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By Albert Evans and Robert R. Hibbard

STMMARY

Flow calorimetry was lnvestigated as a means of determining com-
bustion efficlency of turbojet and ram-Jet combustors by measuremsnt of
the residual enthalpy of combustlon of the exhaust gases. Development
of a sultable calorimeter, its calibratlon, and 1ts operatlion are de-
scribed herein. Brlefly, the calorimeter catalytleally oxldlzes the
combustible constituents of exhaust-gas samples, and the resultant
temperature rise ig measured. This temperature rise l1ls related to the
residual enthalpy of combustion of the sample by previous calibratlion
of the cé.lox_‘imeter. Combustion efficiency was calculated from a knowl-
edge of the resldual enthalpy of combustlon of the exhaust gas and the
combustor input enthalpy.

An accuracy of £0.2 Btu per cublc foot was obtalned with prepared
fuel-alir mixbures having total enthalples 1n the range expected for
turbojet or ram-jet exhaust samples. Combustion efficlencies of single
turbojet combustors measured by both the flow-calorimeter and heatb-
balance methods compared withln 3 percentage units.

Although development of the calorimeter is incomplete, the method
appears to be sultable for determining combustion efficiencles at high
combustor temperatures where ordlnary thermocouples cannot be used.
Flow calorimetry 1s fundementally more accurate than hest-balance methods
at hlgh values of combustion effliclency and can be used to verify near-
100-percent efflclency data.

IRTRODUCTION

The combustlon efficiency of a ram-jet or turbojet engine combustor
1s not usually determined by measurement of the combustible content of
the exheust gases, because the method 1nvolves analysis for a number of
compounds whose individual concentratlons are very low. The combustlble
content of exhaust gases ls generelly found by determining the concen-
tratlions of individual or classes of components and then summing the
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heats of combustion of each. This method is made difflcult by the pres-
ence of a large number of ocompounds, which represent a variety of types,
ap well as the low concentration of individual compounds. Combustibles
known to be present 1in exhaust gases include primarily carbon monoxilde,
hydrogen, and methane; but smell amounts of alcohols, formaldehyde, and
formic acid have also been reported (refs. 1 to 3). Individual concen-
trations reported in reference 1 vary from 0.0l to 0.50 percent by
volume. Analysis of such complex and dilute mixtures by conventional
macrochemlical techniques ie difflcult, tedlous, tlme-consuming, and
uneconomical. However, exhaust-gas analysils 1s stlll of interest in
evaluating combustion processes, since 1t can be used (1) to confirm
efficiency values which are determined by other msans, (2) to meke de-
terminations in some cases where other methods are unsultable, and (3) to
gain some insight as to the nature of the chemlical processes which cause
combustion inefflclency.

Exhsust-gas analysis might find wlder usage if it could be more
eaglly applied, especially, 1f an lnexpensive device could be developed
which would contlinuously lndlcate exhaust-gas composition in a flowing
stream. The use of flow calorimetry to determine residual enthalpy
appeared to meet these prerequisites. Calorimetry would not require the
geparate determination of the various types of combustible but would
require only that the combustibles be oxidized and the resultent temper-
ature rise be measured.. The temperature rise that 1s potentlally avall-
able upon completion of the oxldation of englne exhsust gases can be
shown with a simple calculation. For example, a turbolet operating el
a fuel-alr ratlo of 0.02 snd a combustion efficlency of 90 percent ex~-
hausts a gas which has & resildual enthalpy of combustion of 2.75 Btu per
cublc foot. A temperature rise of about 70° C would be obtained upon
adlabatlcally completing the oxldation of thle gas. Although adisbatic
conditions are dlfficult to obtaln in practical systems, a substantial
temperature rise can be expected. Flow calorimetry therefore appears
to be & practlical method for the determlnation of the total combustibles

present.

Complete oxldation of fuel-lean systems can be obtalned by elther
heating the gas to a high temperature (850° to 900° C) or to a lower
temperature (500° C) If a catalyst 1s used. The problems of temperature
measurement, materials of construction, and thermal insulation are more
easlily met at the lower-temperature conditlions where a catalyst 1is
required. '

In an investigatlion at the NACA Lewls laboratory, a catalytic, flow-
type calorimeter was used for the indicatlon of the combustible content
of turbojet and ram-Jet exhausts. Development of the calorimeter is
briefly descrlbed in the appendix; and the resultant instrument, its
callbration, and 1ts operation are discussed herein. Results obtalned
both in laboratory tests and in limited testing with exhaust=gas
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semples are presented. The posslibility of usling resldual-enthalpy-of -
combustion meesurements, made by flow calorlmetry, to determine com~
bustion efficiency of turbojet engines and combustors i1s dlscussed.

