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The results of an experimental and analytical

Abstract approved:

investigation of temperature fields associated with flow-
coupled, binary gaseous diffusion are presented. Attention
is restricted to steady, laminar flow of a gas mixture
through a circular duct along which a steep axial concen-
tration gradient is maintained, with no net flow of the
lighter gas in the region of the concentration gradient.
Associated with the changes in concentration are tempera-
ture changes that occur due to the diffusion-thermo effect.
A novel apparatus is described in which gas A (the
heavier gas) flows upward through a vertically oriented
diffusion tube and gas B (the lighter gas) is injected
against the bulk flow. Both gases enter the diffusion tube

at the same temperature. The injection plane through which



gas B is introduced is formed by the outlets of 25 small-
diameter tubes located over a cross section through the
diffusion tube. The concentration of gas A, XA , at the
injection plane may be adjusted arbitrarily andothen held
constant.

If the velocity of gas A is sufficiently small,
gas B will diffuse against the flow and both gases will be
present in the region upstream of the injection plane. 1In
this region mass is transported by both convection and
diffusion. The relative magnitudes of these two transport
processes may be expressed in terms of a mass Peclet
number (denoted as Pe and defined as the average velocity
times the tube diameter divided by the molecular diffusion
coefficient). For values of Pe less than 2.0, diffusion
is the controlling process. For values of Pe greater than
10.0, convection becomes controlling to the extent that
diffusion against the bulk flow is essentially eliminated.

Experimentally determined axial and radial tempera-

ture profiles for helium-nitrogen mixtures are reported

for flow conditions corresponding to Pe = 1.9, X, = 0.5;
o
Pe = 3.8, XA = 0.5; Pe = 3.8, XA = 0.7; and Pe = 5.9,
o o
XA = 0.7. The temperature effects associated with flow-
o

coupled diffusion are shown to become much more pronounced
with increasing values of Pe.
Thermal diffusion factors and molecular diffusion

coefficients based on data taken in the above mentioned



apparatus are presented as a functiocon =f gas composition.
These transport coefficients were computed from the tem-
perature distributions measured in this investigation com-
bined with velocity and concentration distributions meas-
ured previously under the same flow conditions. The re-
sults, which are for helium-nitrogen mixtures corresponding
to mole fractions of nitrogen in the range between 0.65

and 0.95, are consistent with theoretical predictions and
with results reported by other investigators.

A model is discussed that was developed for use in
predicting the radial and axial temperature distributions
associated with flow-coupled diffusion. The model, which
is programmed for numerical solution, is in the form of a
second order, elliptic partial differential equation, in
two dimensions. It allows for both radial and axial var-
iations in the velocity and concentration fields, which
must be specified in order to solve for the temperature
distribution corresponding to a given set of flow condi-
tions. Temperature profiles pradicted with this model are
reported for the four sets of flow conditions under which
experimental measurements were taken. The predicted and

experimental profiles are found to be in general agreement.
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TEMPERATURE PROFILES, THERMAL DIFFUSION FACTORS,
AND MOLECULAR DIFFUSION COEFFICIENTS FOR
FLOW-COUPLED DIFFUSION IN A TWO-
DIMENSIONAL FLOW FIELD

I. INTRODUCTION

1.1. Description of Problem

Temperature changes due to the diffusion-thermo
effect were investigated analytically and experimentally
for conditions occurring when a binary gas mixture of
helium and nitrogen flows through a cylindrical duct along
which a steep axial concentration gradient is maintained.
Within the region of the concentration gradient, mass is
transported by both convection and diffusion. The relative
magnitudes of these two transport phenomena may be ex-
pressed in terms of a mass Peclet number (defined as the
average velocity times the tube diameter divided by the
molecular diffusion coefficient). This work is a continu-
ation of research reported by Stock (1972) which was ini-
tiated at Oregon State University to investigate velocity,
concentration, and temperature fields associated with
flow-coupled binary diffusion in the Peclet number
range of 2.0 to 6.0.

Attention was restricted in this investigation to
steady laminar flow of the gas mixture with no net axial
flow of the lighter gas. 1In the diffusion tube developed

for this investigation, which is shown diagrammatically in



Figure 1.1, gas A (the heavier gas) enters at a far
upstream location and gas B (the lighter gas) is introduced
at the injection plane. The concentration of gas A at the
injection plane is held constant. If the average velocity
of gas A is sufficiently low (corresponding to Peclet
numbers less than approximately 10), gas B will diffuse
against the flow and both gases will be present in the re-
gion immediately upstream of the injection plane.

Previous investigations of binary gaseous diffusion
in cylindrical ducts (e.g. Yang (1966), Wyatt (1968)) were
conducted under conditions such that diffusion was the
dominant process of mass transport in the flow field (Pec-
let numbers less than 2.5). For the flow conditions con-
sidered in this investigation, convection is the dominant

process of mass transport.

1.2. Objectives of Research

Objectives established for the research discussed in
this thesis are as follows:

l. To measure radial and axial temperature profiles

that exist for flow-coupled diffusion in the Peclet

number range between 2.0 and 6.0.

2. To compute thermal diffusion factors and molecular

diffusion coefficients from the combined results of



Gas A & B

__+__+_L_ +_+_,+_+._ Gas B

| Injection Plane

Gas A

Figure 1.1. Schematic Diagram of Tube for Investigation
of Flow-Coupled Diffusion



4
temperature distributions measured as part of this
research and velocity and concentration distribu-
tions measured under the same conditions by Stock
(1972).

3. To develop an analytical model for use in
predicting the temperature field for a given set of
flow conditions, assuming that the velocity and

concentration fields are known.



II. BACKGROUND

2.1. Diffusion Phenomena

To simplify the discussion that follows, attention
is generally restricted to binary mixtures of nonreacting
gases. The kinetic theory referred to in this discussion
is applicable only to dilute gases (having densities suf-~
ficiently low so that three-body collisions may be ignored,
but sufficiently high so that fluid properties are con-
tinuous), due to the assumptions on which the theory is
based.

Cf primary interest for the research discussed in
this thesis is the phenomenon known as the diffusion-thermo
effect, or Dufour effect, which refers to energy transport
associated with the existence of a concentration gradient in
a mixture. The effect is observed as a temperature gradient
that develops when, for example, two gases initially at the
same temperature are allowed to interdiffuse.

According to the theories of the thermodynamics of
irreversible processes, the diffusion~thermo effect is
interrelated with another phenomenon, thermal diffusion or
the Soret effect, in such a way that the same transport co-
efficient is used in quantitative descriptions of both
phenomena. Thermal diffusion is observed as a concentration

gradient that develops in a mixture initially of uniform



composition when a temperature gradient is imposed on the
mixture. Due to the interrelationship between the two
phenomena, experimental studies involving either the
thermal diffusion effect or the diffusion-thermo effect
provide independent but complementary means to gain infor-
mation regarding the coefficient of thermal diffusion used
in describing both phenomena.

Also of interest for the research described in this
thesis is the diffusion that occurs as a direct result of a
concentration gradient. Nonuniformities of composition in
a mixture result in relative motion of the constituents,
each down its concentration gradient, so that the mixture
tends ultimately to become uniform. Using experimental
data from the apparatus described in Chapter V, molecular
diffusion coefficients associated with diffusion resulting
from a concentration gradient may be determined together
with thermal diffusion coefficients associated with the
diffusion-thermo effect.

As discussed in more detail in section 2.2, diffusion
effects may occur simultaneously in ways that tend to
counteract each other. For example, when a temperature
gradient is imposed on a gas mixture initially of uniform
composition, a partial separation of the constituents
occurs. Concentration gradients that develop as a result

of this separation act as driving forces for diffusion



tending to restore homogeneity in the mixture. Hence, a
steady state is possible in which the separating effect of
thermal diffusion is balanced by the remixing effect of
concentration diffusion.

2.2. Relationships between Driving Forces and Fluxes in
Gas Mixtures

Much of the research discussed in this thesis in-
volves relationships between fluxes of momentum, energy,
and mass and gradients of velocity, temperature, and con-
centration. In the kinetic theory developed to model the
physical phenomena, the fluxes are related to their
corresponding driving forces in terms of transport coeffi-
cients. Books in which relationships between fluxes and
their corresponding forces are discussed include those by
Bird, et al. (1960) and Hirschfelder, et al. (1954). The
following is a brief summary of the discussions presented
in those two references.

Fluxes and forces are related as shown in Table 2.1.
Theories from the thermodynamics of irreversible processes
provide insights into the relationships between these
fluxes and forces. As a postulate of the thermodynamics of
irreversible processes it is assumed that, for conditions

not too far removed from equilibrium, fluxes Ji are linear



functions of forces Xj according to the relationship

Ji = zj:dijxj .

Table 2.1. Driving Forces, Fluxes,
Transport Coefficients

(2.1)

and Associated

Associated
Driving Transport
Force Flux Coefficient
1. Velocity a. momentum viscosity
gradient
2. Temperature a. energy thermal conduc-
gradient tivity
b. mass (Soret coefficient of
effect) thermal diffusion
3. Concentration a. mass molecular diffu-
gradient sion coefficient

b. energy (Dufour
effect)

Note: Mass fluxes associated with pressure gradients and
external forces are not included in this table.

coefficient of
thermal diffusion

The coupling of flux-force pairs indicated by

equation 2.1 is illustrated in the relationships summarized

in Table 2.1. 1In a system having both a concentration

gradient and a temperature gradient, there are four effects:

direct effects, illustrated in Table 2.1 by fluxes 2a and

3a, of energy transport due to a temperature gradient and

mass transport due to a concentration gradient, and



coupled effects, illustrated by fluxes 2b and 3h, of mass
transport due to a temperature gradient and energy trans-
port due to a concentration gradient.

The theory of the thermodynamics of irreversible
processes includes a fundamental theorem developed by
Onsager (1931), which indicates that the matrix of phenome-
nological coefficients aij in equation 2.1, above, is sym-
metric provided that the fluxes and forces meet certain cri-
teria. This theorem may be expressed in the following form,

commonly referred to as the Onsager reciprocal relations:

aij = oy j # i. (2.2)

As a consequence of the Onsager reciprocal relations, only
one transport coefficient, the coefficient of thermal dif-
fusion, is needed for quantitative descriptions of the
Dufour and Soret effects referred to in Table 2.1.

2.3. Coefficients Used in Mathematical Formulations for
Thermal Diffusion Phenomena

A variety of coefficients, all closely related, are
referred to in the literature on thermal diffusion phenom-
ena. The more commonly used coefficients and their inter-
relationships are discussed in this section.

For a binary mixture subject to no external forces

and in which the pressure, but not the temperature, is
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uniform, the equation for difffusion may be written as

follows (Grew and Ibbs (1952)):

Vy - Vp = - [DAB%(A + DT?i(lnT) (2.3)

where:
Gas A is the heavier gas.

D and §D are the diffusion velocities of gases A
A B

and B relative to the mass average velocity of the

>
\%

gas mixture.
XA and XB are the mole fractions of gases A and B.

DAB is the molecular diffusion coefficient (associat-
ed with diffusion resulting from a concentration
gradient). For a binary mixture, DAB = DBA'

Doy is the coefficient of thermal diffusion. The
general convention on sign for this coefficient is
that DT is positive if the heavier gas concen-
trates in the colder region.

