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A Study of Sampling of Fla me Gases I 

C . Halpern and F. W. Ruegg 

A study of sampling of hoL co mbustion gases by means of water-coo led probes o f i nLcrned 
diameter of 0.027 to 0.070 cm has been macl e. E ffect of co ndiLions of samp li n~ on conccntra
t lOns of CO, CO" H " a ncl H 20 ,,"as Lhe primary interesL in Lhi s sLudv. The probe'S wcrc 
unable to q ueneh reactions eompletel .v ancl .wel."e unable to prese r ve the orig i nal compositio ll 
of t he gas, bu t small probes wcre more efi ectl ve than larger probes. Sampl e composiLion 
was unaffected by samplll1g. veloClt.v, exce pt t hat at the higher rates of sampli ng it appears 
t hat grad ients o f compOSILlO n and tcmperature eaused the effectiveness of quenchil'" Lo 
decrease. Probe mate r ial and co nfiguratio n had li ttle effect on s>,mplc composi tion. b 

1. Introduction 

The curren t in terest in high- temperature combus
tion as applied to the fLeIel of jet propulsion has Jed 
to a need for means to determine t he sta te of the 
combustion gases in and ncar the region of chemical 
reaction. Knowledge of the pressure , temperature, 
and composition or t he gases, among other quantities, 
is needed to understand t llC phenomena observed . 
Theeomposit ion of the flame gas ma.\' be determined 
b.\' chem ical a nalysis, and temperature, concentration 
of fu el, and the extent of reaction can be derived. 
These quant it ies arc determined , of co urse, for tbe 
point or small volume of the engine from which the 
sample is drawn, and this is one advantage of using 
chemical anah "sis. 

Samples a rc commonl .\- tal;:en b.\" drawing the hot 
gas through tubes that arc coolee! witll wate r botll 
to protect the tube and to ll elp preserve t he composi
tion of th e gases being sampled. C hemical ana lysis 
will be of valu e onlV if the composition of the sample 
remains unchanged , and this investigation is con
cern ed Ivith the dete rmina t ion of t he effectiveness 
of thi s method of sampling in p reserving t il e com
positi on of the gas at the point of sampling. The 
p rimary in te rest here is in sam ples from streams of 
gas whose composit ions a rc constant at the point 
of samplin~. One reqllirement of this invest igation, 
therefore, IS a source of hot gas whose composit ion 
will be constant during the sampling period ; a fl ame 
burning under controlled stead.\" condi tions and of 
suffi cient size relative to the p robe and rate of 
sampling will satisfy this need. 

Considerable work which involved sampling and 
anal~'sis of flame gas was reported during the earh" 
.\Tea rs of this century t1 to 16].2 Most of this wo r"!;: 
was done with flames of comparatively low tempera
ture, 1,800° C' or less, anci the .main interest was to 
determine if chemical equilibrium existed in the 
flame . Gene ral1~T, there was no interest in or even 
recognition of the problems of sampling. Onh
Habel" and Le Rossignol [6] and I-Jaber and H odsmn;l 
[7] did any work that involved changing the condi
tions of sampl ing. Their method of sampling WilS 

I This work was sponsored by th e Power Phnts Division, Bureau of }\('I'.:)

nauiics, Depa rtment of the Navy. 
2 Figures in brackets indicate the li tera ture references at the end of this paper. 
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to attach an evacuated contai ner to a water-cooled 
probe and let gas flow in through a stopcock un t il the 
pressure reached 0.5 atm. H aber and Le Rossio'nol 
usC'd a probe , i .d .= 0.015 em, to sample a cfu':'bon 
monoxide-oxygen Aame wi th a tempe rature of about 
2,900° K. Results of 7 tests, 5 at onc rate of sampl ing 
and 2 a~ lower rates , showed some var iation of sam ple 
compOSItIOn With rate , but were interprcted to b(' 
only a negl igible change. The posit ion of the 
stopcock probably was changed to cha no'e t il e ra te 
of sn:m pl ing. The speed of the hot gas sam ple 
entc rmg t he pl"Obe at t il e largest rate of sampling is 
estLmated to be sonic and t hus the pressu re for t his 
rftte is about 0.5 atm at t il e entrance of tIl e p robe. 
For the lowe r rates of sampling, t he s peed and 
corJ"espond mg pressure drop is less. Sin ce the 
composit ion of a gas sam ple in equilibrium is afl"ected 
by l?ressure , the composition of t he gas sample 
obtamecl at the lli ghest rate may I19, ve cil anged mo re 
t han the others. Haber and Le Rossignol compared 
t he temperature cieri ved from t he equilibrium 
con stant Jor the dis ociation of carbon dioxide 
calcul ated from t he co.mposition of their sam ple with 
a calculated ad iabat ic fl ame temperature, and 
eonc1u.ded t hat the ir probe wa~ capable of freezin g 
the dI SSOCiatIOn of carbon dIOxid e and thus of 
preserving the sample unchanged . But since their 
method of sampling involves a laro'e pressure change 
tl:c efl'ect of th e change of pressure bon the compositiOl{ 
of the sample ma~T have obscured the effect of til<' 
probe alon e. 