COMBUSTIBLE CONSTITUENTS OF EXHAUST GAS

As previously stated, hydrogen, carbon monoxlde, and methane are
the princlpal combustible components in turbojet exhaust gases although
hydrocarbons of molecular welghts higher than that of methane are also
of interest. Hydrogen and carbon monoxide are the most easily oxidized
combustlbles llkely to be found in exhaust gases, and methene 1s the
most difficult to oxidize. A conslderable amount of data was obtalined
on fuel-alr mixbtures contalning these three combustibles and, also, on
mixtures contelnlng ethane and ethylens. The latter two gases are inter-
medlate between hydrogen and carbon monoxide on one hand and methane on
the other in their sease of oxldizability. A calorimstric technigue
capable of handling these five combustlbles would be expected Lo be
effective on all the combustibles whilch would be present in exhsust
geses. Fuel-alr mixtures containing these five compounds recelved
greater attention although some dats were also obtalned on mixbures
containing other hydrocarbons and an alcohol.

APPARATUS

Development of the flow calorlmeter was essentlally & matter of
finding a sultable oxldation catalyst and determining the optimum con-
ditions for its use, such as temperature, flow rate, and geometry of
the reaction chamber. The effects of these varlables and the detaills
of the development are described brilefly in the appendix. Followling
the preliminary investlgations, a flow calorimeter was constructed, and
the most promising comblnation of cabtalyst, flow rate, and reaction-~
chamber diasmeter was incorporated. A description of the resultant in-~
strument, its calibration, and Its use are presented 1n the followlng
paragraphs.

Auxiliary apparatus used to test and to callbrate the calorimeter,
to prepare fuel-alr mixtures, and to measure temperatures and flow rates
are shown by schematic diagrem In figure 1. A slze H gas cylinder
fllled with & 5.8 Btu per cublc foot ethylene-~alr mixture at a pressure
of 1700 pounds per sguare lnch was used as a standard fuel-air mixbure
for calibrating the calorlimeter. Other fuel-alr mixbures were prepared
in a 12-gallon (45.4 liter) galvanized-iron tank equipped with & motor-
driven oscillating mixing arm operated through a flexlble copper bellows.
Turbo Jet-combustor exhaust-gas samples were removed from the exhaust
duct by means of sampling probes and & dlaphrsgm pump. Samples were
elther collected 1in & 33-lliter stalnless-gtesl tank or pumped dlrectly
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to the calorimeter. Flow rate was measured at room temperature and
pressure downstream of the reactor by meaens of a caplllary-type flow-
meter. Temperatures were measured with lron-constantan thermocouples
and a portable potentiometer.

The calorimeter proper conslste of a reactor, which contalns the
catalyst and in which oxldatlon tekes place, and a furnace for malntain-
ing the desired temperature. Princlpal features of the flow calorimeter
are shown in figure 1 and a detalled scale drawing 1s presented In
figure 2. The reactor, made of pyrex glass, consisted of an inlet sec-
tion, a reaction chamber, and an outlet slidearm. The relatively long
inlet section fit snugly 1in the furnace bore to promote efflclent heat
transfer so that sample gas would be heated to furnace temperature be-~
fore reaching the catalyst. The reactlon chamber, which was 25 milll-
meters in outslde dlameter, contained two castalyst beds; the first
consisted of 3 grams of platinized sillica gel supported on 50x40 mesh
stainless-gteel wire cloth mounted 25 millimeters above the inlet
section. The mecond catalyst bed conslsting of 5 grems of the same
cetalyst was similarly supported 80 milllmeters ebove the bottom of the
flrst bed. This distance allowed the gas temperature to return to
approximately 500° C; condltions et the flrst catalyst bed were thus
duplicated. The second catalyst bed provided s check for completeness
of oxldation at the first catalyet bed. Spaces above, below, and be~
tween the catalyst beds were fllled wlth loosely packed glass wool. The
gpace between the reaction chamber and the sluminum block was fllled
with glass-wool lnsulatlon to reduce heat losses from the reactor while
oxldaetion was takling place. A small thermocouple well, conslstling of
0.080-1inch-outsilde~dlameter and a 0.0l4-inch-wall stainless-steel tube
closed at the lower end, was mounted concentrically inside the reactor
and extended through the reaction chamber and a short dlstance into the
Inlet. It was found that temperstures inside the reactor could he meas-
ured more convenlently by a single movable thermocouple in the well than
by fixed thermocouple Junctlons, although heat losses were undoubtedly
large because of the hlgh thermal conductlviiy of the metel tube. The
reactor was mounted vertlcally lnside the furnace to minimize channel-
ling 1n the catalyst bed, and the directlion of flow was upward.