Both DAB and DT are functions of the relative
quantities and physical characteristics of the two gases,
and the nature of the forces between the molecules of the
gases. The coefficient of thermal diffusion is particular-
ly sensitive to intermolecular forces; for a given sign
convention, it can be positive, negative, or zero depending

on the conditions and the types of gases under considera-

tion (Mason, et al. (1966)).
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Equation 2.3 may be rewritten in the following form:

D D

D
V.- V. = -—22|¥x. + k.¥(1nT) (2.4)
N s X, X5 [ A T ]

where kT, the thermal diffusion ratio, is defined as Ky =
DT/DAB. The thermal diffusion ratio is a measure of the
relative importance of thermal and concentration diffusion.
One reason for writing the diffusion equation in the
latter form is that a convenient relationship for use in
experimental studies of kT may be obtained under the con-

dition that GD - GD is zero. Applying this condition to
A B

equation 2.4, the following relationship is obtained
between nonuniformities of composition and nonuniformities

of temperature:

foA = —kT-V)(lnT) (2.5)

Equation 2.5 may be integrated to yield the following,
assuming kT is a constant (Grew and Ibbs (1952)):

X - X

_ ‘A A
Kp = Tn(T T) (2.6)

In equation 2.6, XA is the mole fraction of gas A where the
temperature of the mixture is T', and Xa is the mole frac-
tion of gas A where the temperature is T.

As discussed by Grew and Ibbs (1952), the theoreti-

cal expression for kT based on kinetic theory includes the
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product of XA and X, as one factor, and therefore kT is a

B
strong function of composition. A related quantity which
is a less sensitive function of composition is the thermal

diffusion factor s defined by

o = (2.7)

The latter quantity is frequently used rather than
kT in formulations for modeling thermal diffusion phenomena.
Due to its importance, a considerable amount of research
has been directed toward gaining a better understanding of
the behavior of O

2.4. Comments on Simplified Theories for Thermal
Diffusion Phenomena

Although the Chapman-Enskog theory (discussed in
Chapter III) has proven to be successful for quantitative
modeling of transport phenomena in gases, including thermal
diffusion phenomena, its mathematical complexity is such
that it has not been so useful as a basis for simplified
quantitative theories of such phenomena. Attempts to
develop simplified theories of thermal diffusion on the
basis of other approaches have either been deficient in
essential aspects or else almost as complicated as the
Chapman-Enskog theory (Mason, et al. (1966)). Only re-

cently (Monchick and Mason (1967)) has a theory been
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developed that provides a rigorous means for modeling
thermal diffusion on the basis of an elementary (single
collision) mean-free-path theory.

A principal reason for the difficulty in developing
simplified theories of thermal diffusion is discussed by
Chapman (1962) with further elaboration by Mason, et al.
(1966) . As explained in those references, thermal diffu-
sion depends strongly on the nature of molecular inter-
actions, while other transport phenomena depend primarily
on the occurrence of molecular interactions and only
secondarily on their nature. Consequently, as demonstrated
by Monchick and Mason (1967) in their development of a
"free-flight" theory of gas mixtures, thermal diffusion is
much more difficult to account for than the other transport
phenomena when formulating rigorous phenomenological
theories (i.e., those based on physical models of the
phenomena involved).

2.5. Importance of Research Involving Thermal Diffusion
Phenomena

Results of research involving the thermal diffusion
and diffusion-thermo effects are useful for both practical
applications and for refining theories of transport pro-
cesses. Incentives for performing such research include

the following:
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1. Thermal diffusion phenomena are very sensitive
to and strongly dependent upon forces between unlike
molecules (Mason, et al. (1966)). Consequently, ex-
perimental studies of thermal diffusion phenomena
provide valuable information for relating physical
measurements to theoretical models of intermolecular
forces.
2. Thermal diffusion can be utilized to separate
the components of a gas mixture. As discussed
by Grew and Ibbs (1952) in a chapter devoted to this
application, Clusius and Dickel stimulated consider-
able interest in developing techniques for component
separation by their announcement in 1938 that they
had applied thermal diffusion to achieve a partial
separation of the isotopes of chlorine. The separa-
tion column developed by Clusius and Dickel has been
refined to the point where almost complete separa-
tion of isotopic mixtures can be performed. Grew
and Ibbs (1952) provide citations for references
regarding extension of the technique to liquid
mixtures.
3. In studies of boundary layers containing unlike
gases, large discrepancies can occur between pre-
dicted and measured transport phenomena unless

provision is made in the analytical formulations for
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the thermal diffusion and diffusion-thermo effects.
Until recently, thermal diffusion phenomena have
been neglected in analytical treatments of binary
boundary layers (Sparrow, et al. (1964)), Experi-
mental investigations involving transpiration cooled
boundary layers containing unlike gases, however,
produced results which differed considerably from
predictions based on theories formulated without
taking into consideration thermal diffusion phenom-
ena. For example, in measurements of local heat
transfer by free convection around a porous cylinder
through which helium was injected into the boundary
layer, Tewfik and Yang (1962) found that the
adiabatic wall temperature was considerably higher
than the free-stream air temperature, with the
temperature difference dependent upon the helium
injection rate and the location around the cylinder.
These observed temperature differences were
attributed to the diffusion-thermo effect.

4. As discussed by Chapman (1958 and 1962), thermal
diffusion effects can be of importance in a number
of natural phenomena, such as transport phenomena
associated with flames, planetary atmospheres,
stellar interiors, and nebulae. One of the examples

mentioned in the preceding references is a
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phenomenon that is well known but perhaps not
generally recognized as a special case of thermal
diffusion: namely, the distribution of dust spots
on walls near heaters and hot pipes. For a mixture
consisting of a dilute suspension of dust particles
in a gas, the thermal diffusion factor is approxi-
mately lO6 times larger than that observed for
mixtures in which the particle sizes are not so
dissimilar (Chapman (1962)). A small temperature
gradient in such a mixture is sufficient to cause
considerable séparation of the dust from the gas,
with the result that dust diffuses from the region
around a hot body and tends to deposit on cooler

surfaces.
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III. LITERATURE REVIEW

3.1. Introductory Comments

Included in the literature on thermal diffusion
phenomena is a wealth of information regarding the broad
spectrum of research activities devoted to obtaining a
better understanding of the phenomena and to developing
techniques for utilizing the phenomena in practical appli-
cations. Only a few of the topics discussed in the
literature are reviewed in this section. Attention is
focused on research performed to investigate the magnitude

and behavior of the thermal diffusion factor, and re-

Qs
lated coefficients discussed in section 2.3 of Chapter II.
As discussed in section 2.3, the thermal diffusion
factor, a5, is less sensitive to variations in composition
of a gas mixture than related coefficients appearing in
mathematical formulations of thermal diffusion phenomena.
Consequently, U has generally been the coefficient chosen
for study in the more recent experimental and theoretical
investigations of such phenomena. The related coefficient
kT (defined in section 2.3) has also received considerable
attention, particularly in the time period immediately

following the development of the Chapman-Enskog kinetic

theory in 1917.
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3.2. General References

Among the numerous references that contain
discussions of transport phenomena in gases, those listed
below are particularly recommended for readers interested
in detailed treatments of the phenomena described in this
thesis. Complete citations for these references are in-
cluded in the bibliography. The references are listed in
chronological order as follows, together with brief
descriptions of their contents:

1. Grew and Ibbs (1952) for a comprehensive review

of experimental and theoretical investigations per-

formed prior to about 1950 to study thermal diffu-
sion phenomena. This book is a recommended starting
point for those interested in commencing a study of
thermal diffusion.

2. Hirschfelder, et al. (1954) for a unified and

extensive treatment of the theoretical, computation-

al, and experimental developments in the studies of

properties of gases and liquids prior to about 1952.

This book is an excellent reference for discussions

of transport phenomena as well as for detailed

mathematical treatments of transport phenomena.

3. Mason, et al. (1966) for a detailed review of

research associated with thermal diffusion in gases
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up to about 1965. Included in the review is an
extensive bibliography of references available in
the literature.

4. Chapman and Cowling (1970) for an advanced
treatment of the kinetic theory of transport phenom-
ena in nonuniform gases. This book (including its
earlier editions), perhaps more than any other, is
cited frequently in papers appearing in the litera-
ture regarding transport phenomena in gases. In-
cluded in the 1970 edition are references to papers
in the literature for recently completed research

involving the kinetic theory and its applications.

3.3. Historical Summary - 1856 to Present

The history of research involving thermal diffusion
phenomena is discussed in the references cited in section
3.2, as well as in other references on the kinetic theory
of gases. Accordingly, the summary that follows is limited
to comments on only a few of the major developments that
contributed to present-day understanding of such phenomena.
Except where noted, this summary is based on historical
background information presented by Grew and Ibbs (1952),
and by Ferziger and Kaper (1972). The original papers de-
scribing each of the following events are cited in the

preceding references.
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Event

1856

1859
to
1867

1872

The existence of thermal diffusion was discovered in
liqguids, by Ludwig, who found differences of concen-
tration in samples of sodium sulfate solutions taken
from different parts of a vessel that was unequally
heated. It is of interest to note that the analo-
gous effect in gases was not detected experimentally
until 1917, after its prediction in the Chapman-
Enskog kinetic theory.

Maxwell published his theory on the distribution of
molecular velocities for a uniform gas in equilib-
rium (known as the Maxwellian velocity distribu-
tion). 1In addition, he formulated the equations of
transfer and transport coefficients for a gas in
which the molecules act as point centers of repul-
sion interacting with forces inversely proportional
to the fifth power of their separation (called
Maxwellian molecules). Terms involving thermal
diffusion do not appear in formulations based on the
conditions modeled by Maxwell.

By means of his H-Theorem, Boltzmann demonstrated
that a gas having any initial distribution of molec-
ular positions and velocities will most probably
evolve into an equilibrium state, in which the

velocities are distributed according to the
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Maxwellian velocity distribution. Boltzmann also
derived an integro-differential equation for the
velocity distribution function in terms of space and
time, and showed that the solution of the equation
for a gas of Maxwellian molecules yields formulae
for the various transport coefficients which agree
with those developed by Maxwell. This integro-
differential equation is now known as Boltzmann's
equation.

1873 Dufour published results of experiments showing that
the diffusion of one gas into another initially at
the same temperature results in a temperature
gradient. His discovery of what has come to be
called the diffusion-thermo effect predated the for-
mulation of the Chapman-Enskog kinetic theory which
accounts for such an effect, and apparently no
further interest was shown in experimental investi-
gations of this effect until the work by Waldmann in
the 1940's.

1879 Thermal diffusion in liquids was investigated more

lggl thoroughly by Soret, who measured changes in concen-
tration of salt solutions exposed to a temperature
gradient in a vertical tube. Attempts to formulate a
theoretical explanation for the phenomenon were un-

successful.
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to
1917

1917

22
Chapman and Enskog, working independently, developed
a general kinetic theory of nonuniform gases based
on solutions to the fundamental equations that
originated with Maxwell and Boltzmann. Using
Maxwell's equations of transfer in an extended way,
Chapman derived equations showing that "...diffusion
is produced by (1) a concentration gradient, or
variation in the relative proportion of the constit-
uent gases; (2) by external forces acting unequally
per unit of mass on the two sets of molecules, and
by variations in (3) the total pressure, or (4) tem-
perature of the component gas." (Chapman (1916)
pg. 9).
Enskog developed a series solution to Boltzmann's
equation for the velocity distribution function, and
arrived at results identical to those of Chapman for
the transport coefficients. The Chapman-Enskog
kinetic theory, discussed in detail by Chapman and
Cowling (1970), is based primarily on Enskog's
approach,
Using a mixture of hydrogen and carbon dioxide in an
apparatus consisting of two bulbs connected by a
tube, Chapman and Dootson (1917) demonstrated ex-

perimentally that diffusion in a gas mixture occurs



1938

1943
to
1950

1965
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under the influence of a temperature gradient

(the thermal diffusion effect).