Haber and Hoclsman llsed flames of car bon 
monoxide and oxygen, acetylene and ox~'gen , and 
h~~drogen and oxygen. Using the h.\"droge l1 and 
ox .\'gc ll flame , two out of three tes ts showed a O.OI-cm 
probe to be mo re eA'ective li lan a 0.015-em p robe 
1n freeZing the waLer dissociation, sin cc tile tempera
ture based on the waLer di ssoc iat ion found in samples 
take n b.\" the smaller probe was higher Lhan in those 
takc ll b.\" Lhe larger probe. .As even Litis higher 
tern pera Lu re was abou t 300 0 C lower than the ir 
ca.ku lated name temperaLu re Lhey co ncluded tlmt 
eV(' 11 t he smaller probe cou ld not' freeze the water 
dissociat ion . Consid ering tbe samples drawn from 
t il e aeet)'lene-ox.\"ge n fl ames, Lhe~' concluded that 
tbe ir probes could freeze t he carbon dioxide dissocia
tion b ut not LllC water dissociation . 



Erbc, Grey, and Beal (17) sampled a natural gas
oxygen flame, and temperatures derived from the 
values of the equilibrium constants of the products 
of dissociation of carbon dioxide and water were 
2,589° and 2,644° K, respectively. They concluded 
that since these two temperatures were in good 
agreement their water-cooled probe (internal diam
eter = 0.051 cm) was able to preserve the composition 
of the flame gas. The given composition of the gas 
sample can be used to compute the ratio of natural 
gas to oxygen , and from this ratio, the flame tem
perature was calculated to be about 2,850° K. On 
this basis, their probe did not preserve the composi
tion of the gas in the flame. 

It is welll,nown that the composition of a gaseous 
system in equilibrium can be changed by changing 
the pressure or by diluting the system with an iner t 
ingredient, provided that the number of molecules 
of products and reactants are unequaL Hough, 
Valle-Riestra, and Sage (18) have employed a sampl
inO' system in which combustion gas is expanded to 
a blo~'T pressure and simultaneously diluted with 
helium. Their analytical data indicate the possi
bility that the reduction of the partial pressure of 
the components of the sample caused dissociation to 
overcome the association that would be normal with 
reduction of temperature only. In this event, 
apparent quenched temperatures Cbased on an 
equilibrium constant derived from the original 
partial pressures) of the sample would be higher 
than flame temperature. If a plain water-cooled 
sampling probe proves inefficient, this procedure of 
reducing the pressure of the sample may be necessary. 

Since previous investigators had paid so little 
attention to the techniques of sampling, and water
cooled sampling probes continued to be widely 
used, it was decided that a study of sampling hot 
O'ases by means of water-cooled probes to determine 
the effectiveness of this method might prove useful. 

The composition of a gas in chemical equilibrium 
can be determined from a h:nowledge of the equilib
rium constants of the reactions that are taking place. 
As temperature changes, values of equilibrium con
stants change, and a sample of gas that is cooled 
slowlv will change in composition down to a tempera
ture Tq where the reaction rates are too slow to make 
any further noticeable change in composition. If gas 
at temperature T were cooled instantaneously to T q , 

then the composition of the gas at T q would be the 
same as at T, and the reaction is said to be quenched. 
In a real case of rapid cooling, !loS in a sampling probe, 
equilibrium probably is not maintained and there 
must be some reaction occurring during the time of 
cooling clown to about temperature T q. Therefore 
the gas has a final composition between the initial 
composition and the composition corresponding to 
the case of equilibrium cooling. An equilibrium 
constant based on the final composition and its 
associated temperature, T aq , may approximate a 
temperature to which the gas is cooled slowly along 
an equilibrium path, followed by infinite rate of 
cooling to stop further reaction. T aq , which may 
be called an apparent quenched temperatUl'e, will 
approach T only when the degl'ee of conversion of 
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reactants to products is made small by rapid cooling. 
Hottel, Williams, and Satterfield (19) have calcu

lated the theoretical composition of flame gas at 
various temperatures for various burning mixtures 
based on the assumption that chemical equilibrium 
exists. Table 1 presents some of their calculated 
compositions. If a mixture is burned whose theo
retical burnt composition is known, and if samples 
are drawn from the flame and analyzed, we may, by 
comparing the composition determined by experi
ment with the theoretical composition, determine 
T aq for the cooled gas. It is realized that the assump
tion of chemical equilibrium in flames is questionable , 
bnt for the lack of any other data, the values of 
table 1 are made the basis for comparison. Hottel 
et al. present the theoretical composition in terms 
of the molecules Hz, H 20, N z, CO, CO2 , and NO, the 
atoms Hand 0, and the free radical OH. Of these , 
H, 0, and OH do not exist in the cooled gas, and of 

TABf. E 1. Equilibrimn composition of flame gas according to 
H ollel, et al. 