An electrically heated, aluminum block furnace was used to masintaln
uniform tempereture dlstribution. Two separate electrlc heating ele-
ments were located in double spiral grooves (not shown in fig. 2) which
were cut 1n the outer surface of the cylindrical furnace body. IRach ele-
ment congisgted of approximately 30 feet of 26 gauge Nichrome wire insu-~
lated with ceramic beads. Both elements were used to heat the furnace
rapidly to operating tempersature, but only one was needed to maintain
a constant temperature of 500° £10° C. This element was connected in
series with 2 O to 25 ohm variable resistor to a 110-volt supply, and
it required epproximately 150 watts to maintaln operating temperature.

A l/B-inch-diameter hole drilled in the aluminum block (see figs. 1
and 2) provided a well for the furnace thermocouple.
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PROCEDURE
Preparation of Fuel-Alr Mlxtures

After the 12-gallon tank was throughly flushed with alr, the tank
was evacuated to 1.5 to 2.0 millimeters of mercury absolute. Fuel was
admitted to the desired pressure; then alr was added to a total pressure
of 25 to 30 pounds per sguare lnch gage. The mixbure was stlirred for
at least 1 hour before use. The enthalpy of combustlon of the mixbtures,
in terms of Btu per cublc foot at a temperature of 25° ¢ aend pressure
of 760 millimeters of mercury absolute, was caloulated from the lower
heating values and the partial pressures of the combustlbles in the fuel-
air mixtures. Accuracy of the enthalpy values was 0.1 Btu per cubilc
foot. Mixbures of lower concentration were made by dilution with air.

Callbration

The calorimeter was operated at a furnece temperature of 500° C and
a flow rate of 1.75 cubic feet per hour (see appendix). For the purpose
of calibrating the calorimeter, various fuel-alr mixtures of known en-
thalpy were passed through the resctor and the maximm temperature rise
was measured. The flameless oxidatlon of the fuel that occurred wlthin
the first catalyst bed resulted in a locallzed "hot spot” or point of
maximum temperature rilse slong the thermocouple well. The position of
this hot spot was loceted by means of the movable thermocouple and
recorded as the distance from the bottom of the thermocouple well %o
the Junction. In order to facllitate this measurement, a refersnce line
weas mede on the thermocouple wlre at the top of the well, with the Junc-
tion at the bottom of the well, so that vertical displacement of the
line was equal to that of the Junction. Maximm temperature rise was
calculated from the dlfference between the maxlmim electromotlive force
of the thermocouple lnside the resasctor and that of the thermocouple in-
slide the furnace. All temperature-rlse measurements wore mede abt ther-
mal equillbrium, which was established In 3 to 5 minutes. Temperature
profile was obtalned by measuring temperature rise at numerous points
along the axls of the reactor. When the temperature proflle along the
axls of the reactor was determined with air alome at the callbration
flow rate, it was found that, although the btempersture profile was flat
over most of the reactor length, & slight drop occurred in the reglon of
the second catalyst bed. Since true temperabture rise is the difference
between temperatbure with oxldation and without oxldation of fuel, all
temperature rises reported were corrected to the air-calibration pro-
file. These corrections wers less than 2° G in the region of the first
catalyst bed and approximastely 5° G at the second catalyst bed.

The relstlons between the measured temperature rise at the first
catalyst bed and enthalpy of combustlon are shown in figure 3(s) for nine
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combustibles including hexane, decane, benzene, ethanol, and the flve
representstive compounds. The range of enthalpy 1s thaet expected of
normel turbojet exhasust~-gas semples. All polnts for hydrogen, carbon
monoxide, ethylene, and ethane fall along the same stralght Iine passing
through the orlgin. As hydrogen and carbon monoxide are easily oxldized
by the catalyst used, even at much lower temperstures, and as no temper-
ature rise was observed at the second catalyst bed, complete oxidation
can be assumed; and the stralght line in figure 3(a) represents the maxi-
mum temperature rise sttalnable wlth thls calorlmeter. Thus, a measure
of the oxldation efficlency of the catalyst can be determined for diffi-
cultly oxidized gases from the ratlo of the temperature rise obtalned
wlth such a mixture of _known enthslpy to that indicasted by the solld
line of figure 3(a) for the same enthalpy.