Clusius and Dickel demonstrated that thermal diffu-~
sion can be utilized to almost completely separate
the components of a mixture. The separation column
that they developed has since been refined and used
extensively, particularly for separation of isotopes.
Waldmann investigated the diffusion-thermo effect
both analytically and experimentally. As part of
his work he developed methods of measuring the
effect at various temperatures and pressures, and
from the results he determined values of the thermal
diffusion factor for a variety of gas mixtures. In
addition to Waldmann's publications, two of which
are cited in section 3.4, an excellent source of
information regarding his work is the chapter by
Grew and Ibbs (1952) devoted to a discussion of the
diffusion~thermo effect.

The existence of the diffusion-thermo effect in a
liquid mixture was detected experimentally by
Rostigi and Madan (1965), who used benzene and
chlorobenzene in their apparatus. They were the
first to report success in verifying that the effect

exists in liquids.
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3.4. Experimental Methods for Investigating Thermal
Diffusion Phenomena

Experiments involving either the thermal diffusion
effect or the diffusion-thermo effect may be used to in-
vestigate the magnitude and behavior of the thermal diffu-
sion factor, om, and related coefficients discussed in
section 2.3. Both approaches have received extensive
attention in the literature. A comprehensive list of the
various binary mixtures for which thermal diffusion mea-
surements have been reported is given by Mason, et al.
(1966) .

Much of the research performed to investigate
agreement between theoretical predictions and experimental
results has been conducted using mixtures of inert gases,
for the assumptions on which the Chapman~Enskog kinetic
theory is based correspond more closely with interactions
between molecules of the inert gases than for interactions

between molecules of other gases.

3.4.1. Experimental Methods: Thermal Diffusion

Experimental investigations of thermal diffusion have
generally been performed using one of three types of equip-
ment: the two-bulb apparatus, the swing separator, or the
thermal diffusion column (Mason, et al. (1966)). Each type

of equipment has advantages over the others for certain
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applications, which are discussed in detail in the
preceding reference. Beginning with the first reported
experiment (by Chapman and Dootson (1917)) that confirmed
the existence of thermal diffusion in gases, the two-bulb
apparatus (in a variety of designs) has been used exten-
sively for experimental investigations of the behavior of
thermal diffusion coefficients. Accordingly, a brief
description of the manner in which such an apparatus is
used is given in the following paragraphs. Readers
interested in a discussion of the other types of apparatus
used to study thermal diffusion are referred to Mason,
et al. (1966) and Grew and Ibbs (1952).

When measuring thermal diffusion phenomena with an
apparatus of the two-bulb type, each of the bulbs is held
at a different temperature so that a temperature gradient
is established along a tube of relatively small diameter
joining the bulbs. Under the influence of the temperature
gradient, a concentration gradient develops within the gas
mixture. When a steady-state is achieved, an analysis of
the mixture in each bulb indicates the extent of the
separation of the gases. (The separation is defined as
the difference in mole fractions of one of the two constit-
uents corresponding to the temperature difference between

the two bulbs.)
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From the measurements of compcsition and temperature

in the two bulbs, the thermal diffusion ratio, k may be

T
computed using equation 2.6. An alternate approach is to

plot values of the separation as a function of the natural
log of the temperature difference, holding one of the tem-

peratures, say Tl’ constant; it may be shown from equation
2.5 that kT at any temperature T2 is the slope of the curve
at the point corresponding to TZ’ By replacing kT in equa-

tion 2.5 with the equivalent expression for a similar

T
approaches may be followed for computing % from experi-
mental data.

As an aid in following the course of thermal diffu-
sion in apparatus of the two~bulb type as well as in other
types of diffusion apparatus, radioactive isotopes have
proven to be very useful, particularly when it is desired
to form a mixture with one component present in only a
vanishingly small quantity. Generally the mixture is
limited to two components, with a radiocactive tracer as one
of the components. One advantage of this technique is that
uncertainties of interpretation are avoided which might
otherwise arise due to the variation of thermal diffusion
coefficients as a function of the relative proportions of
the gases forming a mixture. 1In addition, such a technique

leads to simplifications in the theoretical analyses

necessary to obtain information regarding intermolecular
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forces, for the interactions of the trace molecules with
themselves can be neglected with respect to the total
number of collisions (Heymann and Kistemaker (1959)).
Finally, the partial pressure of a component present as a
trace quantity in a gas mixture is very low, and therefore
the temperature at which condensation begins to occur in a
gas mixture can be reduced by substituting a radioactive
tracer for the component with the highest condensation

point.

3.4.2. Experimental Methods: Diffusion-Thermo Effect

Following the experiment described by Dufour in
1873 which illustrated what has since come to be called the
diffusion-thermo effect, no further experimental investi-
gations of the phenomenon were conducted until the decade
beginning in 1940, even though the possibility of such an
effect is contained in the Chapman-Enskog kinetic theory
(Grew and Ibbs (1952)). During the period from 1943 to
1950, Waldmann published the results of extensive experi-
mental and theoretical investigations which he conducted to
study the phenomenon, and he is recognized (Grew and Ibbs
(1952), Chapman and Cowling (1970)) as the principal con-
tributor to the literature on the phenomenon.

Waldmann's work followed two approaches. The first
involved a study of the transient temperature changes that

take place under conditions occurring when two vertical
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cylinders containing different gases are placed end-to-end
(for example, see Waldmann (1947)). The second involved a
study of the temperature effects associated with flow of
two gases through parallel tubes joined by a gauze-covered
slot across which diffusion occurs (for example, see
Waldmann (1949)). 1In the latter approach, a steady temper-
ature difference develops between corresponding points on
either side of the slot, and Waldmann used platinum wires,
one in each tube oriented parallel to the slot, as resist-
ance thermometers to measure the mean axial temperature
difference due to diffusion across the slot.

From experimental measurements of the diffusion-
thermo effect, the thermal diffusion factor, ¢n, may be
determined by performing an energy balance over an appro-
priate control volume. A formulation of this type is in-
cluded later in this thesis. The thermal conductivity of
the gas mixture must be known, which is a disadvantage of
this approach since for many gas mixtures no experimental
values of the thermal conductivity are available. Therefore
the thermal conductivity must generally be estimated, using
an approximate formula, from the values for the pure gases
in the mixture.

Experimental techniques that have been developed

more recently to investigate the diffusion-thermo effect
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associated with flow-coupled diffusion in a circular

tube are discussed in section 3.6.

3.5. Experimental Investigations of Thermal Diffusion
Phenomena

3.5.1. Temperature Dependence of Thermal Diffusion
Coefficients

Using equipment of the two-bulb type, Ibbs and Grew
(1931), Grew and Atkins (1936), and Grew (1946) were among
the investigators who examined variations in the thermal
diffusion ratio, kT’ as a function of temperature. They
also examined the behavior of the thermal separation ratio,

R defined as follows (Ibbs and Grew (1931)):

T’
R - kT(exp)
T kT(res)

where kT(exp) is the thermal diffusion ratio computed from
experimental data for a given binary mixture, and kT(res)

is the corresponding value of kT predicted from theory
assuming that the molecules behave as rigid elastic spheres.

An incentive for studying the behavior of R, is that, if the

T

molecules are considered to interact as point centers of re-
pulsion with the force between any given pair varying in-

versely as the nth power of their separation, then R, may be

T

regarded as an approximate measure of the exponent n (Ibbs

and Grew (1931)).
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The investigation by Ibbs and Grew involved thermal
diffusion measurements with one bulb of the apparatus at
+15° C and the other bulb at temperatures down to -190° C.
Results of their investigation indicate that kT tends to
decrease at low temperatures, and that the variation in kT
differs widely depending on the characteristics of the
individual gases. Ibbs and Grew concluded that kT may be
regarded as practically constant for any given gas mixture
over a considerable range of temperatures.

In the investigation by Grew and Atkins (1936), the
molecular fields of hydrogen and deuterium (which have
different molecular masses but the same electronic struc-
ture), and helium and deuterium (which have the same
molecular mass but different electronic structures), were
compared by examining thermal separations in a series of
hydrogen-nitrogen, deuterium-nitrogen, and helium-nitrogen
mixtures with one bulb of the apparatus at room temperature
and the other bulb at temperatures ranging from =-190° C to

+100° C. The thermal separation ratio, R was found to be

T
the same for hydrogen-nitrogen and deuterium-nitrogen
mixtures throughout the entire temperature range, and Grew
and Atkins therefore concluded that the fields of force of
hydrogen and deuterium molecules are similar. Their results

also indicated that the fields of force of deuterium and

helium differ appreciably.
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The investigation by Grew (1946) involved a
systematic examination of all the binary combinations of
helium, neon, argon, krypton, and xenon, except for
krypton-xenon mixtures. Temperatures at which measurements
were taken varied from -180° C to 400° C. His results
indicate that, in general, the magnitude of the thermal
separation ratio, RT’ increases with temperature in the
lower temperature ranges and becomes constant at high
temperatures. Although the temperature at which RT first
becomes constant was found to vary widely from mixture-to-
mixture of the inert gases, the constant value was found to
be nearly the same for all mixtures, with a value of ap-
proximately 0.64.

The variation of ¢, as a function of temperature was
investigated by Waldmann (1949) as part of his experiments
involving the diffusion-thermo effect. With the exception
of the anomalous behavior exhibited by argon-carbon dioxide
mixtures, Waldmann's results confirm the finding by other
investigators that the value of ¢ diminishes with decreas-
ing temperature,

Waldmann also found a change in sign of an at low
temperatures. Prior to his experiments, a change in sign
of ¢ had been observed only for isotopic thermal diffusion

in ammonia (by Watson and Woernley in 1943, as discussed in

Grew and Ibbs (1952)). Binary mixtures for which Waldmann
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found a change in sign of %n include nitrogen-argon
(at -155° C), oxygen-argon (at -131° C), and nitrogen-
carbon dioxide (at -68° C).

Grew, et al. (1954), using a two-bulb apparatus for
thermal diffusion experiments, confirmed the occurrence of
the change in sign of ¢ in the three mixtures mentioned in
the preceding paragraph, but observed no change in sign of
@ for mixtures of three different noble gas pairs. They
found good agreement between their results and those of
Waldmann (1949) for the gas pairs common to the two inves-
tigations, which provides further experimental evidence
that transport coefficients determined from experiments
involving the diffusion-thermo effect are consistent with
those determined from experiments involving thermal
diffusion.

The behavior of % noted by Waldmann (1949) for
argon-carbon dioxide mixtures is anomalous in the sense
that the value of % decreased with increasing temperature
in a temperature range where it would be expected to
increase. This behavior has also been found to exist for
several other gas pairs. As discussed by Mason, et al.
(1966), no satisfactory explanation for this behavior has
been found which is consistent with what is known about

molecular structure and intermolecular forces.
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3.5.2. Composition Dependence of Thermal Diffusion
Coefficients

Lonsdale and Mason (1957) and Saxena and Mason (1959)
used radioactive tracers in an apparatus of the two-bulb
type to observe both the steady state separation of gas
mixtures under the influence of a temperature gradient and
the rate of approach to the steady state. Values of the
thermal diffusion factor, @n, Were computed from measure-
ments of the steady state separations, and values of the

binary diffusion coefficient, D were computed from

AR’
measurements of the rate of approach to the steady state.
In the former investigation, measurements were taken using
mixtures of H2—CO2 and He-CO2 with 14CO2 as the radioactive
tracer. After refining the apparatus, measurements were
taken in the latter investigation using mixtures of He-Ar,
14

-C0O, with CO, and 37Ar as the

and D2 2 2

He-CO H,-CO

27 72 27
radioactive tracers.

