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TECHNICAL NOTE 2580

AN ANATYSTS OF AN X-RAY ABSORPITON METHOD FOR
MEASUREMENT OF HIGH GAS TEMPERATURES

By Ruth N, Weltmann and Perry”ﬁ. Kuhns

SUMMARY

An analysis is presented of an X-ray absorption method for deter-
mining high gas temperatures which can be applied over & wide range of
temperatures. The Iindicated temperature represéents the mean density of
the gas., For known shapes of temperature profiles, any desired mean
temperature can be calculated.

At high temperatures (above 1800° K for hydrocarbon combustion
gases), dissociation affects the values of some of the parameters. For
this reason a correction factor is defined and calculated as a function
of temperature (up to 3000° K) for stoichiometric mixtures of hydro-
carbons and air.

Design suggestions for a practical instrument of optimm sensitivity
in temperature measurement are given on the baslis of a theoretical
analysis, which is corroborated by a few experimental data.

INTRODUCTION

Measurements of high gas temperatures are required in the evalua-
tion of the performance of reaction propulsion equipment. The present
upper limit of thermocouple use is approximately 2000° K, and probably
this value cannot be extended much without serious loss in calibration
stability. Other techniques for measuring high gas-temperatures are
radiation methods, which depend either upon the spectral brightness of
gaseous flame or upon the gbsorption of excited atoms such as salts
added to the flame. Most of these methods ere only spplicable in a
limited temperature range; where the temperature is nonuniform, the
actual temperature evaluation is rather difficult even for known tem-
perature profiles.

The X-ray absorption method of temperature messurement has an
advantage over most optical radiation techniques because it is not
limited to a small temperature range. The measurement is an indication
of the gas density integrated over the path length and the temperature
can be readily calculaeted from the density and static-pressure deter-
minations for known sghapes of temperature profiles. The calculation cen
be performed to yield various types of mean temperature.
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A laboratory arrangement for applying X-ray absorption determina-
tions to the measurement of the extremely high temperature of a direct-
current nitrogen discharge arc is described in reference 1.

A theoretical anslysis of the factors involved in the measurement
of the temperature of gaseous combustion products by the X-ray absorp-
tion method is presented herein. Consideration is given to the correc-
tions required for gaseous dissociation at extremely high temperatures,
and dissociation and air-gas-mixture correction factors are calculated
for stoichiometric mixtures of hydrocarbons and air. In addition, the
errors introduced by the uncertainty in the temperature profiles are
indicated.

Since the error in the measurement depends largely on the design
of the instrument, structural details are considered and a design for a
practical temperature X-ray absorption instrument is suggested. The
relative error in temperature measurements is calculated for such an
instrument when applied to a 1l.5-foot path length, hot tunnel, test
section. Different temperature operating conditions and design features
are presented.

An experimental laboratory setup with a 4.25-inch burner was built
and used to evaluate some of the suggested design features. The experi-
mental X-ray absorption temperature data were used to corroborate part
of the theoretical analysis.

THEORY
Absorptlion Equatian

Measurement of the temperature of a gas by the X-ray absorption
method 1s based on Lambert's law and the ideal gas law. When the gas

lay p = i—-M— 18 introduced into the modified absorption equation
_ToAC Tp,
d24ﬁ

» the following general relation is obtained:

I I CA 1 : ( )
exp | - -——— I 1
d24x Rg
where

I X-ray Intenslty after absorption

Io Initial X-ray intenslity

902
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C absorption factor, indicative of absorption before entering

and after leaving test section

A cross-sectional area of X-ray beam at distance d fram X-ray
tube

d distance from X-ray source to detector

Rg unlversal gas constant

B mass-abgorption coefficlent of gas mixiure in test section‘

M molecular weight of gas mixture

P ga8 pressure

T gas temperature

L path léngth through gas mlxture

For convenience, all symbols in thils report are defined in appendix A.

From equation'(l), for constant temperature and pressure over the
path length L, 4

PLMB '
T= Ry 1u (K/1) (2)
I,CA '
where K = Tz and 1g constant for each experimental setup. The con~
7¢

stante K and B -can be obtalned by calibration. In most cases, how-
ever, 1t seems advantageous to employ a reference intensity and to make
an intenslty-ratio measurement rather than to determine the absolute
value of K. The value of B depends on the applled X-ray voltage 1f
alr 1s used, as shown in figure 1.

Two alternative reference methods are suggested: elther the use
of the X-ray intensity I +through alr at alr dengity pg corresponding

to the reference pressure P, and room temperature T, or the applica-
tion of a vacuum-reference intensity I..