The slope of the solld line in figure 3(a) (calibration line) is
approximately 25 percent of the mlope of the theoretical line for ldeal,
adiabatic combustion. Although high heat loss from the reaction zone
is thus Indiceted, the condltion 1is not serious, since the method 1s
emplrical and the temperature rises obtalnable with mlxtures having en-
thalples grester than 1 Btu per cublc foot are sufficlently large for
accurate measurement.

With a straight-line relation establlished, one experimental point
for any one of the easily oxldlzed gases and the orilgln can be used to
eatabllsh the callbration line. For this purpose, the standard ethylene-
alr mixture with an enthalpy of 5.8 Btu per cublc foot was used to check
the calibration line prilor to each sample run.

Inspection of figure 3(a) shows that one of three benzene points,
the single pointa for both ethanol and decane, and the three methane
points all fall below the callbration line. Inaccuracles in the prepa-
ration of the fuel-alr mixtures may account for the benzene and decane
deviations. Thls 1s especlally likely in the case of the decane mixture,
which was prepared by saturating alr with decane at 0° C and was intro-
duced dlrectly Into the calorimeter. Failure to attain equillibrium
vapor pressure by as little as 0.02 millimeter would account for the
deviatlon of thls point. The ethanol-alr mixture may have undergone
pre-oxidatlon shead of the catalyst since the maxlmm-temperature lo-
catlon was obhserved 18 mllllimeters upstreasm of that for other combusti-
bles. In any case, fallure to reach the callbratlion-line temperature
rise with these fuels is of little practlcal slgnificance, since the
concentrations of these and similsr types of compounds in exhaust gases
are llkely to be very small and the calorimeter does indlcate their
concentration to within 20 percent of the true walue.

The incomplete oxldation indicated for methane in the first cat-
alyst stage 1ls Important since thils compound 1s llkely to be present in
slgnificant concentratlons in exhaust gases. Therefore, special
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provislon had to be made to determlne completely the enthalpy due to thils
compound. It was concluded on the basis of filgure 3(a) that methane
would be the only combustlble remalning after passage through the first
catalyst bed and that, If the second cetalyst bed were emplrlcally call-
brated for methane alone, complete oxldatlon at thls stage would not be
necessary. Methane callbration of the second catalyst bed 1s shown in
figure 3(b). The tempersture rise was measured with the movable thermo-
couple; and ‘the enthalpy of the methane-alr mixture, after it passed
through the flrst catalyst bed, was calculated from the followlng
equatlon:

hs; = hy(1 -~ E/100) (1)
where
hy enthalpy of combustlon after passage through flrst cabtalyst bed,
Btu/cu £t
hl known enthalpy of combustion of prepared methane-alr mixture,
Btu/cu £t
E catalyst oxldatlion efficiency at first catalyst bed, percent

The equal slopes of the methane calibration lines in figures 3(a) and
3(b) show equal catalytic efficiencies, but 1t should be pointed out
that this need not always be true.

Measurement of Exhaust-Ges Enthalpy and Combustlon Efficlency

The enthalpy of an exhaust-gas sample 1s based on the meximum
temperature rise at each catalyst bed at thermal equilibrium and at the
same furnace temperature and flow rate used for callbration. IEnthalpy
cen be determined either graphically from figures 3(a) and 3(b) or cal-
culated from the followlng equation:

H = K1AT] + EzAT2 (2)
where
H total enthalpy of sample, Btu/cu £t
Xy enthalpy equlvalent per degree temperature rise at first catalyst
bed, evaluated from calibration line, fig. 3(a)
K5 enthslpy equlvalent per degree temperature rise at second cab-

alyst bed, evaluated from fig. 3(b)
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ATq temperature rise at flrst catalyst bed, Sc
AT, temperature rise at second catalyst bed, °C

Combustlon efficlency can be calculated by use of the following
equatlon:

M = 100(1 - m) (3)

