 
of the ascarite bottle varied in four tests from 9.2 
to lOA mg and averaged 10 mg. I t was estimated 
that approximately 6 mg of this observed change was 
due to gaseous carbon dioxide remaining in the 
trap, and 2 mg due to adsorbed hydrocarbons. Sub
tracting these estimated corrections from the ob
served change of weight of 10 mg left 2 mg of carbon 
dioxide dissolved or occuluded in the trap. The tests 
were made without flushing the cold trap with air 
before volatilizing the condensate, and the correction 
to bottle 6 in these tests was considered to be 8 mg. 

TABLE 1. Analyses of exhaust gas 

Observed change of weight of bottle number- Combustion loss 

Run CO, CO C"H.and H, C"H. in trap 
~ b 

COas determined as- determined as-
2 3 4 -6 04+6 CO, 

CO, H,O CO, b H,O 

g g g g g % % % % % % % % L ___________ 1. 6642 0.0266 0. 1600 0.0658 0.226 2.87 0.16 2.12 2.14 1.28 2.11 1. 36 91. 0 
2 ____________ 1. 5161 .0180 .1150 . 0393 . 154 2.88 . 15 2.07 1.29 0.98 I. 42 0.92 93.2 
3 ____________ 1. 4163 .0169 .1286 . 0339 . 163 3.02 . 20 2.60 1. 31 . 97 1. 30 .84 93.0 
4 ____________ 1. 5161 . 0197 .1449 . 0371 .182 3.28 . 16 1.90 2.51 1.05 I. 32 .86 92.3 
5 ____________ 1. 4178 .0217 .1395 . 0573 . 197 3.10 . 18 2.23 2. 12 1. 22 2.15 1. 39 90.9 

6 ____________ 1. 4827 . 0244 .1463 . 0536 .200 3.10 . 17 2.09 2.35 1. 32 1. 93 1. 25 91.1 
7 ____________ 1.4600 .0226 .1463 . 0633 .210 3.01 .18 2.29 2. 12 1. 23 2.29 1. 49 90.6 
8 ____________ 1. 7377 .0263 .1688 .0437 .212 3.18 . 16 1.96 2.51 1. 23 1. 36 0. 88 92.1 
9 ____________ 1. 2196 . 0003 .0107 .0089 .020 3.77 . 02 0.23 0.21 0.02 0. 43 .28 98.8 
10 ___________ 1. 3144 .0162 .1189 . 0516 .171 2.57 . 15 2.32 1. 62 1. 03 2. 10 1.36 91. 6 

• Corrected for 8 mg of CO, retained in cold trap. 
b Calculated from the amount of CO, from C"H. in trap, assuming tha t the compo;ition of the condensate was the same as thb fuel, 85% of C and 15% of H by 

weight. 

An independent check on the amount of carbon 
dioxide occluded in the trap was obtained by a 
volumetric method. As before, about 32 liters of 
exhaust gas, containing 2 percent of carbon dioxide 
by volume in this case, was passed through a trap 
at - 78 0 C, and the trap was purged at low temper
ature with air free from carbon dioxide. It was then 
connected to an evacuated container (with a small 
trap at 0° C between) and warmed to about + 80° C . 
The small trap at 0° C was used to collect water and 
some combustibles. It was realized that some 
carbon dioxide would possibly be held up in the 
small trap, but probably in insignificant amount. 
The gas collected in the evacuated container was 
analyzed by treating with alkali in an Orsat appa
ratus, and the contraction in volume was considered 
to be the volume of carbon dioxide from the cold 
trap. Five tests of this type were made, giving an 
average volume of 0.9 ml and an average weight of 
1.6 mg of carbon dioxide. The weight of carbon 
dioxide was estimated from the observed volume. 
The average amount occluded from about 32 liters 

of gas containing 2 percent by volume of carbon 
dioxide was thus 1.6 mg. These results are in good 
agreement with the gravimetric determination of 
2 mg, when th e difference of carbon dioxide concen
tration in the samples is considered. If 2 mg is 
considered applicable to the data of table 1, neglect 
of this factor would have decreased the indicated rJb 
by about 0.1 percent. This correction, however, may 
be dependent on the carbon-dioxide content of the 
exhaust gas, the apparatus used, rate of flow, etc., 
and probably must be determined for the special 
conditions under which the analysis is made. 

Loss of combustion efficiency was calculated from 
the experimental data for the various types of 
combustible material, and the results are presented 
in table 1. These data indicate for these samples a 
combustion loss due to carbon monoxide of about 
2 percent, that from hydrocarbons and hydrogen 
that passed through the trap about 3 percent, and 
that from combustibles of higher molecular weight 
retain ed in the trap also about 3 percent. 
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V. Accuracy of the Method 

Three samples of known composition were pre
pared and were diluted with air until the resulting 
mixtures contained components in concentrations 
that are considered typical of exhaust gases from 
combustion chambers. If it is assumed that these 
mixtures of known composition resulted from 
burning a fuel (gasoline) containing 85 percent of C 
and 15 percent of H by weight, then the combustion 
efficiencies would have been 94.7, 98.5, and 87.6 
percent. The degree to which these values could be 
duplicated by the results of the analyses would 
constitute a check on the method. 