Com-
Percentage present nt-

pound 
l ,soooK [ 2,0000K 12,20001':: [ 2,4000.K [ Z,6000J( [ 2.80001':: [ 3,0000K 

CH,+20" calcula ted flam e telllperature~3,050oK 

I 
H ,O 0.66440 0.65920 O. C,4C,7 O. C,216 0.5775 0.5103 0. 4192 
H , . 00096 . 00284 . 0069 .0144 . 0266 . 0443 . 0662 
0 .00001 . 00005 .0003 .0014 .0051 . 0144 . 0338 
H . 00001 . 00009 . 0005 .0019 . 0063 . 0172 . 0406 

0, . 00130 . 00426 . 0110 .0233 . 0413 . 0C,20 . 0796 
OH . 000M .00201 .0061 . 0152 .6316 . 0561 . 0862 
CO . 00190 . 00669 . 0182 . 0402 . 0737 . 1136 . 1496 
CO, . 33091 . 32486 . 3103 . 2820 . 2379 . 1821 . 1248 

CH,+20,+2N" calcula ted flam e temperature~2.8oooK 

H , O 0.39866 0.39559 0. 38827 0.37340 0. 34719 0.30636 
H, . 00070 . 00210 . 00510 . 01071 . 01992 . 03332 
0 .00000 . 00004 . 00025 .0011 5 . 00407 .01148 
H . 00001 . 00007 . 00040 . 00164 . 00542 . 01495 
02 . 00086 .00282 .00725 . 01525 . 02670 . 03946 

OH .00035 . 00141 . 00428 . 01059 . 02196 . 03887 
NO . 00021 .00068 .00177 .00384 . 00709 .01135 
~2 . :19944 .39808 .39482 .38831 . 37725 .36091 
C O .00140 .00493 .01336 . 02925 . 05291 . 08040 
C O, . 19837 .19428 .18450 . 16586 . 13749 . 10290 

CH 4+202+4N2, c.'l lculated flame tempcratul'c=2,600oK 

H , O 0.28473 0.28251 0.27723 0.26645 0.24728 
H , . 00057 .00170 . 00413 . 00869 . 01621 
0 . 00000 . 00003 .00022 . 00101 . 00356 
H . 00001 . 00007 . 00036 .00148 . 00489 
0 2 . 00067 . 00220 . 00563 . 01178 . 02046 

OH . 00028 . 00122 . 00340 . 00839 . 01734 
:'\' 0 . 00022 . 00072 . 00 187 . 00405 . 00746 
)J"z .57079 .56925 .51i554 .55811 . 54549 
CO . 00113 .00398 . 01074 . 02339 . 04195 
CO, . I 4 !flO . 13842 . 13088 . 11665 . 09536 

C H ,+20,+7.52:'\'" calculated flam e tempcrature~ 2,250oK 

H,O O. 18942 O. 18789 0.18420 
H z . 00044 .00131 .00320 
0 . 00000 .00003 . 00019 
H .00001 .00006 . 00032 
0 , . 00050 . 00163 . 00416 

OH . 00021 . 00084 . 00257 
N O .00021 .00070 .00180 
N 2 . 71421 .71272 . 70914 
C O . 00088 . 00307 . 00824 
CO, . 09412 . 09175 . 0861 8 



Ul(' molecules, Hz , CO, and CO2 are most easily 
determined a lJalytically. In t be experimen tal work 
to be presented, TaQ is determined by comparison of 
th eoretical and experimental mole ratios of CO/C02 

and H 2/H 20 . By comparing the apparent quenched 
temperature with the calculated ad iabatic flame 
temperature T, the effectiveness of probes in quench
ing reactions can be determined qualitatively at least. 

Sodium line reversal temperat ures for some com
bustible mixtLll"eS are listed in reference [20a]. Th e 
calculated adiabatic flam e temperatures for some 
ll,cetylcne mixtures are within ] 00° of the measured 
temperatures of 3,500° and 3,200° K. The meas
ured temperature of a natural gas flame was 2,200° 
Ie, and the calculated temperature was 2,230° Ie. 
Some m easurements of temperatures of methane 
flames at the Bureau show similar res ults. At a 
sodium line reversal temperature of 2,600° K, the 
calculated temper ature was nbout 75° higher, wh ere
a at 2,100° Ie, th e m easLu·ed and calculated temper
atures corresponded. Since measured temperatures 
are close to the calcul ated equilibrium temperatLlres, 
it seems likely that the composition of the flnme gas 
should b e close to Lhe ca lculated eq uilib ,ium com
position. 

2. Apparatus and Analytical Method 

Exhaust gas was provided by burning mixtures of 
methane, air , and oxyge n in Bunsen tones at tbe 
discharge port of a nozzle. Three differen t nozzles 
with port diamete rs of 1.27 , 0.475 , and 0.318 em , 
ye pectively , wer e used in ord er to keep within the 
blow off and fi ashback limits of the burning mixtures. 
The burner was mounted horizontally to prevent 
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FIGU RE 1. Gas sampling probes. 
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wa ter condensing on the probe from falling into the 
fire. 

The rates of flow of methan e, oxygen, and air to 
tbe burn er were controlled and measured in separate 
systems; ea,ch consisted of a pressure-reducing valve, 
a flow con troller , a rotameter, and a manometer . 
The gases were firs t dried by passing througll acti
vated alumin a. 