(3]
@
O

where "

b combustion efficlency, percent

H total enthalpy of exhaust, from eq. (2), Btu/cu £t

ILHV lower heating value of fuel, Btu/lb

F/A fuel-alr ratio by weight

P density of air at calibration conditions, 0.0737 lb/cu £t =

Catalyst Life -

During preliminary experiments, the catalyst was replaced freguently
and no lose of oxldatlon effliclency was observed. The particular calorl-
meter descrilbed herein was used wlth the same catalyst charge for a
period of 3 months and during this time some signlficant changes occurred
in the relations shown in figure 3(a). These changes are shown by & com-
parison of filgures 3(a) and 3(c). The data presented in figure 3(c) for
hydrogen, ethylene, propane, ethane, and methane were taken spproximately
3 months later than those ln figure S(a). Propane was not included in
figure 3(a) but would undoubtedly have been completely oxidized at that
time. The callbration line of flgure 3(a) is repeated in figure 3(c).
The fact that the hydrogen and ethylene data polnts fall approximately
on the calibratlion line Indlcates that no decrease occurred ln the oxi-
datlon efflclency of the catalyst for these compounds. However, the
efficlency of the catalyst In oxldizing methane dropped from 79 percent
to 47 percent; and, where ethane and propane were concerned, the effi-
ciency dropped from 100 percent to 78 and 93 percent, respectlvely. The
concentratlion of ethane and propane in exhaust gases ls probably so low
that somewhat less then complete oxidatlon of these compounds can be
tolerated without serlous error. ILimite of catalyst 1life cannot be es-
tabllehed from the data presented.
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Methsene callbration of the second catalyst bed was repeated and
was found to be the same as in figure 3(b); this indicated a longer
catalyst 1life hers, posslbly because of the lower temperature. Thus,
the decline in oxldation efficiency at the first catalyst bed presents
no problem so long as the methane calibration of the second catalyst
bed holds. Here, agaln, limits of catalyst 1life could not be established
and occasional recalibration was necessary.

RESULTS

The flow calorimeter was tested with one six-fuel and four two-fuel
mixtures. Enthalpies were calculated from partlal pressures of the
fuels and are accurate to +0.1 Btu per cublc foot. These calculated
values are shown In table I together with enthalpies measured by the
flow calorimster. The calculated and experimental values agree within
+£0.2 Btu per cublc foot, experimental results being high for the
ethylene-methane mixtures and low for the ethylene-ethasne and the six-
fuel mixtures. No loss of accuracy was observed for the more complex
mixture.

Flve samples of turbojet exhaust gas were obtalned from two single-
combustor testing facilitles. Samples 1, 2, and 3 (see table II) were
obtalned from & single-combustor test installation equipped with three
water-cooled pltot-type probes, and samples 4 and 5 were obtained from &a
simiiar test installatlon by means of slx uncooled probes. Probes were
installed at a posiltion corresponding to the turblne inlet and were
arranged radially at centers of ennuli of squal areas. QConnectlon to
the pump and storage tank was made through a manifold and approximately
6 feet of copper tube. A varlety of fuel types, fuel-air ratlos, and
combustion efficlencles were included in these experiments so that
gamples might be Fairly representative of those to be expected in rou-
tine practice. Enbthelpy measurements were made wlithln 1/2 hour of sam-
pling. In table IT are presented combustlon efficlencies calculated by
the heat-balance method together with enthalpies and combustion efficien-
cles measured by flow celorimetry. The heat-balance method is fully des-
cribed in reference 4 but, briefly, 1t involves the use of thermocouples
to measure the tempergture rise across the combustor which is compared to
e theoretical temperature rise. Combustion efficiencies in table ITI, de-
termined by the two methods, compare wlthin 3 percentage units.

DISCUSSION

At present, the development of the flow calorlmster cannot be con-
sldered complete, but the results presented hereln show flow calorlmetry
to be a practical method of measuring residual enthalpy of combustion of
exhaust gaeses and estimating combustlon efficiency. The calorimeter is
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portable and simple to operate and can be connected directly to the
sampling-probe line; thus, the need for sampling vessels 1s eliminated.
The only service required is s 1l10-volt electrical outlet for the fur-
nace and the diaephragm-pump motor,

Accuracy of enthalpy measurements made with the flow calorimeter
can be estimated from the possible errors In measurement of the gquan-
titles in equation (2). Errors in ATy and AT, were small and have

been neglected. Therefore, the relative error In H wlll be about
equal to that in EK; or K;. K; was evaluated from the calibration