The dependency of the values of combustion 

efficiency, which it is desired to check, upon the 
ratio of carbon to hydrogen in the fuel is slight. 
If th e fuel that had been burned to give the first 
sample had been propane, which consists of 81.7 
percent of C and 18.3 percent of H , then the effi
ciency would have been 95.1 percent instead of the 
figure 94.7 percent for gasoline. 

Data on the samples of known composition, and 
on the analyses of these samples, are gi ven in 
table 2. The cold trap was not used in these tests. 
The agreement of the values of combustion efficiency 
calculated from the analytical results, with those 
calculated on the basis of the known composition, 
indicates that the method is capable of yielding 
reliable values of efficiency. 

TABLE 2. Analyses of prepared samples 

Sample eompo,ition 

Sample number............ 1 ~ 3 
Mole percent of CH........ 2. 35±0. 05 ................. .. 
Mole percent of CO........ 2. 6O±0. 05 O. 46±0. 02~ 4.15 
Mole percent of H,.... ..... 2. 58±0. O~ . 58±0. 025 4.20 
Mole percent of C,H. ...... ........ .... . 51±0. 02~ 4.20 
Mole percent of CO,.. ..... 92.47 . 98. 45 87.45 
Calculated comb. eff.. ...... 94. 7±0. I 98. 5±0. 1 87.6 

Analytical results 

Runnumber. .................... 3 4 .~ 6 7 8 9 10 II 
Sample num ber .................. 1 1 2 2 3 3 3 3 3 
Sample rate, ml/min ............. 400 400 400 400 400 400 150 250 600 800 800 
Vol. CO" after dilution, % ....... ------ ------ ------------ 2.7 2.3 ----.-------- 2. 4 2.6 2.3 2. 5 2.9 2.5 
I lf ......... .. · ...... • ...... · .... • 30 110 74 87 84 86 70 80 73 6~ 73 
Vol. CO (exptJ. ), % .............. ------------ .----------- 0. 090 0.059 --.---------- 0.013 0. 04 0.04 0. 04 0. 05 . 04 
Vol. CO (known), %h ............ ------------ ------- ----- . 076 . 064 ----.-------- . 011 . 13 .11 . 12 . 14 . 12 
CO, bottle 2, g ................... 2.0491 0.4785 . 5304 . 4647 0. 4970 .3831 . 2788 .2843 . 3939 . 4588 . 378~ 
CO, bottle 4, g ................... 0. 1082 .0242 . 0288 . 0239 . OOM . 0058 . 0416 . 0380 . 0572 . 0625 . OM8 
H,O bottle 3, g ................... . 0643 .0127 .0174 . OI5~ . 0036 . 0037 . 0181 . 0211 . 0237 . 0289 . 0278 
Comb. eff. from analytical data' . 94.7 95. 2 94.6 94.6 98.6 98. 3 87. 7 87.6 88.2 88.4 87. 2 
Comb. eff ., calc. ' ................ 94.6 ±O.I 94.6 ±O. l 94.6 ±O. l 94.6 ±O. I 98.6 ±O. I 98.6 ±O. l 88. 4 88. 4 88. 4 88. 4 88. 4 

.~ , calculated, u,ing eq 11. Fuel assumed to ha ve been 85% of c, 15% of H, and t.lTclT-t:.Ilf=0.965. 
h In runs 7 to II , the known value of CO was used in the calculation of ",. 
, ~ , calculated, using eq 15. 

Tests on the third sample of known composition 
were made to determine the effect of rate of flow on 
the analytical results. At the rate of 800 ml/min, 
the computed combustion efficiency was less con
sistent, and it was deemed advisable to stay below 
this rate for better precision. It was decided to 
establish a rate of 400 ml/min as a standard, since 
tests at this rate on the first two known samples 
were satisfactory. D etermination of carbon mon
oxide was inaccurate in the tests of the third sample, 
probably because of the relatively high concentration 
of unsaturated material in the gas. Shepherd states 
[6] that unsaturated organic compounds interfere in 
the determination of carbon monoxide by this 
method. Combustion efficiency was computed. using 
the known concentration in order to better determine 
the accuracy of the gravimetric part of the analysis. 

Accuracy of the results of the tests of the prepared 
samples also may be determined by a comparison of 
the experimen tal with the known values of the ratio 
of the weight of carbon dioxide from combustibles 
to the free carbon dioxide in the sample. A compar
ison can also be made of values of the ratio of water 

from combustibles to free carbon dioxide. Combus
tion efficiency is determined by the values of these 
ratios, and an accurate determination is desirable. 