·Water-cool ed probes, illusLrated in figure 1, were 
used to sample the hot Aame gas. PrObes of design 
1 were constn lcted of stainl ess-steel hypodermic 
needl es or of tubing of other metal s mounted trans
versely in a piece of flatten ed co pper t ubing. Di
mensions of these probes are lisLed ill table 2. Probes 

TAB I~E 2. Probe design 1, d'imensions 

Probe 
D /A Materia l 

A R c D 
----------

em. em em em ern 
31 Stainless stee l ---- .. 0.027 0. 051 0. 04 0.8.3 0.38 
33 ...•• do ..•... . 057 . 089 .08 I. 86 .56 
2.1 ..... do ......• :.:::::: . 0iD . 094 . 11 I. 70 . 65 
35 Platinum ___ . 037 . 135 . 08 I. 30 . 43 
39 . ..•. do .••.•.••.•.... IL. 03f> . 135 .08 I. 35 . 36 
75 ..••. do .... - ---- . 035 . 135 .10 2. 62 . 75 
39 SilvcL ____ ~ .~ ----- . 035 . 135 . 08 1. 38 . 46 

Ii Nozzle in le t dia. meter O.Of>O em , 'lULlet dia.mete r 0.035 em, fOJ' me d at entran ce 

of design 2 'were mad e of stainl ess s teel hy podermic 
needl es with a right-angle bend or with fl, 90° turn, 
with a radius of Ji6 in ., moun ted in thin-w alled copper 
t ubing. The bend or turn was set as close as pos
sible to the copper wall and the projecting t ip was 
made less than 1 diameter of th e gas passage in 
length. Probes were mounted with the entrance to 
Lhe gas passage coaArial with the cone of the flame, 
ancl the distance from th e cone CO Jld be cha.nged by a 
rack and pinion . 

Gas samples wer e analyzed either gravim etrically , 
using a comb ustion train , or volumetrically, using a 
Shepherd gas-analysis apparat.us. Th e rate of flow 
of gas through the train was controlled and measured 
by the exhaust-metering system. The combustion 
train and exha ust-metering system are illustrated in 
figure 2, in which A represents a cold trap; B , a 

FROM PROBE 

A 3 

TO VACUUM 

C 

FH1lJ RE 2 . Schematic diagram of comb1lstion train and exhallst 
metering system. 

.\ 
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quartz combustion tube packed with copper oxide; 
C a flow controller; D , a rotameter and control 
v~lve; E , a manometer to measure th e pressure in 
t he metering part of the system; F, a bleed valve to 
control the pressure in the system ; I , a Turn er 
absorption bottle containing in order Drierite and 
phosphorus pentoxide separated by asbestos; 2 and 
J TU1'ller absorption bottles containing in order 
Ascltrite and phosphorus pentoxide separated by 
asbestos; and 3, a Turner absorption bottle contain
ing in order Anhydrone and phosphorus pentox~de 
separated by asbestos. '-';'he Turn er 3:bsor'p~IOn 
bottles were modified by fu smg male sph en cal Jomts 
to the arms of the caps. 

Temperature of the combustion tube was measured 
by a Chromel-Alumel thermoc~)Uple , placed alongSide 
it and shielded from the cOlIs of the furnace by 
platinum f~il.. . 

For gravImetnc analysIs, gas samples were drawn 
continuoudy from the flame .tlll·OUg~ a water-cooled 
probe and into the combust~on tram at a const~nt 
specified rate. The pr~ssure m the exhaust-mete~'mg 
system was kept at 20 m. of mercury absolute. rhe 
combustion tube was kept at 270 0 to 295 0 C, the 
rano'e in which carbon monoxide and hy drogen are 
oxidized to carbon dioxide and water respectively , 
while hydrocarbons are unaffected . W ater in the 
sample was condensed III the cold trap an~l ~he 
r em aining traces were removed by the J?nente. 
Carbon dioxide in the sample was determmed by 
change in weight of the first Ascarite bottl~ , while 
carbon monoxide and hydrogen were determmed by 
change in weight of the Ascarite and the Anhy drone 
bottles, respectively , both af.ter the furnace. W ater 
in the sample was approxImated from the total 
weigh t of carbon dioxide collected and the ca1'bon
hydroo'en ratio of methane. 

Sa~ples for volumetric analysis w~re collected by 
two differ ent methods : (1) By drawmg exhaust gas 
at a measured rate through a sample containcr and 
displacing the air , and (~) by. the outflow of mer~ury 
from the sampling contamer mto a levclmg contalllel' 
whi ch was lo\\rered at a constant rate . lIIethod 1 was 
llsed only when it Wf.S desired to collect a sample for 
volumetric analysIs slmul tan eously .wlth the opera 
tion of the train . The sample con tamer was lllsertecl 
betwcen the cold trap and the first absorption bottle. 
M ethod 2 was used to collect samples for volumetric 
analysis when the sampling I'a.te was too low to be 
measured in the exhaust-metermg sys tem. 