Based in part on data from the investigations
described in the preceding paragraph, Mason, et al. (1964)
published experimental confirmation of a theory by
Laranjeira (1960) that the inverse of the thermal diffusion
factor (l/aT) is a linear function of mole fraction in a
binary mixture. Thermal diffusion measurements described
in the preceding paragraph, which involved only the heavier

components as radioactive tracers, were supplemented by

Mason and his co-workers with additicnal measurements for
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mixtures in which a hydrogen isotope (tritium) was the
radioactive tracer. These measurements were combined with
measurements by other investigators for less dilute
mixtures, and for each binary mixture that was examined
the linear relationship of l/aT as a function of mole
fraction was found to hold within experimental error over

the entire range of mole fractions of either component.

3.5.3. Pressure Dependence of Thermal Diffusion Coefficients

On the basis of the Chapman-Enskog kinetic theory,
the magnitude of the thermal diffusion factor is independ-
ent of pressure in the pressure range for which only
binary collisions are important (Mason, et al. (1966)).
Results of experimental investigations conducted with ap-
paratus of the two-bulb type have confirmed this prediction
in the pressure range of approximately 0.3 to 2 atmospheres
(Grew and Ibbs (1952)).

More recently, Walther and Drickamer (1958) used a
two-bulb apparatus to measure separations due to thermal
diffusion in a series of binary mixtures of gases at
pressures up to 1000 atm. They found that the effect of

pressure on &, is small when the average temperature of the

T
apparatus is far above the critical temperature of either
of the gases. Their measurements show, however, that when

the average temperature of the apparatus is near the

critical temperature of one of the gases, the value of o,
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which is usually positive near atmospheric pressure, changes
sign as the pressure increases. Furthermore, after passing
through a minimum at a pressure at which the mixture is ap-
parently in the neighborhood of the critical point, the
value of O increases with an increase of pressure, and usu-
ally becomes positive again within the pressure range uti-
lized for their experimental measurements. A satisfactory
theoretical explanation for this observed behavior is not

known (Walther and Drickamer (1958), Mason, et al. (1966)).

3.6. Experimental Investigations of Flow-Coupled Diffusion

Zaworski (1966), Yang (1966), Wyatt (1968), and
Stock (1972) investigated diffusion phenomena that occur
when a steady-state flow field is established for a binary
gas mixture in a cylindrical duct along which a steep axial
concentration gradient is maintained. Zaworski obtained
calorimetric measurements of energy effects associated with
diffusion of hydrogen into nitrogen. Yang and Wyatt each
measured transport phenomena for helium-nitrogen mixtures
in flow fields for which the Peclet numbers were less than
2.5. ©Stock obtained velocity and concentration distribu-
tions for helium-nitrogen mixtures flowing under the same
conditions as those established for measuring the tempera-
ture distributions discussed in Chapter VII of this thesis.

Transport coefficients computed by Yang and by Wyatt

from their experimental data are compared in Chapter VII
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with transport coefficients computed from the data
measured by Stock combined with the data measured in the
experimental investigation reported in this thesis. The
apparatus used to obtain the latter data is described in
Chapter V. A brief description of the type of apparatus
used by Yang and by Wyatt is as follows.

The latter investigators each used an apparatus in
which the lighter of two gases flows downward through a
vertically oriented, cylindrical diffusion tube and is
swept away at the bottom end of the tube by a heavier gas
flowing through a horizontal duct to which the tube is
attached. Under these flow conditions, axial concentration
gradients develop due to diffusion of the heavier gas
against the flow of the lighter gas. The concentration
distribution in the diffusion tuke is dependent on the
specific flow conditions established in the apparatus.
Wyatt used a larger diameter diffusion tube than the one

used by Yang.
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IV. PREDICTED TEMPERATURE DISTRIBUTIONS IN
DIFFUSION FLOW FIELD

To provide additional insight into the phenomena
that were investigated fcr this thesis, a model was de-
veloped for predicting the radial and axial temperature
distributions within the diffusion flow field. The model
is in the form of a second order, elliptic partial dif-
ferential equation, which was solved numerically to
obtain predicted temperature distributions for each of
the four test conditions under which experimental mea-
surements were taken.

In order to solve the differential equation for
the temperature distribution corresponding to a given set
of flow conditions, velocity and concentration distribu-
tions must be known. Velocity and concentration data
measured by Stock (1972) were used in solving for the
predicted temperature distributions corresponding to the
test conditions discussed in this thesis. An alternate
approach, and one recommended in Chapter VIII under
suggestions for further work, would be to incorporate the
differential equation developed in this chapter into a
system of coupled equations that could be solved simul-
taneously for the velocity, concentration, and tempera-

ture distributions.



4.1. Model for Predicting Temperature Distributions

The analysis that follows is for flow-coupled
diffusion of a binary gas mixture within a vertically
oriented, cylindrical tube. As shown in Figure 4.1, gas
A (designated as the primary gas) is introduced into the
tube at a location far upstream of the injection plane
for gas B (the secondary gas). If the average velocity
of a gas A is sufficiently small, gas B will diffuse
against the flow and both gases will be present in the
region immediately upstream of the injection plane. The
net axial flow of gas B at any cross section in this
region is zero.

Under these flow conditions, mass is transported
by both convection and diffusion within the region imme-
diately upstream of the injection plane. This combined
transport is referred to as flow-coupled diffusion. As
discussed in Chapter I, the relative magnitudes of these
two transport processes may be expressed in terms of the
mass Peclet number for the flow. Upper and lower bounds
on the Peclet numbers for flow-coupled diffusion are de-
fined as follows (Stock and Zaworski (1973)): For flows
with Peclet numbers greater than 10, mass transport by
convection is dominant to the extent that diffusion

against the flow is essentially eliminated. For flows
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with Peclet numbers less than 2, diffusion is the
dominant mass transport process.

Attention is restricted to an analysis of the
temperature fields associated with flow-coupled diffusion
of a binary gas mixture in the region upstream of the in-
jection plane shown in Figure 4.1. The assumptions for
the analysis are as follows:

1. Concentration, velocity, and temperature

distributions within the flow field are axi-

symmetric.

2. The bulk flow is steady and laminar.

3. The components of the gas mixture are

ideal and nonreacting.

4. Throughout the flow field, the pressure

is constant.

5. The gas mixture is dilute in the sense

that only two-body collisions are likely

to occur.

6. Gravity is the only force field acting

on the components of the gas mixture.

7. Viscous dissipation, which tends to increase

the internal energy of the fluid as a result of

interactions that are dependent upon fluid
viscosity and shear-strain rates, is negli-

gible.



8. Energy interchanges in the gas mixture are
essentially unaffected by the kinetic energy
associated with the bulk fluid motion. (The
energy interchanges are strongly dependent,
however, on the internal energy of the gas
mixture; this includes the energy associated
with the random translational and internal
motions of the molecules and the energy of
interactions between the molecules.)

9. Radiant energy transfer within the gas
mixture and between the gas mixture and its

surroundings is negligible.

Energy Equation in Terms of Energy Flux e
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Although an energy equation for the diffusion flow

field could be formulated on the basis of an energy

balance over the control volume shown in Figure 4.1, it

is unnecessary to commence the analysis in that way .

Energy equations of considerable generality are readily

available in the literature, and it is convenient to

select an appropriate equation and then simplify it in
accordance with the assumptions for the flow conditions

under consideration.

this analysis.

The latter approach is followed for
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An equation of energy for multicomponent systems
in which energy interchanges are essentially unaffected
by the kinetic energy of the bulk fluid motion is as

follows (Bird, et al. (1960); equation (D), page 562):

p2E = -(¥-&) - (7:9) +zia‘i-§i. (4.1)
The symbols used in the preceeding equation represent the
following:

ﬁ is the internal energy per unit mass.

a is the multicomponent energy flux relative

to the mass average velocity v.

m, the pressure tensor, is related to the shear
stress t and the static pressure p by the e-
quation T=71+ pg, where § is the unit tensor.

v, the mass average velocity, is defined by the
equation v = %Zbi$i’ where $i is the velocity
of the ith con;tituent of the fluid relative to
stationary coordinates and oy is the mass con-

centration (mass per unit volume) of constituent

i.

Uy

. the mass flux of constituent i of the fluid
relative to the mass average velocity, is defined
. - -> >
by the equation J; = pi(vi v).

is an external force per unit mass acting on

ay

constituent i of the fluid.
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Additional information on the nomenclature is given
in Appendix A.

For convenience in analyzing the transport of
energy relative to a coordinate system fixed in space,

equation 4.1 may be rewritten in the following form:

3 (pE) = - (¥.pEW) - (¥:4) - G:T)
3t

+33,-9;. (4.2)
1

The third term on the right hand side may be expanded as

follows (Bird, et al. (1960)):

> >
T

=¥.(7-%) - V- (¥.m).

3

Substituting T+ pg for = and carrying out the operations

indicated in the preceding equation,

70V = |V (T-9) - V- (VeT) | + V- (pv)
- V. (Vp)
or
T:VV = T:VV + Ve (pV) - v-(Vp).

After substituting these terms into equation 4.2 and re-

arranging, the energy equation becomes

3 (pE) = =|V-(pEV + g + pV) | - (T:9%)
3t

->

+ V- (Vp) +z_;3‘i-gi. (4.3)
1



44

On the basis of the assumptions for this analysis,

equation 4.3 may be simplified as follows:

jL(pé) =0

¢ For steady-state conditions, €

® For constant pressure throughout the flow field,
$p = 0.

¢ Under conditions for which viscous dissipation
is negligible, T:9v = 0. (This term represents
the rate of internal energy increase per unit
volume by viscous dissipation, as discussed on
page 314 of Bird, et al. (1960).)

e If the only external force field acting on the

constituents of the gas mixture is gravity,

x4 pe = x4 .+ = £ £y .+ =

23;+9; =2Z3;°9 = (3, +3g):9=0

1 1

since

-+ T _ > _ 7 > _ -
Ja ¥ I T epvy = V) + pplvy = V) = 0.

With these simplifications, equation 4.3 reduces to the

following:
V- (J + pEY + pv) = 0. (4.4)

The second and third terms within the brackets in

equation 4.4 may be combined as follows:

pE$ + pg = p(E + %)3.



Noting that 1/p is the specific volume and that E is the

internal energy per unit mass,

E+ = =H

ol o]

where H is the enthalpy per unit mass. Further,

A - -~

= +
PH = ppHy + pplp = CpMpH, + CpMpHy

or

-~

pH

CAHA +'CBHB'

where Ci is the molar concentration (moles per unit
volume), Mi is the molecular weight, and Hi is the
partial molal enthalpy of constituent i. With these

changes, equation 4.4 becomes

Vel + (CyH, + CBHB)3 =0
or

V.2 =0 (4.5)
where

e =g + (CH, + CpH ) V. (4.6)

BB
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4.1.2. Multicomponent Energy Flux, E, Relative to Mass
Average Velocity

In equation 4.6, E is the multicomponent energy
flux relative to the mass average velocity V. An equa-
tion for 3 that is applicable for a dilute, nonreacting
binary gas mixture is as follows (Chapman and Cowling

(1970); Hirschfelder, et. al (1954)):

> >
g = =-AVT + (nAhAiiDA + thBﬁDB)

+ knTX_X_a_ (V v

Symbols used in equation 4.7 represent the following:

A is the thermal conductivity of the gas mixture.