Average values of these ratios are plotted in figure 
2, and it may be seen that the value of the carbon 
dioxide ratio determined by analysis in the combus
tion train is very close to that calculated on the basis 
of the known composition. Values of the ratio of 
water from the combustible material to the weight 
of carbon dioxide in the third sample is somewhat 
higher than the known value, but agreement is good 
for the first and second samples . 

Another check on the accuracy of the analytical 
method was by a comparison of combustion efficiency 
by gas analysis with tha t established by h eat balance 
across several combustion chambers. Analyses were 
made using the original method in which the cold 
trap was not used, and it was on the basis of these 
tests that the procedure was revised. 

Seventeen analyses were made on exhaust gas from 
combustion of gasoline, and seven were mad e on gas 
from combustion of kerosine, or fuel similar to 
kerosine. When gasoline was used, combustion 
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efficiency indicated by gas analysis was on the 
average 2 percent higher, and after correcting the 
heat balance observations for such factors as loss of 
heat from the system and thermocouple, incomplete 
recovery of dynamic temperature, and the small 
water content of the ail', the difference was reduced 
to 1 percent. When kerosine was burned, the differ
ence was considerably greater a.nd in the same direc
tion. In this case it was considered that the major 
part of the difference was caused by loss of combus
tible material from these samples by condensation 
in the sampling probe, vessel, and connecting tubes. 
This explanation did not seem to apply to the sam
ples from combustion of gasoline. In this case it was 
found that combustibles of higher molecular weight 
were adsorbed in bottles 1 and 2. It was for this 
reason that the procedure was revised to include the 
use of the cold trap. By this means these combus
tibles could be separated from the gas before passage 
through the adsorption bo tt.les and later passed 
directly into the furnace . 

A series of tests was made in which identical 
samples were analyzed with and without the cold 
trap in the train, and 'Y/ b was on the average about 1 
percent lower when the trap was used. Since the 
previous comparison of 'Y/ b by h eat balance and by gas 
analysis had indicated that gas analysis was high by 
about 1 percent, results of these tests indicated that 
agreement would be excellent with the improved 
method of analysis. 

A comparison of the data from the two methods 
of analysis indicated that approximately 45 percent 
of the combustibles of higher molecular weight were 
adsorbed in bottles 1 and 2 when the trap was not 
used . It was found that recovery was possible by 

flushing the absorption reagents with air, but it 
appeared that recovery was only 55 percent complete 
after 3 hI' of flushing . The correction of 2 mg for 
adsorbed hydrocarbons that was mentioned in the 
preceding section in connection with the amount of 
carbon dioxide occluded in the trap was also esti
mated from these data. 

It is known that formaldehyde is present in ex
haust gas under some conditions of combustion . 
However, only a trace of formaldehyde was found in 
one of a number of samples taken from various 
combustion chambers operating on different fuels. 
If the cold trap is used in the combustion train, 
presence of formaldehyde will not introduce a ]arO'e 
er!'or, as it will condense in the trap and be burn~d 
w~th other ?ondensed compounds. A small error 
WIll result, smce the heat of formation of formalde
hyde is neglected when 'r/ b is calculated. If the cold 
trap is not used, experiment has shown that for
maldehyde is completely absorbed bv the ascarite 
in absorption bottle 2, and a separate analysis would 
be necessary. 

Blank runs . Fourteen blank runs were made to 
determine the experimental error to be expected in 
these analyses. Air, freed from carbon dioxide, 
water, and combustibles in the purification section 
of the train, was passed for a period of 3 hI' at the 
rate of 400 ml/min through the train. The cold 
trap was not used. R esults from these runs showed 
that the average error was of the order of 1.5 mg. 
Some determinations also were made of the repro
ducibility of weighing. A clean absorption bottle 
packed with reagents was first weighed, and then 
handled as usual, including greasing followed by the 
cleaning operation. Air was not pa~sed through the 
bottle. qla~ge of weight was no more than 0.2 mg 
III the wmglung experiments. It is probable that 
passage of the large quantity of air through the 
bottles was responsible for the larger experimental 
error determined above. 