3 . Experimen tal Results 

The factors studied in the investigation of quench
ing of reactions were the velocity of the hot gas in the 
entrance of the probe, the internal diameter of the 
gas passage in the probe, the materi als of which the 
gas passage wes constructed, and the probe design. 
Sampling velocity. is calculated as follows: I t lS 
considered that, smce fu el a~d oxygen are .always 
used in stoichiometric proportIOns, only the m trogen 
suppliecl in the combustible mixtlll'e remains to be 
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metered in the gas after passing through the com
bustion train. The theoretical nitrogen content of 
the burnt gas for a given combustible mixture and 
given flame temperature is obta.ined from table 1. 
The volume of gas entering th e probe is calculated 
from the volume of gas passing through the rotameter 
of the exhaust-metering system correc ted to atmos
pherie pressure, the theoretical nitrogen content, th e 
ratio of the calculated flame temperature to room 
temperature, and the measured diameter of the prob e. 

3. 1. Effe ct of Sampling Velocity and Probe Size 

In all of the experimen ts reported in this section, 
the burning mixture used had mole proportions 
CH4 :02 :N2 = 1:2 :2, and the calculated adiaba ti c 
flame temp erature of this mixture was 2,800 0 K . 
The mixture was burned on the port of a 0.475-cm 
nozzle and the probe wa s set 0.36 cm from the tip 
of the inner cone of th e flame. L ewis and Von Elbe 
[20b] report that the maximum temperature is some 
distance from the tip of the inner cone. Some tests 
were made of the variation of apparent quenched 
temperature with distance from the flame tip, and 
these showed that the (listanee chosen, 0.36 cm, was 
at or near the zone of maximum temperature. A 
series of experiments was made to discover if the 
composition of the sample varied with velocity of 
sampling. Four probes were used in these experi
ments: A 0.027-cm steel probe, a 0.035-cm platinum 
probe, a 0.057-cm steel probe, and a 0.070-cm steel 
probe . Effect of sampling velocity on the composi
tion of the sample, as measured by the mole ra tios 
of carbon monoxide to carbon dioxide Pond of hvdro
gen to water , is shown in figures 3 and 4. T able 3 
presents some data that was d eriver! from these 
experiments . Th e experimental ratio H 2/H 20 is 
compared with the c al e ulat e d r atio 
H 2/H 20 +tH +tOH because it is considered that H 
and OR appear a.s H 20 in the cooled sa mple . 

For all four probes, the ratio CO/C02 appears to 
be constant for a limited range of sarrpling veloci
ties and then decreases as the velocity of sl),rr.pling 
increl1ses. The ratio H 2/H 20 exhibits a similar be
h.avior for three out of four probes, only the eurve 
for the 0.035-cm. platinum probe does not show a 
point of inflection. If the an'.ount of ftarre gas 
drawn into the probe is expressed as a fraction of 
the total n'.I1SS of the bU:'n r gas, it is found thl1t this 
fraction is a lways between 1 and 2 percent at the 
point of inflection . This suggests tha t as the rate of 
sampling is in creased beyond this point, gas from 
cooler region s of the fl ame is drawn in to the probe, 
causing the vf.lues of the ratios to decrease. The 
sampling velocities at the point of inflection listed 
in the previous table l'epresen t the lin'.i t beyond 
which our samplcS arc no lon ger' re])rescntative of 
the cen tral region being sampled. U nder differen t 
circUIr.stances, if the gas being sampled contained 
no fixed terr. pel's, ture and concen tration graclien ts, 
these poin ts of inflection would not be expected 
to occur. 
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0 , 0.027-cm probe, design I; . , 0.027-cm probe, design 2; /:" 0.035-cm probe, 
design 1; 0 , 0.035-em probe, modified design 1. N umbers ncar paints represent 
number of oxperiments a veraged to find value plotted . 

It will be noted that the highest velocity of 
sampling in figures 3 and 4 is 70,000 cm/sec. If the 
velocity were calculated more accurately to take 
account of compressibility, the velocity would ac
tually be about 92,000 cm/sec, the Mach number 
would be about 0.85, and the pressure at the en
trance of the probe about % atm abs. R eynold s 
number of the flow formed from the internal diameter 
of the tube, density, velocity of sampling, and vis
cosity was always below 2,000, and hence if the 
flow were laminar in the flame, it would remain so 
in the entrance to the probe. 
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O. 0.057-em probe. design 1; . , O.OuJ-em probe, design 2: /:" 0.070-cm probe, 
design 1. 

There was some indication with the 0.027-cm 
probe, at sampling velocities of 2,000 cm/sec and 
less, that poor qucnching was caused by condensa
tion of water in the gas passagc. When the flow of 
cooling water in the probe was reduced until the 
exi t water was about 37° C, quenching was un
proved. T ests with the larger steel probes at low 
samplulg velocities were not so extensive, and it is 
possible that some of the low values obtained in the 
0.061-cm and 0.070-cm probes could be due to the 
same cause. 

TABLE 3. 