The vacuum reference permits the use of the denslty corresponding
to ‘the measured temperature in determining the lowest voltage that can
be applied. Thls technique has an advantage over the air-reference
mothod where the lowest voltage is determined by room—temperature
density. Substitution of F for 1»ﬂ3/rv1a]34EJL in equation (2) yields, for

room-temperature air reference:
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T.F

)

T = Ba.paTaF ‘ (Sb)

T =

and, for vacuum reference:

For both equations (3) and throughout the followlng analysis, the
pressure of the gas being measured ls assumed to remain constant and
equal to the reference pressure. If the pressure of the gas belng
measured differs fram the pressure of the reference gas, the factor F,
wherever it occurs in the temperature equation, must be multiplied by
the ratio of the pressures,

Evaluation of F

In equations (3), if no dissociation occurs, F 1s independent of
teémperature and 1ls designated as F,; In the presemce of dissoclation,
F “varies with temperature. Where the temperature of the gas mixture is
unknown, the temperature may be first calculated as if no dissoclation
occurred by using F, in equation (3). If dissociation is expected,
(dissoclation of the products of combustion of hydrocarbons and air
gtarts at a temperature of about 1800° K), the calculated temperature
is multiplied by a dissociation factor F/F, and the actual temperature
is obtained by successlve approximation. In figure 2, F .is plotted as
a function of temperature for stolchlametric mixtures of the serles of
saturated hydrocarbons wlth alr. For the calculation of F, use 1s
made of reference 2.

The different values of F are calculated from the equation
Z T ks »
? Mymy F 323 (42)

G

which, for any air-reference method, reduces to

_ 4
F= 58.93 (

T0%2
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where m and p are the molecular and atomic percentages per unit
volume of gas, and k 1s the atomic emission coeffioclent, approximately
proportlonal to the fourth power of the atomic number A, such that

k & 1.6x10~% A%, The quantity 33 kpy for air is approximately equal

to 1. The atomié emlsslon coeffliclents of some elements are given in

table I. For calculation of F for nonstoichiometric mixtures, use
may be made of reference 3,

Evaluation of ¥rrors

The relatlve error In temperature measgurement AT/T i1s glven by

Fe-38) -Emmd -, @

where AI/I 1is the relative error in intensity measurement, (T/F)(JF/oT)
is the fractional uncertainty in P for a given relative error in the
temperature (ob'bainable from f£ig. 2 for saturated hydrocarbons in
stoichlometric mixture with air), and (AF/F)y 1s the upcertainty in

F due to uncertainty in knowledge of the gas constituents and of the
dissoclation products. If no dissoclation is present, F = F, and

JF/OT = 0. BSince the quantity OF/OT is always negative, the presence
of kmown dlssoclation decreases the error 1n temperature determination.
According to equation (5), the error in .temperature measurement
depends on the error AI/I of intensity measurement and on the product
ByIo, . When & Gelger-Mueller counter is employed as X-ray detector,

the relatlve probable error in counting is, by statistical theory,

AL . g.67 NN + T3
I N - Ny
where N is the total count and Ng the background count. In most

practical cases, a relative error of AI/I = 40.03 1g found for a BpL
of about 2 at room-temperature air-reference conditions and of about
5 at vacuum-reference conditions if a 1- to 2-minute medsuring time
for a counting rate of about 500 to 1000 counts per minute is used.
For these counting times and rates, and if F 1s assumed to be

about 1, the relative error in temperature measurement is approxi-

(6)

mately £0.015 TT and +0.006 -TT—, for the room-temperature air- and
a a .

vacuum-reference methods, respectiveiy.
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Tonuniform Temperature Distribution

In equations (3) the temperature is assumed constant over the path
length L. If the temperature varles along the path, the indlicated

-1
1 L 1
temperature is equal to | T T and is thus proportional to
°  pum 3
the mean density P since P = Tafa L aL. The relative error
N 7 &
o

in density is the same as the relative error in temperature given by
equation (5). :

An important measurement application occurs when the shape of the
temperature distribution is known or can be estlmated, but the absolute
values of the temperature ars unknown. The ratio of local temperature
to some reference temperature, expressed as a functlon of path length,
will be termed the "temperature profile."” If pressure 1s assumed con-
gtant over the path length, the temperature at any point can be calcu-
lated from the measured X-ray intensity and from one measured tempera-
ture such as T,. An appropriate integration of the temperature profile

ingide the test section will in turn relate the temperature at any
point to a desired mean temperature.