VI. Con clusion 

A gravimetric method of analysis was developed 
and found applicable to exhaust gas from gas-turbine 
combustion chambers. Combustion efficiency de
termined by this method agreed with that calculated 
from the composition of prepared samples to about 
% percent; combustion efficiency obtained by the 
analysis of actual gas samples agreed with that 
calculated by heat balance to better than }6 percent. 
It is concluded that the gravimetric method may be 
used to provide accurate information about the 
magnitude of the loss of h eat due to incomplete 
combustion, and partial information about the 
nature of the components of the exhaust gas. 
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Absorption of Near-Infrared Energy by Certain Glasses I 

By Jack M. Florence, Charles C. Allshouse, Francis W. Glaze, and Clarence H. Hahner 

An analysis has been made of t he absorpt ion ,bands of various g~asses. by calcula ti?n of 
t he inte rnal t ransmittances and surface losses. The waveleni1; t hs,. Ill ~ICrons , assocIated 
wi th broad absorp tion bands ha ve been measured, a nd t he actIve vIbratll;g groups cau smg 
t he a bsorp tion are as follows : 2.7, CO2 ; 2.75, OH ; 2.75, CO2 ; 2. 9, OH asso Cl at~d ; 3.5, CO~-- ; 
3.65, (N 0 3- ) ; 3.8, Si - O bond ; 4.0, C0 3-- ; 4.15, (N 0 3- ) ; 4.25, CO2 ; 4.45, SI- O b?ncl ; and 
4.7, OH associated . The g rea tes t los~ of infra red eneygy fo r a num be r of glasses IS caused 
by surface losses, rather than by t rue m ternal ab orptlOn. 

I. Introduction 

1. Gaseous Components of Glasses 

Glassos contain, in solution and as bubbles, small 
amounts of gase0.u~ componon ts. These .a~·o residues 
of the decomposltlOn products of the ongmal batch 
materials or tho resul t of contac t with tho furnace 
a tmosphere. Tho gaseous. compononts in th? body 
of th e glass may be considored as present 111 two 
conditions: namely, in truo soluti.on and as a P3:r t 
of the internal structuro. Tho mtornal transmI t
tancos for any glass, when plo tted against wavelongth, 
will contain absorption bands in the rogion of tho 
spectrum in which theso gasos absorb. Tho in
tensity of the absorp tion bands depends upon the 
concen tration and tho a bsorbing powor of tho gas. 

Becauso tho surfaces of many glassos arc chem
ically activo toward ~ho atmosphe.re,. the~r also 
become of importance m the transmlSSlOn of near
infrared energy. Weyl [IP explains that tho con
fi o'uration of the ions in tho surface layer of a glass 
iso no t iden tical with that in the internal structure. 
H o h as explained the presence of OH - in a glas~ . as 
being a sW'face phenomenon. Tho surface of sillc.a 
O'lass has a film of OH- formed from the hydrolysIs 
~f Si-O-X bonds, where X is oith er an alkali or an 
alkaline earth iou .. The X forms a water soluble 
salt t ha t is leached out and replaced by a hydro x
onium ion (FLO+). Tho surface con tains those 
Si-O-Si bonds tha t were originally present in the 
glass and a number of. the Si-OH groups. 

The above explanatwn may bo carned further by 
X forming first a hydroxido and then a carbonate. 
Taking a lithium silieato glass as an example, It 
follows: 

I T h is project was su pported by the Departmen t of the Navy, Bureau of Ships. 
2 :Figures in brackets ind icate the li terature references at t he end of thiS paper . 

-Si-O-Li + 2HOH-- SiO-OH3+ LiOH 

-S iO-OH3--~SiOH + HOn 

2LiOH +C02--~Li2C03+HOH 

The products of the r eaction, plus any sorbed water 
from the atmosphere, r emain on 01' neal' t Il e surface 
of t he glass . 

Roman, Marboe, and W eyl also fOU1:d LhaL glass 
surfaces containing Ba++ and Pb++ lO ns, among 
others, showed decreasing hygroscopicity with de
creasing ionic po tent ial [2]. It has been found that 
glasse cont aining BaO and PbO have a high t.rans
missivity for infrared energy for wavolengt bs of 2.5 
to 4.5 p, [3, 4] . 

2 . Characteristic Wavelengths of the Vibrating 
Groups 

The identification of t ho v ibrat ing groups has beon 
made from the lmowlodgo of t he gaseous components 
that may be oxpected to be in a glass and their 
characteristic wavelengths. It has been posslblo to 
identify t he vibrating groups to bo expected .i~ a 
glass through a knowledge o~ the decomposlt lO.n 
products of the batch matcnals usod and th Clr 
char acteristic absorption bands. The precise location 
of the wavelongths at which t hese absorption bands 
occur has been amply discussed by H erzborg [5). 

Tho wavelcngth of the fundamental vibration of 
OH in water vapor has boon identified at 2.66 p, . T he 
hydroxyl vibration becomes broador and stronger and 
moves t o a longer wavelength when "hydrogen 
bonding" occurs [5]. The substitut ion of a silicon 
atom for one of the hydrogen atoms of the HOH 
dipole also creat es a differenco in the inte~'nuclear 
distance of the OH bond, thereby changmg the 
observed wavelength for this vibration. The wave
length for the OH vibration in the vapor phase, 
obtained from glasses, is 2.75 p,. "Whon the wator is 
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