Carbon I-Iycirogen 
-

Probe size Sampling Sam pling Sampling Sampling 
Maximum !vIaximum velocit y rate a. at n1aximum lVlaximum velocity rate IL at 

CO/CO, ('[' , . )e o at ooi nt of point of 1I,/H,O ('l',.)H , at point of point of 
inncction inflect ion inflect ion inIlection 

----- ----
em o J( em/sec em '/sec o J( em/sec em '/see 

0.027 0.220 2, 450 30, 000 2. 3 0.010 2, 100 30, 000 2.3 
.035 .195 2, 420 17.000 2.2 .008 2, 090 - - ----- - - ----- --
.057 . 165 2,380 11, 000 3.8 . 006 2, 040 10,000 3.5 
.0iO . 135 2, 335 7,500 4.1 .005 2, 000 5, 000 2. 6 

I 

a .At room temperature and pressure and wet. 
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INTERNAL DIAMETER OF PROBE , em 
FIGURE 5. Effect of size of probe on appaI'en! quenched 

temperature. 

a, Based on CO/CO,: b, based on H ,/H ,O. 

The relation of apparent quenched temperature 
to the size of the probe is shown in figure 5. It is 
seen that, both for the data from the CO/C02 ratio 
and the H 2/H 20 ratio, apparent quenched tempera
ture decreases linearly as the diameter of the probe 
increases. If we extrapolate to zero diameter, the 
apparen t quenched temperature derived from the 
ratio CO/C02 is about 2,520° K , and from the ratio 
H 2iH20, about 2,175° K . These temperatures should 
be compared with a calculated flame temperature of 
2,800° K. Apparently simple convective cooling in 
the probes is insufficient to preserve the gas sample 
unchanged, no matter how small the size of the probe . 
However, if the diameter of the probe is made very 
small , of the order of the mean free path of the gas 
molecules, it may be expected that processes other 
than convective cooling may begin to be effective. 

3.2. Probe Materials 

Probes with gas passages of stainless steel, plati
num, and silver were tested. Effectiveness of 
quenching was little affected by the material of the 
probe. Values of the mole ratios of CO/C02 and 
H 2/H 20 obtained with probes of similar size but 
differen t materials were similar in magnitude. 

Probes with stainless-steel gas passages proved 
particularly susceptible to corrosion and scaling, 
especially at the tip of the steel tube . It was sus
pected that interaction between the steel of the gas 
passage and the copper of the body was responsible. 
When the copper body was painted with an alu
minum-silica heat-resistant paint, corrosion and scal
ing stopped. Before this paint was used, probes 
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would clog by accumulation of scale in 10 min or 
less in some instances, and some probes were de
stroyed in less than 5 hI' of use. After painting, one 
steel probe was used for 30 hI' without any signs of 
deterioration. Silver probes proved undesirable be
cause in each test the gas passage was constricted 
by formation of a loose black scale, possibly silver 
oxide. Platinum probes proved satisfactory; no fail
ures were experienced with three different probes 
which were used for a total of 60 hr . 

3.3. Probe Design 

A probe with an internal diameter of 0.035 cm and 
a ratio of length of gas passage to diameter of 75 to 1 
was built and tested. Results obtained with this 
probe were not significantly differen t from those 
obtained previously with a probe of the same diame
ter, bu t with a ratio of length of gas passage to 
diameter of 35 to 1. Therefore a ratio of lenght to 
diameter of about 35 to 1 is sufficient to cool the gas. 

It was considered that conditions of flow in the 
entrance to the probe were among the factors that 
might influence the rate of cooling of the hot gas. 
In efforts to improve the mixing and rate of cooling, 
right-angle bends and 90° turns over a radius of 
1/16 in. were introduced in the gas passages of two 
probes. Results obtained with a 0.027-cm probe 
having a 90° turn are illustrated in figure 3. Some 
improvement in performance over the straight probe 
is noted, but not enough to warrant adoption of this 
feature. Maximum apparent quenched temperature 
based on the carbon data was about 2,530 0 K. A 
0.061-cm steel probe with a right-angle bend showed 
no improvement over the 0.057-cm steel probe. 
Maximum apparen t quenched temperature was 
2,350°K. Results obtained with the 0.061-cm probe 
are shown in figure 4. 

An en trance nozzle, 0.060 cm in diameter, as 
illustrated in figure 1, was formed on the tip of a 
O.035-cm platinum probe to prevent possible separa
tion of flow and formation of a stagnant boundary 
layer. Results obtained with this probe are shown 
in figure 3. Some improvement was found over the 
plain O.035-cm probe, but the gain was not out
standing. Maximum apparen t quenched tempera
ture was 2,470 0 K. 

3.4. Effect of Temperature of Source of Exhaust Gas 

The experimental work described previously was 
carried out on exhaust gas provided by burning a 
mixture of methane, air, and oxygen in mole pro
portions CH4 : O2 : N 2 = 1 : 2 : 2. Calculated adiabatic 
flame temperature was 2,800 0 K. The apparent 
quenched temperature based on the mole ratio 
CO/C02 was about 2,420 0 K when using a 0.035-cm 
platinum probe, and based on the mole ratio H 2/H 20 
was about 2,090 0 K. It was decided to run a series 
of tests using flames of different temperatures as the 
gas sources to determine the variation of apparent 
quenched temperature with flame temperature. 
Mixtures with the following mole ratios were used to 



provi Ie flames with the indicated temperatures: 

CH4 :02= 1 :2, 3,0500IC; 

CH4:02 :N2 = 1:2 :4, 2,600°1( ; 

CI-I4:0 2 :N2 = 1:2 :5.83, 2,4000IC ; and 

CH4:02:N2= 1:2:7.52, 2,25001(' 

lUI saml?les were analyzed gravimetrically usino' the 
eombustLOn train. Sampling velocity ranged from 
5,000 tJ 30,000 em/sec, and the same 0.035-em 
platinum probe was used. 

