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Introduction

T HE investigationof combustion processes under microgravity
has become more and more important over the past few years

becauseof the possibilityof separating the coupled in� uence of dif-
fusion and buoyancy in burningbehavior.The most recognizedthe-
oreticalwork in the � eld of diffusion� ames is the Burke–Schumann
model1 published in 1928. Technical calculations are often based
on this model. An extensive experimentalwork, recently published
in Refs. 2 and 3, investigated diffusion � ames from laminar � ow
conditions to transitional� ow conditionswith differentgaseoushy-
drocarbon fuels injected into air under microgravity with photog-
raphy, high-speed movie cameras, or video camera and observed
that the � ames were generally rounder and thicker than under nor-
mal gravity. For a deeper understanding of this different behavior
of � ames under weightless conditions, however, it is necessary to
get more quantitative information about the � ames. In this work we
present measured pro� les of the temperature and the oxygen con-
centration of a hydrogen diffusion � ame and the estimation of the
� ame contour under gravity and microgravity.

Experimental Setup
The experimental arrangement is designed to � t the geometry of

the classicalBurke–Schumann model as closely as possible.There-
fore, a coaxial co� ow condition with an air� ow rate of 600 l/h, an
air velocity of 2.2 cm/s, fuel � ow rates from 80 to 220 l/h, and fuel
velocities from 28 to 78 cm/s in a cylindrical combustion cham-
ber are used. The chamber is an aluminum cylinder with a 200-
mm diameter and 400-mm height. There are three rectangularports
(300 £ 100 mm) positionedaround the chamber. These ports can be
used for camera monitoring, as well as for access of measuring sys-
tems. The � ame is ignited by sparks prior to the drop. The pressure
inside the chamber is actively controlled at 1 bar with an accuracy
of 50 mbar. Three measuring systems were used. An ordinaryvideo
camera for visual investigationprovides a � rst evaluationof the ex-
perimentand a qualitativeanalysisof the � ame behavior.An arrayof
18 microthermocoupleswas used to determine the thermal charac-
teristics of the � ame. The oxygen-concentration pro� le was aquired
by means of a special application of solid electrolyte O2 sensors.4;5

Experimental Results
One of themost importantcharacteristicsof a diffusion� ame is its

contour,especiallythe length or height.The contour is the boundary
of the stoichiometric relation between oxygen and fuel with degree
of burnout® D 1. A qualitativeway to determine the � ame contour
is to analyze the emitted radiation in the visible range. Quantitative
methods to obtain the � ame contour include the determination of
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the temperature pro� le or the determination of the oxygen concen-
tration pro� les to estimate the thermal or chemical contours. The
� ame used for the current investigation is � ickering under gravity.
This phenomenoncorrelateswith the assumption that � ickering oc-
curs due to a gravity-caused vortex structure.6¡8 Because of this
� ickering, the gravity � ames can be characterizedwith a minimum
and a maximum contour. The described � ame characteristics are
changing drastically under weightless conditions. First, the � ame
collapses, and afterward, the size increases continuously. A linear
relationbetween the size and � ow rate is valid. Figures1 and 2 show
the temperature pro� le and the concentrationpro� le of a hydrogen
air co� ow � ame with an air� ow rate of 600 l/h and a fuel � ow rate
of 220 l/h under gravity and 4.5 s after transition to microgravity.
The temperaturepro� le representsmore than 70 data sets measured
in six drops. The typical temperature pro� le under gravity is char-
acterized by a thin reaction zone above 1500 K. The temperature
gradient can reach 100 K/mm in the radial direction. With the start
of microgravity, the reaction zone moves away from the burner, and
the temperatureleveldecreases.The temperaturegradientsare lower
than undergravity.Furthermore, the dark regions in the � ame can be
identi� ed as low-temperature zones. The error of a single tempera-
ture measurement due to data acquisition and to the thermocouple
itself is below 5%. The uncertaintyof the temperaturepro� le results
from the responsetime and from the interpolationof the temperature
pro� le from various experiments. Neither effect can be quanti� ed
with the measureddata at present.The temperaturepeak at the � ame
bordernear the burnermouthof the microgravitytemperaturepro� le
results from disturbance effects due to the ignition electrode.