A passage, the temperature profile of which is symmetrical with
respect to the center of the passage, will be considered as an example
and the errors‘introduced by uncertainty as to the shape of the tem~
perature profile will be evaluated. For convenlence, the temperature
profiles will be represented by power functions. ZFor the profile insilde
the test section, the following relation will be assgumed:

T
- r

1 +a (R)
where
T, temperature along the radial distance
Te temperature at path center
o Te - Ty

Ty

Ty wall tempsrature

TOv2


http://www.abbottaerospace.com/technical-library

2401

NACA TN 2580 - 7

r radial distance
R one-half measured path length, ZR = L
n inside profile exponent

For %-< 1, %EEL Tr = Tc &and the temperature over the path length

approaches a constant value as n Increases.

In practical cases, when the X-ray source and detector cannot be
mounted directly on the test section, the X-rays will traverse two
outside path lengths 45k in addition to the path length L of the

test section. In order to minimize absorption effects on the measure-
ments, the density along part of the outside path should be kept con-
gtant and low by evacuation. The portion of the outside path that is
ad Jacent to a hot test section may exhibit a denslty gradlent through
1ts unevacuated length D because of the existence, of a temperature
gradient. The outside profile along the length D, 1f assumed to be
a power functlon and symmetrical with respect to the center line of
the test sectlon, can be expressed as '

T, = qu for R<|rd < (RD) (8)
B (EZB) +1
D
where
Ty - Ta
B g
n outside profile exponent

= r-R
For a constant ouﬁside profils, gggn Tp = T, for = <1, and

&ffg Ty =Ty for Z%B->'O. Examples of inside and outside profiles

which follow equations (7) and (8) are shown in figure 3. In the follow-
ing analysis, Ty, n, and g are assumed to be independent constants.

(A problem in which T, and q are functions of T, 1s treated in
appendix B.) )

Substituting equations (7) and (8) in equation (1), integrating,
and assuming M, B, and P constant over the path length glve

n
Ta’(n+l F

1-__._i._1n(l)-?2(i_):2 _.%_) L (52)
ZBgp-R I T, \n+l R \g+l T4
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if room-temperature air-reference intensity is used or
n
3 G Bl »
TC = T m . (Q'b)
__1_ln(_I.I) _la _.F__)_P. a1,
2BgpaR I Ty \n+1l R\a+rl/\a " Ty

if a vacuum-reference intensity i1s used. In equations (9), F is
assumed equal to 1 throughout the path length D.

For regions where dissociation does not occur, F in equations (9)
is replaced by F,.- Vhen dissociation is present and the value of F

is uncertain because of its variation with temperature, the tempera-
ture, corrected for dissociation, can be camputed by successive approxi-
mation by use of the recursion formula

.

‘ ' (Te)o [ F.-F
. Twn Fu

where (Tc)g 1s the value computed from equation (9) for successive
* approximations of F. In the temperature range where
(TC)Q

F

T u

The expression for the relative error in temperature measurement is simi-
lar in form to equation (5) except for the addition of factors represent-
ing the uncertainty in knowledge of the inside and outside profiles. The
camplete expression then becomes:

dEBFECES RN
T For[l ~{To\n,)2BaoeRF L Fiyp

F _-F
( = ) <0.01 thils term can be neglected and T, % g—' (Te) g
: n

p 2
<. 1 RN 2
Ty An) + D Eg _ T__c_) <n+l) Aq (11)
T, n+l FR\T, Ty n (q+l)2
— 4+ n
I
| NV J

If no dissoclation is present, so that F 1s indépenden‘b of temperature,
F =F, and OF/3T = 0. In the presénce of dissociation, the same con-

siderations apply as for equation (5).

TO¥2
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Neglect of the outside profile, corresponding to omission of the
final term in equation (9), i1s equivalent to introduction of a frac-

tional temperature error
p(ze. o\ a_
Tg Ty/\a+l
2
RF n+l

For D<<R, thls error becomes negligible., The fractional temperature
error obtained when the inside profile is neglected is approximately

-1

SRLRENLE

which becomes negligible only as To*T,, or as n*= Hence, in most

applications the inside profile must be considered carefully in the
temperature calculations, 1f accurate results are required.