Nas Dpy and n are, respectively, the molecules
per unit volume of gas A, gas B, and the gas
mixture.

hA and hB are the enthalpies per molecule of
gases A and B.

§DA and 605 are the diffusion velocities of gases
A and B relative to the mass average velocity of

the gas mixture, i.e.,

XA and XB are the mole fractions of gases A and B.
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¢ iz the thermal diffusion factor for the gas
mixture.

k is the Boltzmann constant.

The terms grouped on the right hand side of
equation 4.7 represent the following three components of
the energy flux: transport by conduction due to inequal-
ities of temperature in the gas mixture; transport asso-
ciated with the molecules of gases A and B moving

relative to the mass average velocity of the gas mixture,

and transport due to the diffusion-thermo effect.

4.1.3. Energy Equation in Terms of Temperature

A differential equation for the temperature dis-
tribution in the diffusion flow field may be developed
using equations 4.5, 4.6, and 4.7. After substituting
for a in equation 4.6 using the terms given in equation
4.7, the divergence of equation 4.6 is taken in accor-
dance with equation 4.5. Details of the derivation are
given in Appendix B. After performing the mathematical
operations, the following equation is obtained:

2 2

C C
P P
Aa_T.{,.)\i_%.{.[a_}‘_.{..l_pA(_A__B

2 3z or T My My

MRo, C B
T (o BB MRPROL) ap
AMg/ Sr My (M, ) 'rlor
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B(an )

+ T = 0. (4.8)

4.1.3.1. Nondimensional Variables

Equation 4.8 may be placed in nondimensional

form by introducing the following variables:

o U=
Ao

IVAO| o

In these variables, r and z are coordinates shown in
Figure 4.1; R is the radius of the diffusion tube; PAq
and VAO are, respectively, the density and the average
of gas A at large values of z where only gas A is
present; TO is the reference temperature, which is taken
as the temperature of gas A at the entrance to the dif-
fusion tube; p and T are, respectively, the density and

temperature of the gas mixture at location (r,z), and v,



and v, are the components of the mass average velocity
of the gas mixture in the r and z directions.

Density and velocity terms that apply only to
constituent A of the gas mixture are identified by sub-
script A.

In terms of the preceding wvariables,

To 3
R 3

8T _ 3 38 _
3r 35(T0(9+l))3r

D

10 ]

It is a straightforward but somewhat lengthy task to
proceed in this manner to incorporate the nondimensional
variables into all of the terms in equation 4.8. After
carrying out the substitutions and rearranging, equation
4.8 may be expressed as follows in nondimensional form:

2 2
9 6 3 0 30 96

+ J=— 4+ K—= + + = . .
852 + BCZV Jag Ka; L(e+1) 0 (4.9)

The coefficients J, K, and L are as follows:

J = % g% + % + FUp + GU

K = % %% + FVp + GV

o=l AT s (12082 22
) M(Ua(ang) . Va(agiA)>]

49
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where

<(cpA/MA> - (Cpg/My)

F = -(oplVal R 8y X
RMa
VY : >
Mg
_ (Cpna/M,.) N
G = ~(palVsl R) <6p§—MB - 28,0, AMRﬁB>.
A

The coefficients of equation 4.9 may also be written as

follows:
_ 1 35 1
J = Y 5T + T + Pe(YUA + Z0)
_ 1 a3a
K = 3 z + Pe(YVA + ZV)
Pe uA?€

L = ——— ——
ZSCA A MA [MB ¢ A 3z

3(aB,) 3 (aBy)
_ g; gg(? T°A L o T°A >]

3 (a M) 3 (a M)
1 <UA—T .y _T>

a Mp LR AL
where
vy = -1 “a(Cpp = Cpp) ”Aﬁ Mo
= "7sc X YoM M T
A A B
s -1 ¥ 1 uak Ma,
2S¢ A ScA A MA MB
(2R)R7AIO
In the preceding equations, Pe = ReSc = —5
u A c Cpi . s AB
Sc = ——i 8¢, = —j~—i P; = 3 = the specific heat per
PXaB Pa”aAB i

unit mass of constituent i; uw and u; are, respectively,



viscosities of the mixture and of constituent i, and DAB
is the molecular diffusion coefficient for the binary
mixture.

Equation 4.9 is a second order, elliptic, partial
differential equation for the radial and axial tempera-
ture distributions within the diffusion flow field. With

the assumption that the temperature dependence of the co-

efficients may be neglected, the equation is linear.

4.1.3.2. Boundary Conditions

Four boundary conditions are required for a
solution of equation 4.9. The boundary conditions that
were selected for computations of the temperature dis-
tributions presented later in this chapter are as
follows:

l. For axial symmetry of the temperature

profiles, %% =0 at r = 0. In terms
of nondimensional variables, %% = 0 at

g = 0.

2. At locations sufficiently far upstream
of the gas B injection plane, the tem-
perature is the same as the temperature
of gas A entering the diffusion tube.

Thus,

51



T =T at z > 2

o} u

or 6 0 at ¢ > Lyar

It is convenient to consider the diffusion
tube wall as either an isothermal or an
adiabatic boundary. Since the thermal con-
ductivity of the wall is considerably
greater than that of the gas mixture, an
isothermal boundary condition would be ex-
pected to be a better approximation than an
adiabatic one. Either option may be
selected in the computer program used to
solve equation 4.9.

a. For an isothermal wall,

T=T at r = R
o)

or © 0 at ¢ = 1.

b. For an adiabatic wall,

3T _ N
‘é—-r- = 0 at r = R
206 _ _

or "a-—g = 0 at g 1.

As shown in the experimental results pre-
sented in Chapter VII, the temperature of
the gas mixture at the gas B injection plane
tends to approach the temperature at which
the two gases are maintained in their flow

circuits upstream of the diffusion tube.

52
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Accordingly, the following boundary condition
is a reasonable approximation for conditions
existing at the injection plane:

T

TO at x = 0

0 at ¢z = 0.

or ©

The fourth of the boundary conditions listed
above proved to be a difficult one to select. Due to the
presence of the tubing needed to inject gas B into the
flow field, an abrupt change in flow conditions occurs at
the injection plane. To avoid having to account for flow
conditions downstream of the injection plane, it is
necessary to specify a boundary condition at that plane.
It is not clear, however, either from the assumptions for
the analysis or from intuition regarding the diffusion
phenomena, what an appropriate boundary condition on tem-
perature at that plane would be. Accordingly, the
boundary condition at the injection plane was specified
on the basis of the experimental results presented in

Chapter VII.

4.2. Method of Solution

Program TFIELD, a copy of which is included in
Appendix C, was written for use in solving equation 4.9
numerically. A Gauss-Seidel iteration scheme with over-

relaxation is used in the program.
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After replacing the derivatives of the dimension-
less temperature in equation 4.9 with central difference
approximations and then rearranging terms, the equation
for 6 in the form programmed for solution is as follows:

. ~ 1 Osp1,6 T %o,k
= 2

°jok+1 * 84,k %541,k 7 %4-1,k
+ 3 + J. Kk 28E
(A7) Jr

0. - 0.
_Jek+l k-1 (4.10
Ky k < 28z Lyl :

Boundaries for the finite difference scheme are
located at the tube centerline, the tube wall, the gas B
injection plane, and a location upstream of the injection
plane where only gas A is present. Two extra columns of
nodes, one located on the opposite side of the tube
centerline from the rest of the grid system and the other
located one node radially outward from the inside surface
of the tube wall, are used for computations of derivatives
associated with zero-slope boundary conditions at the
centerline and the wall. The axial length of the grid
system may be varied as necessary to accommodate changes
in the length of the diffusion flow field as a function of

the flow conditions.
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4.2.1. Use of Experimental Data to Compute Coefficients

Coefficients J, K, and L of eéquation 4.9 are
computed from experimental data for the concentration and
velocity distributions in the diffusion flow field. Be-
cause of their dependence on the velocity and concentra-
tion distributions, these coefficients vary as a function
of position in the flow field. The temperature dependence
of these coefficients is assumed to be negligible, and
therefore at any given position they are constants in the
iteration scheme for the dimensionless temperature 6.
They are computed in subroutine READY of program TFIELD
using the equations immediately following equation 4.9.

To compute derivatives that appear in coefficients
J, K, and L, five-point differentiation formulas are used.
As discussed in Wylie (1966), the five-point formulas are
written on the basis of fitting a parabola to successive
sets of five data points by the method of least squares,
and then taking derivatives of the parabola. The smooth-
ing provided by these formulas tends to reduce irregu-
larities in the data that would otherwise be magnified
when taking derivatives of the data.

To illustrate the manner in which the variables in

the coefficients are computed, the derivatives in the
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radial direction of M, the mean molecular weight of the
mixture, will be considered. Noting that M = XAMA + XBMB

and that X, + XB'= 1 (Bird, et al. (1960)),
M= XA(MA - M.B) + MB

and

where MA and MB are the molecular weights of gases A and B.

The following five-point formulas may be used to compute
the derivatives (Wylie (1966), Scheid (1968)):
For the central node of five nodes,
A%, (3,k)
Ag

-2%, (3-2,k) =X, (3=1,k) +X, (3+1,k) +2X, (§+2,k)
10 (A¢€) :

For the wall boundary nodes and those located one
node into the flow field from the boundary,
respectively,
AXA(j,k)
Ag

54X, (3,%)-13%, (3-1,k) =40, (3=2,k)=27X, (3-3,k) +26X, (3-4,k)
70 (2E)
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and

A%, (3,Kk)
Ag

34XA(3+l,k)-3XA(j,k)-ZOXA(j-l,k)-l7XA(j-2,k)+6XA(j-3,k)
70 (AZ) *

Similar formulas apply for derivatives in the
axial direction.

Noting that p_, = CA/M , C=C,_ +C and X = CA/C

A A B’ A

(Bird, et al. (1960)), the term B, = p./p that appears
A a’"ag

in coefficient L of equation 4.9 may be replaced with the

following:

The substitution of Xy for Ba is not strictly applicable
unless C, the molar density of the mixture, is constant
throughout the flow field. As shown in Appendix B, C is
inversely proportional to the absolute temperature of the
gas. This variation of C amounts to less than 1.5%,
however, corresponding to the largest variation in tem-
perature (4° C) measured experimentally for the various
flow conditions considered in this thesis. (The experi-
mental results are presented in Chapter VII.) Therefore,

this variation of C is disregarded in accordance with the

assumption that the temperature dependence of the coef-
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ficients of equation 4.Y% is negligible in comparison with
their dependence on the velocity and concentration dis-

tributions in the flow field.

4.2.2. Equations for Calculating Velocity Components

Radial and axial components of both the mass
average velocity and the velocity of gas A are needed for
computations of coefficients J, K, and L in equation 4.9.
If the concentration distribution and the axial mass
average velocity components are known for a given set of
flow conditions, the remaining velocity components may be
computed using the equations discussed‘in the following

paragraphs.

4.2.2.1. Radial Components of the Mass Average Velocity

In accordance with the continuity equation for
steady flow conditions, V. (pV) = 0. If the flow is
axisymmetric, the continuity equation may be written in

cylindrical coordinates as

1 3 |r(pv)) 2 (pv_) _
EH[ r]+az 2z’ = 0.