In the case of the mixture CH 4 : O2 = 1 : 2, which 
was burned on a 0.3 15-em nozzle, about 8 percent 
ot the total burned gas, as determined from the 
table~ of Hottel , Williams, and Satterfield, would 
remam after pa sage through the combustion train. 
This remainder if metered at the lowest indication 
of th~ flowmeter used would correspond to a sampling 
velocIty of 45 ,000 cm/sec. As it was desired to 
colleet samples at velocities lower than this for the 
purp~3e of comparison wi th previou work, the 
practlCe wa.s adopted of bleeding air, dried and freed 
from CO2 , mto the t rain after the probe but before 
the flrst absorption bottle. By holding a constant 
flow .at the met~r and varying the amount of air 
bled In, t he flow m the probe could be chana'ed and 
estimated. b 

At a sampling veloc.ity of about 20,000 cm/sec, 
values of the mole ratIO CO/C0 2 varied from 0.13 
to 0.25 and the mole ratio H2/H 20 varied frOllt 0.0039 
to 0.0085. Apparent quenched temperatures based 
on the carbon data ranged from 2 380° to 2 5500K 
and based on h:ydrogen from 1,9 0° to 2;1500K: 
Average mole ratlo CO/C0 2 was 0.240, which incli
cates an apparent quenched temperature of 2 530°.L( . 
average mole ratio H 2/H 20 was 0.007, which i~dicate~ 
an apparent quenched temperature of 2 0900IC. 
The reason for this poor reproducibili ty is no t 'known. 

For the mixture CH 4 :02:N2= 1:2 :4, burned on 
the 0.475-cm nozzle, the appar.ent quenched tempera
ture basedon the CO/C02 ratLO, 0.135, was 2,3 100IC, 
and that based on the H 2iH20 ratio 0.007 was 
2,025°K. ' 

For the mixture CH4 :02:N2= 1 :2:5.83, also 
burned on the 0.475-cm nozzle, the apparent 
qu~nched temperature based on the CO/C0 2 mole 
rattO 0.110 was 2,250 0 K, and that based on the 
H 2/I-I20 ratio 0.0043 was 1,920°K. 

For the mixture CH4:02:N2= 1:2:7.52, resulLs 
were erratic and reproducibility was POOl" . For 
samples collected at t he same conditions mole r atio 
of .CO/C02 ranged from 0.042 to 0.016 and mole 
ratlO H2/H 20 from 0.0005 to 0.006 . Apparent 
quenched temperature based on CO/C02 ranged 
from 1,900° to 2,050° K and based on H 2/H20 from 
1,600° to 1,960° K . In these tests the gas velocity 
was 117 em/sec at th.e port of the 1.27 -cm nozzle, 
and the flame was Irregular and unstable. The 
burner was ?1ounted horizontally and the tip of the 
flame was dIsplaced upward by convection curren ts. 
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Uncler lh cs~ conditions it was difJicull to posltlOn 
the probc TlLh rcspect Lo the fl ame. Howevel' , one 
f!,"ro~l p of tests Lhat gave fairly consistenL resulLs 
mdlCated an apparen t quenched tem.pcrature of 
2,000° IC based on carbon, and of 1,850° Ie bascd on 
hydrogen: Th e ef~ccts 0.( conveclion were negligible 
when ~lsmg burmng mL'd1..U'cs with higher flame 
speeds m the smaller nozzles. 

ApparCl~t. quenched temperatures based on hydro
gen arc umformly lower Lhan those based on carbon. 
Thi? would indicate, perh aps, that r eactions pro
d~l cJ.!lg water arc faster than those producing carbon 
dlOxlde and ~hus cannoL be. qtlenched as effectively. 

In one sen es of tests , usmg the burning mixture 
C1-L: O2: N2= I:? :2, samples for . volumetric analysis 
were collect~d slm~ltaneously WIth tbe operation of 
the combustlOn tram. Apparent quenched temper
atures ?f the cooled gas were determined by Lhe 
calculaLlOn of Lhe m?le ra~ios of CO/C02 and I-Iz/H20 
from both the g~avim etnc and volumetric analyse 
and by calculatlOn of the equilibrium constants 
from the volumetric analy es, for the r eacLion ' 
C02~CO+ t02 and H20~H2+ t02 ' Agreemen t 
wa~ good for the carbon daLa. T emperatures 
denvecl from the equilibrium constants were abou t 
40°. C higher than those from the gravimetric mole 
ratlOn CO/C0 2 , For t~l.e ~lydrogen data, Lemper
ature based on the eq lllhbnum constan t was about 
200° C h.igher than Lhat based on the gravimetric 
mole raLlO Hz/H20 . Apparent quenched temper
atures . based on hydrogen da ta are always lower 
than those. ba~ed on carbon regardless of Lhe basis 
for determmatlOn of temperature. 