METHOD OF APPLICATION
Instrumental Considerations

In order to apply the X-ray absorption method to the measurement of
flame and gas temperatures, a setup similar to that shown schematically
in figure 4(a) 1s used., Commercial X-ray generating equipment can be
employed in conjunc¢tion with an -X-ray tube provided with & beryllium
window since low X-ray accelerating voltages (below 10 kv) are required
In most cases. The X-rays pass from the X~ray tube through an evacuated
chamber, & minimum air space of length D, the test flame-gas path of
length 2R, another air space of length D, and an evacuated chamber to
a Geiger-Mueller counter. The counter is sultably comnected to a
commercial scaler to allow the counting of pulses and thus to glve the
Intensity reading. The flame can be either open or, 1f enclosed,
surrounded by a casing provided with portholes to permit the undisturbed
passage of the X-ray beam. The cooled ends of the evacuated chambers on
each side of the burner are clomed off by thin aluminum foil windows or
by a series of three or more portholes along the direction of the X-ray
beam, as shown in figure 4(b). At high ‘temperatures, a gas of low X-ray
absorption, such as helium, can be used to cool the windows and to
reduce the effective absorption of the gpace between the windows and the
burner. The Gelger-Mueller counter should be provided wilth thermal-
radiation shielding and cooling since it should be kept at about 300° X.

Q
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In an X-ray absorption instrument, the error in the temperature
measurement depends on certain mechanicael features and the various
X-ray beam parameters. This error relation 1s given in equation (5) for
a constant temperature profile and in equation (11) for varying inside
and outside temperature profiles. Both equations indicate “that it is
desirable to combine & low counting error AT/I with a high mass-
absorption coefficient B. Since the counting error decreases with
increasing X-ray accelerating voltage (reference 4), whereas the
absorption coefficient B decreases with increasing voltage (fig. 1),

a compromise 1s requlired to yleld optimum sensitivity.

Mechanical Features

As shown by equation (1), for a constant applied voltage and a
Fixed burner condition, the intensity increases with the size of
detector area A and with the absorption factor C, which decreases
with the amount of absorption in the length (d-2R) and also decreases
with the total X-ray path length d. The absorption factor C should
be made to approach unity as closely as possible, which is achieved
in the design by making the total path length d such that (d-2R) is
as small as mechanically feaslble and by evacuating as much of the
length (d-2R) as possible. The absorptions through the air spaces D
and through the windows must still be considered. The only advantage
in using windows Instead of pinholes is that a large detecting area A,
may be obtained on the receiver side. While the opening dlameter with
windows may be made as large as 0.20 inch without serious danger of
window breakage, the largest diameter of the pinholes should not exceed .
about 0.05 inch. Thus the detecting area for windows may beo 16 times
that for pinholes. On the other hand, aluminum windows must be cooled
below 1000° K and thus requlre an air space D of at least 1 inch,
whereas a recess of about 0.25 inch from the burner may suffice for the
pinhole arrangement. The use of a smaller alr space D decreases the
absorption and reduces the error introduced by lack of information on
the exact shape of the outside profile, as can be seen from equation (11).
The order of magnitude of the absorption factor C Ffor two different
window conditions is obtainable from figure 5 by determining the ratio
of the ordinates of one of the curves to the ordinates of the curve for
no windows.

The portholes in the burmer should be made at least as large as
the detector area to permit free passage of the X-ray beam, and should
allow for the effects of thermal expansion.

TO%2
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X-Ray Beam Parameters

The selection of the X-ray paramsters should be such a&s to glve the
smallest error in temperature measurement. As indicated in equation (5)
and in the discussion of that equatlion, the highest mass-absorpticn
coefficient B should be combined with a suffliciently large count to
glve a small counting error. A large number .of counts can, of coursse,
always be obtalned by counting over longer periods of time. The dura-
tion of the measurement, however, is frequently limited when dynamic
conditlions prevail. For unlimited counting time, the counting error
approaches zero even for a low counting-rate intensity, provided that
the measured count 1s larger than the background count.

In order to obtaln a working curve sultable for determination of
the proper X-ray tube operating voltage for a desired intenslty, the
following experiment was performed at a gliven accelerating voltage:
Distence L or D was varied to produce an Intensity of 1000 counts
per minute with a Machlett X-ray tube, Type A-zZ Diffraction Tube, with
a btungsten target at a 15-mililampere filament current. The value of
L or D and the value of B from figure 1 were lnserted in the

-BpL,

expression AE e This expression is plotted in figure 5 as a
d

function of accelerating voltage. -The ordinates of thils curve may be
1000 A _-BpL
— =