Noting that p = CM, where C is assumed to be a constant
for reasons discussed in section 4.2.1, and incorporating

the nondimensional variables
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the continuity equation becomes
2 (gMU) _ _ 3 (MV)
3g
Integrating the preceding equation between the tube

centerline and any arbitrary radial location g

gS (MV)
(EMU) ‘. f £ 3¢ .
(o}

Solving for U, the equation in nondimensional form
for the radial velocity component of the mass average
velocity at any position (gs,;) in the diffusion flow
field is as follows:

g

s
Ulgg,z) = _l—,c)/ g2 |M(E,D)V(g,g)|dE. (4.11)
s

EM(E 3¢
S O

The notation (&£,z) is included to designate the variables
that are functions of both the radial and axial coor-
dinates.

As noted in section 4.2.1, the mean molecular
weight M of the mixture is related to XA’ the mole
fraction of gas A, by the equation M = XA(MA - MB) + MB'

Thus, values of M on the right hand side of equation 4.11

may be computed as a function of position in the



diffusion flow field on the basis of the concentration
distribution of gas A in the flow field.

Program VELOCITY, a copy of which is included in
Appendix C, is used to solve equation 4.11 for the radial
components of the mass average velocity corresponding to
a given set of flow conditions. The radial velocity com-
ponents are computed from experimental data for the con-
centration and axial mass average velocity distributions.

As indicated on the right hand side of equation
4.11, the computations involve both integration and
differentiation. Integration is performed using the
trapezoid rule, since that rule is applicable for either
an even or an odd number of subintervals and it is an
acceptably accurate approximation for use with the exper-
imental data. In accordance with the trapezoid rule, the
integral on the right hand side of equation 4.11 may be
written as follows for node j = js corresponding to an

arbitrary radial location Egt

g
/Sgi Gejas _os [0 °
3z 2 =0
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The derivatives in the preceding eguation are computed
using five-point differentiation formulas similar to

those discussed in section 4.2.1.

4.2.2.2. Axial Components of the Velocity of Gas A

The mass flux of constituent A relative to the

>
mass average velocity of a mixture is defined as jA =
pAG;A - $). In accordance with Fick's first law of dif-

>
fusion, jA is related to the mass fraction of constituent
A, defined as Wy = pA/p, in the following way (Bird,

et al. (1960), Table 16.2-1):

+
Jp = ~PDppYwy-

Considering only the mass flux in the axial direction, and
using the former equation to substitute for §A in the

latter, the following equation is obtained:

gw

=- A
PaVa, = Vz) =7PDap 37 -

awA

With the use of the relationships M = p/C and 5z =
z

MAMB BXA
5 5z (Bird, et al. (1960), Table 16.1.1), and after
M

some rearranging, the preceding equation may be rewritten
as follows:

2 0X
v, =v_ -~ — MMgDap 2
Ay z PP 3z
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Finally, noting that Cp = pA/MA’ C = p/M, and X, = CA/C,
the equation for the axial velocity component of gas A

relative to stationary coordinates is

v vy - 1Mo, %
Ay z X, M dz

After incorporating the nondimensional variables

z VA VZ ZRIVA '
L =g Vy = —2—, V= — , and Pe = ——5—41—,the equa-
V5 | Vo | AB
Ao Ao

tion in nondimensional form for the axial velocity
component of gas A at any position (§,z) in the diffusion

flow field is

X, (£, 1) M(E,z)pe 3z - (4:12)

Va(E,2) = V(E,T)

As in equation 4.11, the notation (&,z) is included to
designate the variables that are functions of both the
radial and axial coordinates.

Solutions to equation 4.12 are obtained using pro-
gram VELOCITY and experimental data for the concentration
and velocity distributions. As in the programming for
equation 4.11, five-point formulas similar to those dis-
cussed in section 4.2.1 are used for computing derivatives

of XA'
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4.2.2.3. Radial Components of the Velocity of Gas A

The continuity equation for steady flow of
constituent A of a ncnreacting mixture is §'(pA$A) = 0.
If the flow is axisymmetric, the continuity equation in

cylindrical coordinates becomes

1 3 [r(p,v, )] 93 (P V. ) _
= T A'Ar’t + = PATA,’ = 0.

The preceding equation may be expressed in terms of
XA rather than pA, noting that Pp = CAMA and that CA== CXA.
After making these substitutions and then proceeding in
the same manner used to formulate equation 4.11, the
following equation in nondimensional form is obtained for

the radial velocity component of gas A at any position

(Es,c) in the flow field:
€
=1 fs,. 3 [X(E,0)V, (E,0)]AE . (4.13)
o

Solutions to equation 4.13 are obtained using
program VELOCITY. The computational methods used are

similar to those described for equation 4.11.

4.2.3. Flow Charts for Computer Programs

Abbreviated flow charts for programs VELOCITY and

TFIELD are shown in Figures 4.2 and 4.3. Program VELOCITY



Program VELOCITY

Knput: V(j,k), XA(Jrk)r Pe, XAO,
MA' MB' R, NJ, NK, DR, DZ

Compute: U(j,k), Uy(3,k), V,(3,k)

Write to file: U(j,k), V(j,k),

UA(jIk)I VA(jlk)l XA(jIk)I Pel XAO

Figure 4.2. Flow Chart for Program VELOCITY

64



Program TFIELD

65

r/ Input: Pe, X

Ay’ NJ, NK, DR, DZ, EXT,

BCW, ITMAX, U(jlk)l V(jlk)l UA(jIk)I

Va (3:K), %, (3,%)

\

CALL READY

Input: AA' ABI MAI MBI UA, UBI CPAI

C R

PBI pAl
Compute: aT(j,k), A(j,k), and
coefficients J(j,k), K(j,k), and L(j,k)

of equation 4.9

4

Compute: 6(j,k) using Gauss~Seidel iteration

scheme. Convergence criterion:

P+1 P

DPMAX (§,k) = | 2(d.k) = 8(3, k) < 0.00001
P+1

°15,%)

¥

CALL OUTPUT

Write Pe, XAo

ITNO, 8(3,k), U(3,k), V(3,%), U,(3,k), V,(3,k),

XA(jlk)I A(jlk)l QT(jrk)

» NJ, NK, DR, DZ, EXT, BCW, DPMAX,

Figure 4.3. Flow Chart for Program TFIELD
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is used to compute velocity components needed in program

TFIELD for computations of the temperature distributions.

4.3. Data Used for Computing the Temperature
Distributions

Fluid properties and related data used in computing
the temperature distributions for the flow conditions dis-
cussed in section 4.4.1 are summarized in Table 4.1,
together with citations for the references from which the
data were obtained.

The specific volume of nitrogen at atmospheric
pressure is one of the fluid properties listed in
Table 4.1. To obtain the corresponding value at the
diffusion tube pressure assumed for computing the tem-
perature distributions, Boyle's law was used.

For most gases at pressures below 10 atmospheres,
values of the viscosity and the thermal conductivity are
essentially invariant as a function of pressure (Bird,
et al. (1960)). Accordingly, these transport properties
were assumed to be independent of pressure in the compu-
tations for the teﬁperature distributions.

4.3.1. Formula Used for Computing Thermal Conductivities
of Helium-~Nitrogen Mixtures

The thermal conductivities listed in Table 4.1 are

those for pure helium and pure nitrogen. Thermal conduc-



Table 4.1, Fluid Properties and Related Data
Notes:

1. All energy values are expressed in terms of the
thermochemical calorie, which is defined by the
National Bureau of Standards as follows: 1 cal =
4.1840 joules (N.B.S. TN 270-3, January, 1968).

2. Molecular weights are based on the atomic mass of
12¢ = 12 exactly.

3. Complete citations for the references are given in

the bibliography.

Gas A Gas B
Fluid Property Nitrogen Helium Source of Data
Molecular Weight, 28.0134 4,0026 N.B.S. TN 270-3,
gm/mol January, 1968
Specific Heat, 0.2485 1.2412 Touloukian and
cal/(gm° K) Makita, 1970
Specific Volume 761.493 not N.B.S. TN 129,
@ 294.26° K and needed January, 1962
1 atm, cm3/gm
Thermal Conduc- 6.109 3.540 Touloukian,
tivity @ X 1073 X 104 | Liley, and
294,.26° K, Saxena, 1970
cal/(cm sec °K)
Viscosity @ 176.16 197.01 Kestin, Paykoc,
294.26° K and and Sengers,
1.13 atm, 1971
p poise

Related Data (from N.B.S. TN 270-3, January 1968)

B =

0° C = 273.15°

gas constant =

K

1.98717 cal/(mol °K)

67
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tivities of helium-nitrogen mixtures are required for
computations of the temperature distributions. Since the
required values are not readily available in the litera-
ture, they were estimated from the values for the pure
gases.

A formula developed by Mason and Saxena (1958) was
used for estimating the thermal conductivities of the gas
mixtures. Comparisons of computed and experimental re-
sults performed by Mason and Saxena for a number of
monatomic and polyatomic gas mixtures indicate that the
formula is accurate to within approximately four percent
for mixtures containing nonpolar gases. In terms of the

notation used in this thesis, the formula is as follows:

A A
. _ A B
Pk = X0 I
1+ 9am X, (3,K) L+ ¢pp Xg (3, K)
where 1/2 1/4 2
1.065(, , ("a Mp
2/2 Mg Ma

2
(“ﬁ_g)

and the expression for $Ba is obtained by interchanging
subscripts in the expression for dap-

The (j,k) notation is included in equation (4.14)
for convenience in relating the thermal conductivities to

the nodes in the finite difference grid used for computa-
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tions of the temperature distributions. As seen from
equation 4.14, the thermal conductivity at node (j,k) is
a function of the mole fractions XA and X5 of the two
gases at the node. The relative proportions of the two
gases vary as a function of position in the diffusion
tube, and therefore the thermal conductivity varies from
node to node in the finite difference grid. An array of
thermal conductivities must be specified over the entire

grid in order to compute the temperature distributions for

a given set of flow conditions.

4,3.2. Thermal Diffusion Factors

A second transport property that must be specified
at each node in the finite difference grid is the thermal
diffusion factor.

Several investigators (e.g. Ibbs and Grew (1931),
Yang (1966), and Wyatt (1968)) have performed experimental
investigations from which values of the thermal diffusion
factor were obtained for helium-nitrogen mixtures. As dis-
cussed in section 7.2 of Chapter VII, the experimental re-
sults reported by these investigators are not consistent.
Furthermore, the experimental results are for a range of
mole fractions of the two component gases that only
partially overlaps the range of mole fractions in the gas

mixtures under consideration in this thesis. Thermal
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diffusion factors predicted on the basis of the kinetic
theory of gases were, therefore, used in the computations
for the temperature distributions.

General equations for the transport coefficients
that have been formulated as part of the rigorous kinetic
theory of gases (the Chapman-Enskog theory) are very com-
plex. Chapman and Cowling (1970) have devised a method
involving the use of successive approximations to obtain
approximate solutions to the equations. An alternate
method has been devised by Kihara (1953) and extended by
Mason (1957). The approximations developed for the thermal
diffusion factor are much more complicated than those for
the other transport coefficients.

Even the first approximations obtained by these
methods require a great deal of computational effort to
produce numerical results. Higher approximations for the
thermal diffusion factor are so complicated that they are
very difficult to use (Mason, et al. (1964)), and
therefore their use is generally restricted to investi-
gations requiring the highest accuracy attainable (such as
investigations involving thermal diffusion to study inter-
molecular forces).

Thermal diffusion factors for helium=-nitrogen
mixtures have been computed by Yang (1966) using first
-approximations for the Chapman-Cowling and the Kihara

methods. With each method, Yang considered two inter-
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molecular potential energy functions: the Lennard-Jones
(12-6) potential, and the modified Buckingham {(exp-6)
potential. Both of these potential energy functions are
in common use for computing properties of gases, and they
are defined in most references on kinetic theory

(e.g. Hirschfelder, et al. (1954); Chapman and Cowling
(1970)).