Apparent quenched tempera t ures based on the 
gravimetric .mole. ratios are plotted against the 
calcul ted adlabatlC flame Lemperatures in figure 6. 
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Size of circles denote deviation. 



The size of the points plotted represents the average 
deviation of the data. It is seen that the higher the 
temperature of the gas being sampled, the less 
effective is the quenching of reactions in a probe. 
For the gas mixture with a calculated flame temper
ature of 3,050° K, the apparent quenched temper
ature based on carbon data was 2,530° K, willch is a 
drop of 520°; for the gas mixture with a calculated 
flame temperature of 2,250° K, the apparent 
quenched temperature based on carbon data was 
about 2,000° K, which is a drop of 200°. It is 
apparent also that as the temperature decreases, 
the difference between temperatures based on 
CO/C02 and H2/H20 also decreases. It appears that 
these two apparent quenched temperatures would 
become equal at about 1,600° K, and would coincide 
with the calculated flame temperature. Thus, 
apparently, a probe should function perfectly at 
this gas temperature an d the composition of the 
cooled gas should be the same as the composition of 
the flame gas. 

These experiments were made using various 
mixtures of fuel, oxygen, and nitrogen to change the 
temperature of the flame gas, and in doing so the 
compositio n as well as the temperature of the flame 
gas was changed. The effects observed may be due 
in part to tl'jjs change of composition, bu t the 
magnitudes of such effects would be almost impos
sible to predict. A series of experiments designed 
to test the effects of concentration probably would 
give more reliable information, but time for tills was 
not avaIlable, and this is left as a possibility for 
future endeavor. Effects of change of composition 
should be recognized, however, and an empirical 
correlation that includes the effects of composition 
on the sample may be of some value. 

The complicated series of reactions that actually 
take place in the sample t ube were simplified for the 
presen t purpose, in the case of reactions producing 
CO2 , to the reaction 

k, 

2CO+02~2C02 
k2 

and this was used as a basis of the empirical correla
tion. Correlations based on other reactions possibly 
could serve as well or better, but only a long series of 
experiments could indicate those that actually con
trol over a wide range of conditions. Rates of 
reaction are designated by the letter k. The change 
of concentration (0) of CO2 due to reaction is 

and the change of concentration due to change of 
sample temperature T in the tube at constant 
pressure pis 
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from differentiation of the gas law, Pooz=Ooo2RT. 
The total change is the sum of the individual changes, 
and this leads to 

dp002 __ k_l _ [P60P02_ P002] dt 
Poo2 - (RT)2 Poo2 K p 

after expressing concentration in terms of partial 
pressure P and using for this reaction the relations 
K c=K pRT= kdk2' K is the equilibrium constant, 
expressed in terms of concentration or partial 
pressure. The rate of reaction is related to temper
ature by the empirical Arrhenius equation 

where A is an apparent energy of activation. The 
time rate of change of gas temperature in small tubes 
under conditions of viscous flow is apparently nearly 
proportional to T2 [17], and if this relation and the 
Arrhenius equation are substituted in the equation 
for dp/p, we get 

where the term containing the partial pressures is an 
effective value over the limits of integration. 
Subscripts 1 and 2 refer to conditions before and 
after sampling, respectively. This was used as a 
basis for the correlation of the experimental data. 

The value of A /R was arbitrarily chosen to be 
20,000, and this makes A 2/(RT)2"'A/RT+ 2, and 
hence the latter term was neglected. Also, if the 
final temperature T2 where reaction stops is about 
1,600° K, then the terms containing T2 are negligible 
with respect to those containing T1• As a last 
simplification, the term Poo/ K p was omitted, and 
initial values of partial pressures (from table 1) in 
the flame gas were used. Th ese reduce the relation 
to 

and it was found that the relation is linear when the 
partial pressure term is raised to the 0.1 power. 
This is plotted in figure 7. It must be emphasized 
that the relative effects of concen tration and tempera
ture in this cOITelation are only estimated, and 
therefore the correlation must be used with caution 
in other situations. 
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4 . Conclusions 

Apparent quenched temperatures derived from the 
observed compositions are always lower than the 
flame temperatures; this difference amounts to 500 0 

when the flame is at 3,050° K. Thc difference 
between apparent quenched temperature and flame 
temperatllre becomes less as tho Damo temperature 
decreases. Below 2,250° K, the differences are small 
and composition of the gas sample is close to that of 
the flame gas. 

Rate of sampling exerts little influence on the 
composition of samples, providing there are no fixed 
gradients of temperature and composition near the 
point of sampling. 
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Design of probes made little difference in the com
position of the samples. A ratio of length to 
diameter of the gas passage of the probe of 35:1 is 
adequate for cooling. Apparent quenched tempera
ture is affected by the size of the probe, decreasing 
as th e diameter increases. 

Effective quenching of reactions in probes in the 
range of sizes used in this investigation probably 
require other means in addition to water-cooling. 
Sudden expansion to low pressure or dilution with 
cold inert gas might help to preserve the original 
com position. 
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