(solid) line in figure 3(a) and its accuracy depends upon errors in the
enthalpy of prepared fuel-ailr mixtures (0.1 Btu/cu ft) and the repro-
duciblillity of the calorimeter. From the average of 10 runs made over a
period of 3 months with the standard ethylene-alr mixture (5.8 Btu/cu f£t)
and the geme reactor and catalyet charge, the reproducibility of results
was found to be +1.0° C. These inaccuracles indicate & probable maximum
error ln the determination of the residual enthalpy of combustion of—ex-
haust gases of about +0.2 Btu per cuble foot. Accuracles of this order
are shown in the results llisted in table I and indlcate the average
potential accuracy of enthalpy measurements msde with the flow calori-
meter when the enthalpy content 1a of the order of 5 Btu per cublc foot.
Experlence wilth very lean mixtures has indicated thet the cslorimeter

1s sensltive to about 0.1 Btu per cublc foot, and it 1s probable that an
accuracy somewhat better than 0.2 Btu per cublc foot can be obtalned
with these very lean mixtures.

The results presented 1In taeble II do not necessarily indicate the
accuracy of combustion-efficiency measurementis by either the heat-balance
or the flow-calorimetric methods, although an effort was made to maintain
good sampling conditions In these cases. Table II provides a comparison
of the two methods only; a maximum difference of 3 percent combustlon
efflclency is considered good. However a comparlson of the equatlons
used to calculate combustion efficiency by the heat-balance and flow-
calorimetric methods shows that the calorimetric method is inherently
more accurate at high combuestion-efflclency levels. In heat-balance
methods the followlng equatlion 1s used

B
" = TEV X F/A X p (4)

where

H* enthalpy rise determined from difference between average inlet
and average outlet temperatures, mesasured by thermocouples,
Btu/cu £t
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The remaining symbols are the ssme as 1n equation (3). Comparlson of
equations (3) and (4) shows that, at efficiencles greater than 50 per-
cent, the accuracy of the efficiency determination with equation (3) is
less dependent on a correct knowledge of the inpub fuel-air ratio than
with equation (4). For example, a 10 percent error in the determination
of the lnput fuel-air ratio will have the followlng effects on combus-
tion effliclencies calculated by the two methods:

Combustion- | Exrror in combustlon efficiency resulting from 10
efficiency percent error in lnput fuel-alr ratlo, percent
level, By flow calorimetry | By heat balance
percent
50 5.0 5.0
75 2.5 7.5
90 1.0 9.0
95 .5 9.5
100 .0 10.0

Thus, at a combustlon efficlency of 50 percent, a given error in the
Input fuel-alr ratio results In equal errors 1n the calculated combus-
tion efficlency by both methods; but, as combustion efficiencies ap-
proach 100 percent, errors 1n input fuel-alr ratlo have smaller effects
on combustlon efflclencies calculated from calorimetry than those calcu-
lated from heat-balance methods. A corollary to thils is that combustion
efficlencles greater than 100 percent cannot be found by the calori-
mebric method.

Similarly, equel percentage errors in tempersture sampling for the
heat-balance method and in gas sampling for the calorimetric method will
result in smaller errors when the calorimetric method 1s used at high
efficlency levels. Agaln, efficlencles greater than 100 percent cannot
be obtalned by the calorimetric method no matter how poorly gas sampling
1s done.

The problems of obtalning a representatlve sample of exhaust gas
for the calorimeter by probe sampling and of measuring a true average
temperature for heat-balance calculations by thermocouple sampling are
crltlical ones if maximum sccurscy 1s to be attalned by these methods.
Accurate probe and thermocouple sampling can be achleved when steady-
state combustlon ococurs and when the temperasbture, pressure, and concen-
tration gradlents are falrly uniform across the exhaust duct. Howsever,
these conditlons do not alwaeys exlset; combusbtlon may be intermittent or
pulsating; temperature, pressure, and concentration gradlents may be
large and uneven; liquld fuel drops may appear 1in the exhaust stream;
chemical reaction mey continue into the sampling probes; thermocouples
mey act as a catalyst; end various radiation effects occur. Thus, 1t
becomes necessary to consider the effects of adverse sampling conditlons
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in all spplicatlons of the two methods. In this respect, thermocouples
have an advantage over gas-sampling probes in that a larger number of
thermocouples can be installed in a given exhasust duct.

Although the flow calorimeter 1ls not as sultable for large scale,
routine measurements as are thermocouples, the calorimetric method, be-
cause of 1ts greater inherent eccuracy, would be valuable for verifying
near~-100-percent efflclency data obtelned by other methode. Also, the
flow celorimeter may be used at high combustor temperatures where the life
of ordinsry thermocouples ls too short for practlical use and precious-
metal thermocouples have not been satisfactory.