N, g2

per minute 1n any experiment. When known or desired values of A, 4,
L, p, B, and N, are inserted in the expression for the ordinates and

figure 1 is used to relate B +to the accelerating voltage, a plot can
be made on figure 5 that will intersect the three curves shown on the
flgure. The Intersection of this plot with the curve of desired wilndow
condition yields the X-ray voltage required to give an intensity of N,
counts per minute. The parameters L, d, and A are inherent in the
design; ¢ is the maximum deunsity that will be encountered in the con-
templated experiment and corresponds either to the room-temperature air-
reference if a room-temperature air-reference method is employed or to
the lowest test temperature if a vacuum reference is used. The vacuum
reference is preferred for higher sensitivity in high-temperature mea-
surements because its use permits employment of lower X-ray voltages
and thus attainment of higher mass-absorption coefficients. The count-
ing accuracy may be calculated from equation (6) and the expected error
in temperature measurement from equation (5). A desired low error in
temperature measurement can be obtained in a minimum counting time by
properly adjusting the counting rate and mass gbsorption coefficient.

taken to represent ; where N, 18 the number of counts

When temperature profiles are present, the manner of selecting
the X-ray parameters is still valid, but the relatlive error in the
temperature measurement 1s then calculated from equation (11) and depends
largely on the ratlo D/R and on the uncertainty of knowledge of the
temperature profiles.

.

- . - e e me e mme o . - N mm e e = o et e M T T T i e~ Ao - =
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Computations for 1.5-Foot Path Length Section

In figure 6 are shown the relative errors in temperature measure-
ment as calculated from equation (5) for a 1.5-foot path length, hot
tunnel, test section of flat profile and optimum construction for
various design and operating temperatures. Design temperature is that
gas temperature for which the apparatus is designed to give highest
sensitivity; operating temperature 1is the actual temperature in the test
section. The gas is assumed to be a product of the stoichiometric com-
bustion of saturated hydrocarbons with air, and dissociation corrections
have been applied in accordance with figure 2. Some of the calculations
have been made for both reference methods. The error curves in fig-
ure 6(a) clearly indicate the advantage of the vacuum-reference method,
especially for measurements in the higher temperature ranges. Fig-
ure 6(b) indicates the decrease in error obtained by decreasing the
time of measurement while maintaining a constant total count. In order
to obtein the approximate error in temperature measurement for any other
desired total count, the values given in figure 6(b) may be multiplied
by the square root of the ratio of counting times. The advantage of
using aluminum foil windows instead of pinholes wherever temperature
conditions permit is indicated in figure 6(c). At the lower counting
rates, windows are less advantageous because of the larger absorption
of the softer X-rays by the window material. All curves in figure 6
indicate that decrease in the error in temperature measurement is
obtained in the temperature range in which dissociation occurs and when
accurately known corrections for dissociation have been applied.

The intensity ratio I/Iy for comstant parameters of wall and
center temperatures, X-ray path length, X-ray beam conditions, and gas

mixture, are shown in figure 7 as a function of the exponents n and q

(equations (7) and (8)). In most practical cases, g will lie between

1 and 2 and n will lie between 3 and 15, .so that a 10-percent change

in I/Iv would be produced by a chenge from n =3 to n = 15. The
2BgpgRF Ty

sensitivity function (AI/I)/AT at T =Tc is equal to 7.2 (nil)
c

(equation (11)) and is independent of q. The sensitivity function is
plotted in figure 8 for the same constant parameters as those used in
figure 7. From this plot it is seen that the X-ray intensity must be
measureble within 4 percent if n = (flat profile) and within 3 per-
cent if n = 3, in order to measure the center temperature of 1800° K
to within 100° K. The sensitivity varies inversely as the square of
the center temperature. Hence, in order to measure a temperature of
900° X within 50° K, the X-ray intensity has to be obtained within

6 percent if n = 3.

702
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EXPERTMENTAT, TNVESTIGATION
Apparatus and Procedure

Photographs of the experlmental setup appear in figure 9. This
getup was deslgned to achieve simplicity of construction rather than to
obtain optimum sensitivity of temperature measurement. The outalde
unevacuated path length D 1s large compared with the path length L
beling measured, so that a large error is introduced if the density pro-
file along D is not accurately known. In addition, a room-temperature
air-reference method was used, so that the results (as shown in fig. 6)
were less Tavorable than they might have been if & vacuum-reference
method had been used. The primary purpose of the experiments was to
establish design data. The experimental data, in addition, were used to
corroborate the theoretical considerations which led to equation 9(a).