The thermal diffusion factors computed by Yang are
plotted in Figure 4.4 as a function of the mole fraction
of nitrogen. As shown in this figure, the computed
values are strongly influenced by the type of potential
energy function chosen to model the molecular interac-
tions, and they are influenced to a lesser extent by the
type of approximation (Chapman-Cowling or Kihara) used to
perform the computations.

On the basis of comparisons of computed and experi-
mental values for a variety of mixtures containing mona-
tomic and polyatomic gases, Mason, et al. (1964) concluded
that neither of the first approximations obtained by the
Chapman-Cowling and Kihara methods is generally superior
to the other for computing thermal diffusion factors.

Saxena and Mathur (1965) concluded from a critical
review of thermal diffusion data for noble gases that for
binary gas mixtures containing helium as a component, use

of the Lennard-Jones (12-6) potential in computations of
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thermal diffusion factors leads to values that are
systematically higher than those measured experimentally.
They attributed this discrepancy to the use of the power
12 for the repulsive force index in the potential, and
stated that a lower power would be more suitable. They
also concluded that the modified Buckingham (exp-6) poten-
tial is a satisfactory model for representing molecular
interactions in such mixtures.

The thermal diffusion factors used in program TFIELD
are those computed by Yang (1966) with the Chapman-Cowling
first approximation and the modified Buckingham (exp-6)
potential. For convenience in programming Yang's results,
a regression curve was fitted to the values of the thermal
diffusion factor corresponding to increments of 0.05 in
the mole fraction of nitrogen over the range of 0.0 to 1.0.

The regression equation is as follows:

ap(3,k) = 0.52030 - 0.57230 X, (j,k)
+0.21043 1%, (3,k)1°, (4.15)

This equation fits Yang's results with a coefficient of

determination, R2, of 0.9998. (As discussed in standard
references on regression analysis (e.g. Draper and Smith
(1966)), the coefficient of determination is a measure of
the amount of variation that is accounted for by the re-

gression equation.)
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4.4, Computed Temperature Distributions

4.4.1. Plow Conditions Modeled

Using programs VELOCITY and TFIELD, temperature
distributions were computed for flow-coupled diffusion
occurring within the vertically oriented, cylindrical tube
illustrated in Figure 4.1. The flow conditions that were
modeled are the same as those investigated experimentally
using the apparatus discussed in chapter V. These flow

conditions are as follows:

Pe = 1.9, on = 0.5,
Pe = 3.8, XAo = 0.5,
Pe = 3.8, XAo = 0.7, and
Pe = 5.9, X = 0.7.
Ao

For each set of flow conditions, the value of XAO is the
mole fraction of gas A (nitrogen) at the gas B (helium)
injection plane.

In keeping with the size of the diffusion tube used
in the experimental apparatus and the conditions under

which it was operated, the following data were used in

modeling the flow conditions:

Diffusion tube radius, R: 0.96 cm.

Diffusion tube pressure, p: 86 cm Hg.



Temperature of each gas en*ering the

diffusion tube, To: 21.1° C.
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Velocity and concentration distributions used in the

computations are tabulated in Appendix H.
The diffusion tube wall was modeled in two ways:

as an adiabatic boundary, and as an isothermal boundary.

For solutions in which the wall was treated as an isother-

mal boundary, the wall temperature was fixed at the same
temperature, To’ specified for the two gases entering the
diffusion tube.

The latter boundary condition is a better approxi-

mation than the former for modeling the thermal character-

istics of the wall of the diffusion tube used in the
experimental apparatus. As discussed in Chapter V, the
diffusion tube used for the experimental work is housed
together with the flow circuits for the two gases within
an enclosure in which the temperature is essentially con-
stant. Since the thermal conductivity of the diffusion
tube wall is considerably higher than that of either the
air surrounding the diffusion tube or the gas mixture
confined within it, the wall tends to have the character-
istics of an isothermal boundary.

For all computations, a grid spacing of 0.1 was
used in the radial (A¢ = Ar/R) and axial (Az = Az/R)

directions. The axial length of the grid system was
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varied as necessary o accommodate the changes in length
of the diffusion flow field as a function of the flow
conditions.

Computed values for the temperature distributions
discussed in this chapter are contained in Appendix D.

4.4.2. Examples of Computer Times Required to Achieve
Solutions

As would be expected, the computer time required to
solve for the temperature distribution corresponding to a
given set of flow conditions was found to depend upon the
size of the grid system, the wall boundary condition
(adiabatic or isothermal) chosen for the solution, and the
level of convergence specified for terminating the solu-
tion. For example, with 744 nodes in the finite differ-~
ence grid, an overrelaxation factor of 1.25, and the
isothermal wall boundary condition, 66 iterations were
required to solve for the temperature field corresponding
to Pe = 3.8, XAO = 0.5. Under the same conditions except
for the use of 806 nodes and the adiabatic wall boundary
condition, 148 iterations were required. Running times on
the C.D.C. 3300 computer at Oregon State University were

72 seconds and 134 seconds, respectively, for these cases.

The maximum relative error at any node (defined as

gL _ P

—pa |’ where 6 is the dimensionless temperature at
)

the node and P is the iteration number) was limited to
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1l x 10-5 for the solutions described above. With the
maximum relative error at any node limited to 1 x 10-7,
84 iterations and 101 seconds were required to achieve a

solution for the isothermal wall case.

4.4.3. Centerline Temperature Profiles

Shown in Figures 4.5 through 4.8 are centerline
temperature profiles plotted from the temperature distri-
butions that were computed for the flow conditions dis-
cussed in section 4.4.1. Also shown in these figures are
centerline concentration and temperature profiles that
were measured experimentally. The concentration profiles
were measured by Stock (1972).

As illustrated in Figure 4.1, axial positions
within the diffusion tube are measured upstream of and
relative to the gas B (helium) injection plane. Accord-
ingly, in Figures 4.5 through 4.8 the helium injection
pPlane is located at the origin of the axial coordinate,
and this coordinate (z = z/R) extends in a direction
opposite to the direction of bulk flow through the diffu-
sion tube.

Gas A (nitrogen) flows upward through the diffusion
tube and gas B (helium) diffuses against the flow, as
discussed in section 4.1. The gas mixture flows past the

helium injection plane to the diffusion tube outlet.
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Along the direction of flow, the proportion of helium
contained in the gas mixture increases from zero at
locations far upstream of the helium injection plane to a
value that can be varied arbitrarily at the injection
plane. As shown in Figures 4.5 through 4.8, the axial
concentration gradients vary as a function of the Peclet
number for the flow field and the relative proportions of
the two gases entering the diffusion tube.

Associated with the concentration gradients are
temperature gradients resulting from the transport of
energy due to the diffusion-thermo effect. As illustrated
in Figures 4.5 through 4.8, the temperature of the gas
mixture along the direction of flow decreases from the
reference temperature of the incoming gases to a minimum
value that varies in magnitude and axial position with the
flow conditions. Downstream of this minimum the tempera-
ture increases on a steep gradient toward the reference
temperature of the helium at the helium injection plane.

Within most interdiffusing gas mixtures, the tem-
perature rises where the lighter gas is in excess and
falls where the heavier gas is in excess (Grew and Ibbs
(1952)). The temperature profiles shown in Figures 4.5
through 4.8 are consistent with this observation, for the
heavier gas (nitrogen) is the dominant gas in the flow

field at all locations upstream of the helium injection



79

plane, and the temperature effects in this region are
negative relative to the reference temperature of the
incoming gases.

In the following paragraphs, comparisons are made
between the temperature profiles computed on the basis of
the isothermal and adiabatic boundary conditions at the
diffusion tube wall. Comparisons are also made between
the computed and experimental temperature profiles. The
experimental results are discussed in more detail in
Chapter VII.

4.4.3,1. Effects of Boundary Condition at the Diffusion
Tube Wall

For the flow field with the lowest Peclet number
considered in the calculations, temperatures along the
diffusion tube centerline are very sensitive to the
boundary condition at the tube wall. As shown in Figure
4.5, the centerline temperature profiles computed for
Pe = 1.9, XAO = 0.5 on the basis of the adiabatic and iso-
thermal wall boundary conditions are similar in shape, and
each profile has a minimum at the same axial location.

The minimum temperature corresponding to the adiabatic wall
boundary condition, however, is over 1,8 times lower rela-
tive to the temperature of the gases entering the diffusion
tube than the minimum temperature corresponding to the

isothermal wall boundary condition.
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As shown in Figures 4.6 and 4.7, the centerline
temperature profiles computed for Pe = 3.8, X = 0.5

L)

and Pe = 3.8, XAo = 0.7 are less sensitive to the boundary
condition at the diffusion tube wall than those computed
for Pe = 1.9. For Pe = 5.9, which is the highest Peclet
number considered in the calculations, the centerline tem-
perature profiles computed on the basis of the adiabatic
and isothermal wall boundary conditions are virtually in-
distinguishable from each other, as shown in Figure 4.8.
The apparent relationship between the Peclet
number for the flow field and the sensitivity of the
centerline temperatures to the boundary condition at the
diffusion tube wall may be attributed to changes in the
relative magnitudes of the mass transport processes that
occur as a function of the Peclet number. As discussed
in section 4.1, diffusion is the dominant mass transport
process in flow fields with Peclet numbers less than two.
Convection becomes dominant to an increasingly greater
extent in flow fields with Peclet numbers greater than
two. Thus, for increasing values of the Peclet number,
the energy of the molecules transported by convection be-
comes an increasingly significant component of the total
energy flux within the diffusion flow field, and the

energy transported by conduction through the diffusion

tube wall becomes a less significant component of the
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total energy flux. The centerline temperatures are
therefore less sensitive to the boundary condition at
the diffusion tube wall for high Peclet numbers than for
low Peclet numbers.

4.4.3.2. Comparisons of Computed and Measured Temperature
Profiles

In the discussion that follows, temperature
profiles computed on the basis of the isothermal boundary
condition at the diffusion tube wall are compared with
those measured experimentally. Attention is restricted
to the isothermal wall boundary condition for the com-
puted temperature profiles because it is a closer
approximation than the adiabatic boundary condition to
the conditions under which the temperature profiles were
measured experimentally, as discussed in section'

4.4.1.

As shown in Figures 4.5 through 4.8, the center-
line temperature profiles computed for the four sets of
flow conditions are similar in shape to those measured
experimentally. The axial positions of the minimum values
of the computed temperature profiles are in close agree-
ment with those of the measured temperature profiles.

There is also close agreement between the distances that
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the computed and measured temperature effects of flow-
coupled diffusion extend upstream of the secondary gas
injection plane.

Depending on the flow conditions, however, the values
of the computed centerline temperatures differ considerably
from the corresponding values measured experimentally. Dis-
crepancies between the computed temperatures and the
measured temperatures are most pronounced for the flow field
corresponding to the lowest Peclet number considered in the
calculations. As shown in Figure 4.5, the minimum value of
the centerline temperature profile computed for Pe = 1.9,
Xp, = 0.5, with the isothermal wall boundary condition, is
approximately 1.7 times lower relative to the reference
temperature than the minimum value measured experimentally
under the same flow conditions. The discrepancies between
the computed and measured temperature profiles are less
pronounced for the flow conditions corresponding to Pe =
3.8, Xpo = 0.5 and Pe = 3.8, on = 0.7 as shown in Figures
4.6 and 4.7, and, as shown in Figure 4.8, the computed and
measured temperature profiles are in good agreement for Pe =
5.9, X, = 0.7.