Aside from sampling difficultlies, the princlpal dlsadvantages of
the flow calorimster are the time lag of about 4 minutes to establieh
thermal equilililbrium and the uncertain and posslbly short 1life of the
catalyst. These problems require further investigation.

SUMMARY OF RESULTS ARD CONCLUSIONS

Flow calorimetry was shown to be & feaslble method of determining
the combustlion efficlency of ram-Jet and turbojet combustors by measure-
ment of the residual enthalpy of combustion of the exhaust gases. A
sultable flow calorilmeter, 1te calibration, and Its operation were de-
scribed. Brlefly, the calorimeter catalybtically oxldizes the combustible
congtituents of exhaust-gas samples, and the resultant temperature risme
1s measured. Thils temperature rlse was relgted to the resldual enthalpy
of combustlon of the sample by previous callbration of the calorimeter,
and the combustlon efficlency was calculated from measured residual en-
thalpy of combustion of the exhaust gas and the combustor input enthalpy.
The catalyst used was capeble of completely oxidizing all the combus-
tibles except methane, and a second oxidation stage was provided to
determine completely enthalpy due to thls compound.

Accuracy of enthalpy measuremsnts was shown to be +0.2 Btu per cublc
foot with prepared fuel-air mixtures. Combustion effliciencles measured
by flow calorimetry and the heat-balance method compared wlithin 3 per-
centage unlts. Although the flow calorimeter 1lg not as suitable for
routine measurements as thermocouples, the method 1s fundamentally more
accurate at high combustion-efficlency levels; and 1t could be used to
veorlfy neear-100-percent effliclency data obtalned by other methods. More
Important, the method may be used at high combustor temperatures where
thermocouple 1life is too short for practical use.
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Development of the flow calorlimeter cannot be considered complete.
Problems requiring further investigatlion are the time lag reguired to
ettain thermal equllibrium, the need for two-stage oxldation of methane,
and the uncertain and posslbly short catalyst life.

Lewls Flight Propulsion Laboratory
Natlonal Advisory Commlttee for Aeronautics
Cleveland, Ohlo, December 21, 1953
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APPENDIX - DEVELOPMENT OF FLOW CALORIMETER

Development of the flow calorimeter was essentially a matter of
finding a sultable oxidatlon catalyst and determining the optlmum con-
ditions for its use; such as temperature, flow rate, and geometry of the
reaction chamber. These factors wlll he dlscussed separately.

Catalyst. - Several catalysts were tested early 1n the progrem, all
contalned elther platlinum or palladium as the active metal and either
asbestos or sllica gel as the carrler. These catalysts were prepared in
the laboratory according to the general procedure of reference 5, except
platinized silica gel, which was purchased from the Burrell Corporation,
Pittsburgh, Pennsylvania. Although all the catalysts studled completely
oxldized carbon monoxide, hydrogemn, and ethylene, only palladium-on-
asbestos and platinlzed silica gel were effective in oxidizing methane.
Thege catalysts were about equal in oxldatlon efficliency, but platinized
sllica gel was used excluslvely ln subsequent experiments, because it is
easler to pack unlformly in the reactor. The catelyst was used at a
temperature of about 500° G, which permitted the use of pyrex apperatus.
The amount of catalyst used was kept small In order to minlimize the time
required to reach thermal egquilibrium; the minimum amount of catalyst
necessary for complete oxldatlon was not determined. Pressure drop
acroas the catalyst bed for the flow rates employed was 8 to 10 milli-
meters of mercury.