The burner consisted of a cast-iron pipe 4.25 inches in diameter
and 18 inches in length. An Inconel burmner plate wlth 22 holes each
of 0.3-inch diameter was the top surface of the mixing chamber which
was 22 inches long. The holes were arranged 1n three rows parallel to
each other and to the directlion of the X-ray beam, so that the flame
filled the diameter of the pipe at the line of X-ray beam passage.
Portholes for the path of the X-ray beam were provided in the burner
pipe at positions 8.5 and 13.5 inches above the burner plate. The port-
holes were 0.5 inch in diameter to assure free passage of the X-ray
beam even in the presence of possible misalinement due to thermal expan-
sion and vibration. :

The X-rays generated in & Machlett, Type A-2 Diffraction Tube,
pasged through an evacuated chamber of 5.l~inches length, an 0,0035-inch
aluminum foll window, the burner pipe, and & second alumlmum foll window
to a Gelger-Museller counter. In order to prevent overheating of the
Gelger-Mueller tube window, & radlation shield 0.5-inch deep with a
0.25-1nch diameter porthole was used. Cooling colls were employed &t
each aluminum foll window, which was separated by about 1.0 inch of air
space from the burner pipe. The Gelger-Musller counter was connected
to a comercial scaler from which the X-ray intensitles were read.

Because on ignition of the flame a positive pressure tended to
collapse the aluminum foll windows, especially when a vacuum exlsted at
the other side of the window, evacuation of the connecting chambers was
postponed untll after ignition. The height and the temperature of the
flame were varied by changing the fuel-air mixture. At the lower port-
holes, a center temperature range from 1630° to 1700° X was obtainable,
whereas the center temperature at the upper portholes could be varied
from 1390° to 1510° K after steady-state conditions had been reached.

e A A ———— e . e - e A
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A platinum - 87-percent platinum plus 13-percent rhodium bare-wire
thermocouple was used for the comparison temperature measurements. All
thermocouple indications were corrected for radiation losses (refer-
ence 5). For each X-ray absorption temperature determination, thermo-~
couple temperature measurements were made inside the gas-fleame mixture
at seven points distributed along the 4.25-inch diameter of the burner
pipe to obtain the inside profile, and at the 0.5-inch point of the
1.0-inch air space to obtain the outside profile. In addition, the wall
temperatures of the burner pipe were determined at the portholes. The
average reference temperature (room temperature) for all experiments
was 300° K. ) ‘

The selected accelerating X-ray voltage of 4.15 kilovolts resulted
in a counting rate of about 600 counts per minute at room temperature
and in a higher counting rate at higher temperatures.

Results

Typical inside and outside profiles for the experimental burner are
plotted in figure 10 for three determinations at a measured center tem-
perature of about 1510° K. The continuous curves in figure 10 are the
profiles calculated from equations (7) and (8) for n =4 and n =8
for the inside burner, for a ceater temperature equal to the measured
center temperature of 1510° K, and for an average TW/TD/E of 2.1

for the outside air space, corresponding to q = 1.2.

The measured and corrected thermocouple temperatures and the
experimental X-ray absorption intensity data are tabulated in table II.
In addition the X-ray intensity ratios calculated from equation (9a) are
listed for the radiation-corrected thermocouple temperatures and for an
average inside profile exponent n = 6. Comparison of the experimental
and theoretical intensity ratios yields a mean error of +4 percent and
the mean deviation of the experimental intensity ratio values is
+6 percent. The experimental error includes a statistical standard
deviation of +2 percent, and the remaining deviation may be caused partly
by temperature-time fluctuations but is more likely caused by lack of
precision in operational technique. An X-ray voltage shift of 0.1 kilo-
volt would account for more than 5-percent change in intensity ratio.

By exercising care and by employing additional indicating meters, the
X-ray voltage could have been readily adjusted to within 0.0l kilovolt.

The wall temperature Ty as well as the outside pfofile exponent q
tended to increase with increasing center temperature T, a8 shown in
table IT. Most of the Ty and q values obtained at the upper burner

portholes can be approximated by linear functions of T,. The solid

%02
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line in figure 1l represents theoretical intemnsity ratios calculated
from equation (9a) by using the T, and g functions, as shown in

appendix B. In addition, the experimentally obtalned X-ray absorptlon
intensity ratios are plotted in figure 11 against the radiation-corrected
thermocouple center temperatures. The agreement between the experimental
points and the theoretical- curve indicates the possibility of using the
X-ray absorptlion method to measure high gas temperatures and verifies the
velidity of equation (9a) in the presence of “temperature profiles. From
the equation in appendix B, the error in temperature measgurement appears
to be of the order of the experimental error in X-ray intensity ratio
megsurement. Evaluation of the X-ray temperatures by graphical inter-
polation from figure 11 ylelds a mean error of +4 percent (table ITI),
which is about the same as the mean error in intensity ratio measurement.