In Fig. 2, the under-gravity minimum and maximum contours
due to � ickering are plotted in comparison to contoursunder micro-
gravityafter the4.5-sdrop time.As alreadymentioned,the chemical
stoichiometriccontourwas determined by solid electrolytesensors.
Three sensors, each with three electrodes, were used in 16 drops.
The time-dependent oxygen concentration pro� le was calculated
with the resulting 144 data sets. The signals under gravity show a
� ame with typical � ickering of about 10 Hz in the axial direction
and 1 Hz in the radial direction. The microgravity signals represent
the collapse and the growth of the � ame. The fast Fourier trans-
form analysis of the data does not show any signi� cant frequency.
It is easy to see that the � ame under microgravity is much big-
ger than its counterpart under gravity. The wrinkled structure of
the microgravity contour results from the interpolationof data sets
from a number of experimentswith different sensor positions in the

Fig. 1 Temperature pro� le under gravity and microgravity.
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Fig. 2 Stoichiometric minimum and maximum � ame contours under
gravity and � ame contour under microgravity.

combustion chamber. These contours are only a small region in the
concentration pro� le, and the measured data include much more
information,such as the burnout and the thicknessof the � ames. As
expected, the calculated thermal and stoichiometric contours differ
from the visualones.Thesehave to be consideredfor the veri� cation
of the numerical models by experimentally determined contours.

Summary
The investigated hydrogen air � ames are strongly in� uenced by

buoyancy.Gravity� amesshowa characteristic� ickering,whichdis-
appears under microgravity.This fact con� rms the correlation with
the buoyancy. It may be concluded from visual investigations that
the � ames under microgravityare bigger and less bright than � ames
undergravity.The microthermocouplesemployedarewell suitedfor
the measurement of the two-dimensionaltemperature pro� le inside
the combustion chamber. This method is relatively inexpensive in
comparisonto thedifferentlaser techniquesinasmuchas theapplica-
tion of lasersundermicrogravity is just beginning.Nevertheless,the
measured temperature pro� le describes the evolution of the � ame
contourquantitatively.The oxygenconcentrationpro� le of a hydro-
gen diffusion � ame was determined by means of solid electrolyte
sensorsand,hence,thecontourof the � ame.The sensorsignalsshow
the quantitative differences between the gravity and microgravity
cases. The data show that there is � ickering under gravity and con-
tinuousgrowth undermicrogravity.In the gravity case, it is possible
to calculate a minimum and a maximum contour. The microgravity
contourat the end of the drop is larger than that undernormalgravity
conditions.This shows that gaspotentiometrywith solid electrolyte
sensors is very useful, especially because the sensors are easier
to handle and more cost effective than laser-based methods. This
methodhas great potential;however, it is not a nonintrusivemethod,
and the in� uenceson the investigatedprocessesshouldbe evaluated.
The described techniquesallow a quantitative analysis of the � ame
behaviorunder gravity and microgravity and add informationabout
the � ame to the usual video techniques. The collected data can be
used for evaluation of numerical simulations and � ame length cal-
culations.The data show signi� cant differences between visual ob-
servations and thermal and stoichiometrical contours. This must be
taken into account for the comparison with numerical simulations.
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Explicit Equation for Flow
Through American Society
of Mechanical Engineers

Nozzle Meters

W. Bussman¤ and J. White†

Koch–Glitsch, Inc., Wichita, Kansas 67220

Nomenclature
AD = area of pipe containing American Society of Mechanical

Engineers (ASME) nozzle meter, m2

Ad = area of ASME nozzle meter throat, m2

C = ASME nozzle meter discharge coef� cient
D = diameter of pipe containing ASME nozzle meter, m
d = throat diameter of ASME nozzle meter, m
qm = mass � ow rate of � uid in pipe, kg/s
Re1 = Reynolds number based on pipe diameter, V1 D=À1

V1 = actual upstream � uid velocity in pipe, m/s
1p = differential pressure, Pa
¯ = d=D
"1 = expansion factor based on upstream pressure
½1 = density of � owing � uid upstream of ASME nozzle meter,

kg/m3

Received Feb. 9, 1998; revision received May 15, 1998; accepted for
publication May 18, 1998. Copyright c° 1998 by the American Institute of
Aeronautics and Astronautics, Inc. All rights reserved.

¤Research and Development Engineer, John Zink Company Division,
11920 East Apache, P.O. Box 21220, Tulsa, OK 74121-1220.

†Senior Design Engineer, John Zink Company Division, 11920 East
Apache, P.O. Box 21220, Tulsa, OK 74121-1220.