Flow rate. - Under ldeal, adiabatlc condltlons, the temperature
rige resulting from complete oxidatlon of a constant enthalpy ges would
be independent of flow rate, but in practical systems heat losses occur
and oxldation may not always be complete. For a constant enthalpy mlx~
ture In a practical system, & low flow rate results in a small tempere-
ture rise; temperature rise Increases wlth increaslng flow rate until a
maximim is reached, after which oxidation becomes incomplete and temper-
ature rise decreases. Also, the flow rate which wlll yleld meximum
temperature rise will very wlith the ease of oxidatlon of the compound
and for difficultly oxldized compounds, such as methane, wlll occur at
lower flow rates. These effects are shown in figure 4 where temperature
rise ls plotted agalnst mixture flow rate for two fuel-alr mixtures, one
containing ethylene and another methane, both having an enthalpy of 5.0
Btu per cubic foot.. In this came, reactor dlameter was 25 millimeters
and 5 grams of catalyet was used. For ethylene, the temperature rise
increased steadlly wlth Increasing flow rate and would undoubtedly reach
a maximum at some flow rate above 2 cublc feet per hour. For methans,
the curve reached a meximum at 1.75 cublc feet per hour. The curves
were extrapolated to the origln to show that at very low flow rates the
curves should coincide. This coincldence indicates the same degree of-
oxldation of both ethylene and methane. However, the total temperature
rige at such a low flow rate would be tooc low for practlical use. There-
fore, 1t was necessary to compromlse between a very low flow rate with
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complete oxldaetlon but very little temperature rise and a high flow rate
wlth partial oxidatlion but higher temperature rise. The flow rabe chosen
was 1.75 cublc feet per hour, at which maximim tempersture rise was ob-
talned with methans.

Reactlon chamber. - The imporbtant dlmension of the reaction chamber
was lts dlameter, which determined linear flow veloclty through the cat-
alyst bed for a glven volume flow rate. In order to explain the effect
of resctor dilameter, temperature-profile curves are presented 1in filgure 5
for three fuel-air mixtures - hydrogen, ethylene, and methane. The re-
actor diasmeter was 22 millimeters and the position of the catalyst bed
18 shown. It can be seen that maximim temperature rise occurred at
different levels withlin the catalyst bed and in the order of the oxidlza-
bllity of the fuels. Maximum of the methane curve occurred approximately
8 mllliimeters above the level at which maxlimum temperature rise occurred
for hydrogen while the maximum for ebthylsne occurred between these two
extremss. In order to obtaln maximum temperature rise wilth a mixturs of
these compounds, oxldation of all compounds must occur at the same level.
When the same smount of catalyst was used with a 32 milllmeter outbtside
dismeter reactor (which reduced the linear flow velocity through the
catalyst) the maximum for both the methane and hydrogen curves occurred
at the same level. However, the magnitude of the temperature rises ob-
tained was conslderably reduced. When a 13-millimeter-outside-diameter
reactor was used, the magnltude of the temperature rises increased, but
the maximims occurred at levels 28 millimeters apart. In a compromiss,

a 25-millimeter-outside-diameter reactor was selected and, the maximum
distance between oxldatlion levels was found to be 4 millimeters.

It wlll be notlced in figure S5 that considerable temperature rise
occurred shead of the catalyst. Thils is helleved to be due to heabt con~
duction along the thermocouple well rather than oxldatlon shead of the

catalyst.

From these preliminary investlgations, 1t was decided to use plati-
nized slllica gel gt 500° ¢ ag the catalyst, a 25-mlllimeter-outslde-
diameter reaction chamber, and & volume flow rate of 1.75 cubic feet
per hour.
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TABLE I. - ENTHALPTES OF PREPARED GAS MIXTURES
Sample Fuels Calculated enthalpy of | Enthalpy of combustion by
combustion, Btu/cu ft | flow calorimetry, Btu/cu ft
Individual | Totel Catalyst | Catalyst Total
bed I bed II
1 [Etbhylene 3.64
Ethane 1.85 5.5 5.3 0.1 5.4
2 |Ethylene 3.64
Methane 2.68 6.3 5.7 0.8 6.5
3 |Ethylene 3.64
Methane 1.51 5.2 4.9 0.4 5.3
4 |Ethylene 1.98
Methane 1.27 3.3 3.1 0.4 3.5
5 Hydrogen 1.8
Carbon-
monoxide 1.8
Methane .56
Ethylene .58
Ethene 57
Propane .59 5.5 4.6 0.7 5.3
TABLE IT. -~ ENTHATPTES AND COMBUSTION EFFICIENCIES OF
TURBOJET EXHAUST-GAS SAMPLES
Exhaust Fuel Fuel- | Enthalpy of Combustion
sauple air combustion, efficiency,
ratio Btu/cu £t percent
Flow Heat Flow
calorimetry| balance calori-
metry
1 MIL-F-5624A grede JP-4 [(0.018L 1.0 94 96
2 2,3-Dimethylbutane .0165 1.4 94 94
3 2,3-Dimethylbutane .0202 4.4 83 85
4 2,2,4-Trimethylpentane .00885 3.8 78 73
S 2,2,4-Trimethylpentane .00787 3.1 7L yas
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