CONCLUDING RFEMARKS

Theoretical analysis indicates that X-ray absorption measurements
are applicable to the measurement of high temperatures. of combustion
gases over a wide range of temperatures.

The indicated temperature value represents the mean density of the
gas thronghout the measursed path length if pressure is constant. Only
in the case of constant temperature can the indlcated value be equal to
the actual gas temperature.

The sensltivity of the indicated temperature measurement depends
mainly on the accuracy of the knowledge of. the gas constituents, on the
length of time available for the msasurement, and on the mechanical
precision and constancy of the construction of the instrument.

Because the gas constituents change with temperature at temperatures
above which dissociation occurs, dissociation correction factors have
been calculated for stolchiometric mixtures of hydrocarbons and air as
& function of temperature. Dissociation of the saturated hydrocarbon
combustion products is negligible up to about 1800° K; the dissociation
correction factor 1s about 1 percent at 2000° K and becomes sbout
3 percent at 2400° K. Above 2000° K, correction for dissociation by
successlve approximation is suggested. *

A counting error of 3 percent, which corresponds to about 1000 total
counts and therefore is readily available in most applications, can, in
& properly designed Instrument, give a relative error in indicated tempera-
ture measurement of about 0.006 T/Ta, where T 1s gas temperature and

T, 1is room (air) temperature.
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The indlicated temperature value is readily converted into a desired
mean temperature 1f the shape of the temperature proflle 1s known and
the pressure is constant over ‘the measured path.

In most cases, aluminum foil windows give & higher measuring
accuracy than pinhole arrangements because they permlt the passgage of
an X-ray beam of larger cross-sectional area. For temperatures above
about 2000° K, however, pinhole arrangements have the advantage of per-
mitting higher counting accuracy.

Experimental X-ray intensity data measured over a temperature range
of 1400° to 1700° K, when compared with the burner center temperatures
as determined with a thermocouple, substantiate the theoretical equations
and emphasize the importance of knowledge of the temperature profiles
when calculating center or mean temperatures from X-ray absorption data.

Iewis Flight Propulsion Isboratory
JNational Advisory Committee for Aercnautics
Cleveland, Ohio, August 20, 1951

Tove
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- APPENDIX A
SYMBOLS
§ The following symbols are used in this report:
a
A X-ray beam ares st dlstance d
B megg-absorption coefficlent
B, mags-absorption coefficlent of air
c absorption factor - Indicative of the absorption before
entering and after leaving the region of variable density
D outslde profile length
d dlstance from X-ray source to detector
. MB
F correction factor, MBg
MB
Ty correction factor, —=— for undissociated gas
MgBa
) I X-ray Intensity after absorption
I X-ray intensity at room temperature and pressure, room-
temperature air reference
I, initial X-ray intensity
I, X-ray intensity, vacuum reference
ICA
X constant, >
4xd
k atomic emlssion coeffliclent
L path length through gas mixture, L = ZR
M molecular weight
. M, molecular welght of alr
m molecular percentage
N total measuring counts
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total background counts
counts psr minute

ingide profile expoment
gas pressure

atomlc percentage
outside profile exponent
burner radius

universal gas constant

radial distance
absolute temperature
temperature along the radiasl distance

room (air) temperature
absolute center temperature
temperature at center of outelde profile

wall temperature
To - Ty
Ty

Ty - Ty

Tg

total number of readings at a'given‘temperature
gas density

air density at room temperature and pressure

TO%2
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APPENDIX B

EVATUATTON OF THEORETTCAL INTENSITTES AND ERRORS

From equation (9a) the equation for the intensity ratios may be

written as:

I D Tg o ) Ta D
= = o PaR L+ -Fupr (L + —) -~ 53
(Ia calo IP{ZBa 8 [ R Te ( nl) T TR

Ingerting the values ' ) i}
zq— T&.
Tw
Tp/2
5=E-~1
Ta
d.=g-c-;~1
Ty
F, = 0.93
Il=6.0
D _ 0.470
R

2BgPeR = 1.107

results in the following equatlon:

. T
(I_) = exp<q 1.107 |1 + 0.470 (-9-) - 0.796 TP- -
calc a+l

Ig c
: a\] L
[0.133 + 0.0470 <q+l):| T

For Tﬁ and g related to- T, by the linear equations

19
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i
q =1.44 =2 - 6,04
Ta

the values for (I/Ia) are given in table IT.

calc

The mean deviation of the experimental intensity ratios is given by

CY )3 ] R

where K 1s the total number of readings at a given temperature.

The mean relative intensity error ‘AI/I is given by

—

I~ N-7&g

The relative temperature error AT./T, is given by

() (S

To 1+Q

AT _ NN +T3 = o

where

L (ERE0 =) e (&) (9321
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TABIE I - ATOMIC EMISSION COEFFICIENTS
Atam k
Hydrogen 0.0002 -
Carbon .20
Nitrogen 34
Oxygen .62
Sulfur 10.9
Chlorine 14.7
Argon 22.4
TABLE II - MEASURED AND CALCULATED VALUES OF TRMFERATURES AND
INTENSITY RATIOS IN EXPERIMENTAL SETUP
Radlation
Measured corrected
Ty | To | To | Ty [toxps |(T/Ta) (T/T) .| (H/7a) (g%) To a1 0| Texpt [Portholes
(°) | (°8) [ (°B)[Tp/2 (I/1a expt| (og) |Teale
calc
810|1350| 1387|2.10| 0.62| 2.80 2.69 0.96 0.0493 | 1360 | 1.02| Upper
8601350} 1429|2.02| .87{ 2.54 2.79 .91 .0654 | 1340 | 1.06
9301400} 1435(2.13| .89| 2.79 2.80 .99 .0890 | 1430 | 1.00
850(1440| 1484|1.96| .935| 2.89 2.92 .99 .0928 | 2472 | 1.00
10401460 | 1497/2.10( 1.16
765|1450 | 1501}2.14] .44
1050|1470 | 1508(2.13| 1.14| 3.24 2 1.08 L0747 | 1655 .91
104011480 | 1520|2.02| 1.26| 2.89 3 .96 .0527 | 1472 | 1.03
114011480 | 1524
1080|1500 | 1540(2.47| .82| 3.08 3. 1.00 .0367 | 1550 [ .99
9560|1560 1614[2.48[ .57 3.08 3 .96 .0251 | 1520 | 1.06
750|1570| 1634|2.21| o0.65] 3.17 3 0.98 0.0175 | 1610 | 1.01| Lower
530/1590 | 1659 3.30 3 1.01 1690 | .98
935(1620| 1679(2.15| .88! 3.21 3 .98 .0574 | 1630 | 1.03
975|1640| 1705|1.97| 1.21

%02


http://www.abbottaerospace.com/technical-library

2401

NACA TN 2580 23

Mass-absorption coefficient of air, By, sq £+/1b
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Figure 1. - Varlation of mass-absorption coefficient of air with accelerating
voltage applied to X-ray tube. .
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Figure 2. - Varlation of correction factor F wlith temperature for products of stolchio-
metric combustion of satureted hydrocarbons with air.
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Figure 3. - Representative temperature profiles inside and outside of

test sectlion.
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in f£ig. 4(b)

H

- (a) Over-all arrangement 6f apparatus:

Figure 4. - Schematic diagram of X-ray absorption instrument.
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(b) Alumimm foil window and pinhole arrangement.

Figure 4. - Concluded. Schematic diagram of X-ray absorption instrument.
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Flgure 6. - Variation of calculaf.‘ed errors with temperature for 1.5-foot path length
hot tunnel using stoichiometric saturated hydrocarbon fuel mixtures.
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Figure 7. - Variation of X-ray intensity ratio with inside profile exponent
for various outside profile exponents. Center gas temperature, 1800° K;
wall temperature, 900° K; room (air) temperature, 300° K; window diameter,
0.20 inch at dlstance of 2 feet; acceleration voltage, 4.15 kilovolts;.com~
bustion of saturated hydrocarbons.
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Figure 8. - Variation of sensitivity function with inside profile

exponent. Center temperature, 1800° ¥; wall temperature, 900° X;
room (air) temperature, 300° K; window diemeter, 0.20 inch at
distance of 2 feet;-acceleration voltage, 4.15 kilovolts;
combustion of saturated hydrocarbons.
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Flgure 9. - Experimental eetup.
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Figure 10. - Inside and outside temperature profiles. Theoretical-curve parameters:
Center temperature; 1510° K; wall temperature, 1050° K; temperature at center of
outside profile, 500° K. .
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Figure 11. - Experimental and theoretical values of
X-ray intensity ratios as a function of radiation-
corrected thermocouple center temperatures.
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