These comparisons indicate that the differences
between corresponding values of the computed temperatures
and the measured temperatures are strongly influenced by

the relative magnitude of convection as a transport pro-
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cess within the diffusion flow field. As the energy of
the molecules transported by convection becomes an in-
creasingly significant component of the total energy flux,
the boundary conditions used for the computations and the
errors introduced in the temperature measurements by the
presence of instrumentation in the diffusion flow field
become less significant in their influence on the differ-
ences between the computed and the measured centerline

temperature profiles.

4.4.4. Radial Temperature Profiles

Attention is restricted in the discussion that
follows to radial temperature profiles plottéd from tem-
perature fields that were computed with the diffusion tube
wall treated as an isothermal boundary. As discussed in
section 4.4.1, the isothermal wall boundary condition is a
closer approximation than the adiabatic wall boundary con-
dition to the conditions under which the temperature pro-
files were measured experimentally.

Shown in Figure 4.9 are radial temperature profiles
computed with the isothermal wall boundary condition for
flow conditions corresponding to Pe = 1.9, XAo = 0.5.
These profiles are also representative of the radial pro-

files for the other flow conditions considered in the

analysis.
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As shown in Figure 4.9, a common characteristic of
the radial temperature profiles is that they are essen-
tially parabolic in shape. The temperature profiles tend
to be relatively flat, however, in the center core of the
diffusion flow field at axial positions near the helium
injection plane (where 7 = 0). This is illustrated in the
radial profile for z = 0.6 plotted in Figure 4.9.

The flattening of the radial temperature profiles
at axial positions near the helium injection plane may be
attributed to the dependence of the temperature distribu-
tions on the velocity and concentration distributions.
Radial velocity profiles measured by Stock (1972), which
are discussed in Chapter VII together with the other ex-
perimental results, tend to be relatively flat in the
center core of the diffusion flow field at axial positions
near the helium injection plane. Concentration profiles
measured by Stock have relatively small radial gradients
throughout the flow field. At the positions where the
radial velocity and concentration profiles are both
relatively flat, the driving forces for radial energy
transport are smaller than at other locations in the flow
field. Accordingly, the radial temperature gradients are
small at these locations,

Radial temperature profiles measured experimentally

are similar in shape to the computed temperature profiles



89

RADIAL POSITION, E = R/R
0.2 0.4 0.6 0.8 1.0

(T - Ty, °

I A N NN N S SN B
Figure 4.9. Theoretical Radial Temperature Profiles for
Pe = 1.9, XA = 0.5, Isothermal WwWall

o



90

shown in Figure 4.9. The experimental measurements are

discussed in Chapter VII.

4.4.5. Sources of Error in the Computed Temperature
Distributions

The largest source of error in the temperature dis-
tributions computed for the four sets of flow conditions
is probably that associated with the use of experimental
data for the concentration and velocity distributions
needed for the computations. As discussed in sections
4.2.1 and 4.2.2, the computations involved both differen-
tiation and integration of the experimental data. Even
small errors in experimental data are likely to be
magnified to troublesome size when derivatives of the data
are taken (Scheid (1968)). Although the five-point dif-
ferentiation formulas discussed in section 4.2.1 were used
to reduce the consequence of irregularities in the data,
the derivatives computed with those formulas are, never-
theless, only estimates subject to substantial error.

A second source of error in the computed tempera-
ture distributions is that associated with the discrep-
ancies between the boundary conditions chosen for the
analysis and the phenomena that the boundary conditions
are intended to represent. It is not-strictly accurate,
for example, to model the diffusion tube wall as either an

adiabatic or an isothermal boundary, because the diffusion
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tube used in the experimental apparatus is neither
perfectly insulated nor maintained at constant temperature.
The isothermal wall boundary condition is, however, a
reasonable approximation for the temperature along the
diffusion tube wall.

As discussed in section 4.1.3.2, the most difficult
boundary to model is the one at the gas B injection plane
(where ¢ = 0). The boundary condition chosen for that
plane is a reasonable approximation for the temperatures
measured experimentally, but it is not in complete agree-
ment with the experimental results.

Another source of error in the computed temperature
distributions is that associated with inaccuracies in the
equations used to compute transport properties for the gas
mixtures. At each node point in the finite difference
grid used for computing the temperature distributions, the
thermal conductivity and the thermal diffusion factor must
be specified. Both of these transport properties vary as
functions of the relative proportions of the two gases.
Since experimental values for the transport properties of
helium-nitrogen mixtures are not readily available in the
literature, they were estimated using the equations and
data discussed in section 4.3.

Additional sources of error include those asso-

ciated with the numerical scheme used for solving the
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differential equation (equation 4.9) for the temperature
distributions, and those associated with the limitations
of the kinetic theory used to model the flow field. These
latter sources of error are inherently less severe,
however, than the other sources of error discussed in

the preceding paragraphs.
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V. EXPERIMENTAL APPARATUS

The experimental apparatus used in this
investigation is a modified version of the diffusion test
facility developed by D. E. Stock and R. J. Zaworski at
Oregon State University. As discussed by Stock (1972),
the test facility was originally designed for use in
investigations of velocity and concentration fields asso-
ciated with flow-coupled binary gaseous diffusion in the
Peclet number range of 2.0 to 8.0. For the investigation
discussed in this thesis, the apparatus was modified to
incorporate temperature instrumentation, mechanical devices
for radial and axial positioning of the temperature probes,
thermal shielding, and other changes that would facilitate
taking measurements of temperature profiles within diffu-
sion flow fields.

Two oblique views of the test facility and instru-
mentation, one from the front and one from the back, are
shown in Figures 5.1 and 5.2. The principal components
and flow systems in the apparatus are described in the

following paragraphs.

5.1. Diffusion Cell

A view of the diffusion test facility as it appeared
before the thermal shielding and diffusion tube instrumen-~

tation were installed is shown in Figure 5.3. 1In the



Figure 5.1.

Front View of Diffusion Test Facility

Figure 5.2.

Rear View of Diffusion Test Facility
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Figure 5.3. Test Facility Without Thermal Shield-
ing and Diffusion Tube Instrumentation
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absence of the thermal shielding, the principal components
of the diffusion cell are exposed. These include the ver-
tically oriented, plexiglass diffusion tube, the lower and
upper plenum chambers, and a set of four capillary needle

valves.

As shown in Figure 5.3, the diffusion tube assembly
and the lower plenum chamber are mounted on a vertical
carriage. The upper plenum chamber and components within
it are mounted on a steel frame consisting of a horizontal
tapered beam attached to a vertical channel. To allow for
rotational as well as axial movement of the diffusion tube
assembly relative to the stationary upper plenum chamber,
a ball-thrust bearing is used to connect the plate clamped
on the carriage to the frame for the lower plenum chamber
and diffusion tube assembly. These arrangements facilitate
the positioning of instrumentation used for taking data in
the diffusion flow field.

All of the components of the apparatus are easily
accessible for maintenance, and individual components can
be removed with minimal disruption to the rest of the ap-
paratus. The panels for the diffusion cell cover shown in
Figures 5.1 and 5.2 are assembled with screws rather than
with nails or glue, so that individual panels can be
readily removed for access to the components underneath

them.
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5.1.1. Flow Paths

As shown schematically in Figure 5.4, the primary
gas is supplied to the diffusion tube through the lower
plenum chamber and the secondary gas is introduced through
small diameter injection tubes mounted in the upper plenum
chamber. For the work discussed in this thesis, prepurified
nitrogen was used as the primary gas and zero gas helium as
the secondary gas. The mixture of the two gases flows past
the injection tubes through the upper plenum chamber to a
vent line.

The 25 tubes through which the secondary gas is
injected are mounted symmetrically in the flow cross-
section, as shown in Figure 5.4. Each injection tube is
made of stainless steel, with an outside diameter of
0.079 cm (1/32 inch) and an inside diameter of 0.028 cm
(0.011 inch). The tubes are arranged in three concentric
circles with one tube in the center. Twelve tubes are
located in the outer circle, and six tubes are located in
each of the inner circles.

The secondary gas is supplied to the injection
tubes through four headers, one for the center tube and
one for each of the three circular banks of tubes. To
balance the flow to the tubes supplied from a common

header, an equal length of flow resistance tubing is
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installed between the header and each of the tubes in its
flow circuit. The headers and associated tubing are
located within the upper plenum chamber.

Four Matheson capillary needle valves, one for each
header, are used to regulate the distribution of the
secondary gas to the separate banks of injection tubes.
The four valves are shown in Figure 5.3 to the right of
the diffusion tube. To protect the valves and other small
diameter passages in the event that particulate material
enters the flow system, a filter is located in the supply

line upstream of the valves.

5.1.2. Diffusion Tube

A full-scale layout of the upper portion of the
diffusion tube is shown in Figure 5.5. The diffusion tube
is made of plexiglass, with an outer diameter of 2.54 cm,
an inner diameter of 1.92 cm, and a length of 28 cm.

Three ports are provided through which probes can be
inserted radially through the wall of the diffusion tube.
At the entrance of each port is a Swagelok fitting, which
is sized to form a pressure-tight seal around tubing of the
diameter (0.159 cm) used for the outer housings of the
probe assemblies. (The design of the probe assemblies is
discussed in section 5.4.1.) The shoulder in each Swagelok

fitting was removed so that the tubing can pass through it,
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and each fitting is equipped with nylon ferrels so that a
leak-tight seal can be attained without deforming the
tubing.

Along the length of approximately 9.3 cm between the
entrance of each port and the interior surface of the dif-
fusion tube, three carefully aligned guides are provided so
that a probe inserted through the port is constrained to
move radially into the diffusion tube. The material used
for two of the three guides is hard temper, stainless steel
tubing, with an inside diameter of 0.178 cm. This results
in a nominal diametral clearance of approximately 0.02 cm
between the guides and the probe assembly. The third
guide, which is embedded part way into the diffusion tube
'wall, is made of glass rather than stainless steel, since
the thermal resistance of glass more closely matches the
thermal resistance of the diffusion tube wall. The guides
are coupled with plexiglass tubing and the assemblies are
sealed with epoxy cement.

Between the Swagelok fittings and the diffusion
tube are two spacer blocks for the stainless steel guide
tubes. The outer spacer block is sized to fill the opening
cut in the plexiglass panel bolted to it. This arrangement
allows for easy removal of the panel without interference

from the guide tubes and the Swagelok fittings.
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5.2. Gas Supply Circuits, Instrumentation, and Controls

5.2.1. Flow Circuits

Flow circuits for the test facility are shown
schematically in Figure 5.6. The system proved to be
very stable. After the flow controls were adjusted for
a given set of test conditions, generally no additional
adjustments were necessary during a typical data collec-
tion run of six to eight hours.

Gases for the diffusion apparatus are supplied from
high-pressure cylinders equipped with two-stage regqulators.
Due to the relatively low gas flow rates required under
the test conditions considered in this investigation,
none of the cylinders had to be refilled during the period
of operation necessary to take the data discussed in
Chapter VII of this thesis.

To dampen out fluctuations in gas temperatures that
might occur in response to small fluctuations in laboratory
temperature, and to equalize the temperatures of the two
gases before they enter the diffusion tube, a solid alu-
minum cylinder that serves the same purpose as a constant
temperature bath is included in the flow circuit of each
gas. Each cylinder is approximately 8.9 cm in diameter
and 31 cm long. Tightly clamped to the surface of each

cylinder is a coil of copper tubing, which is 0.32 cm in
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diameter and 762 cm long. The cylinders are mounted
together under the cover that is installed over the back
of the diffusion apparatus as shown in Figure 5.2, and
are therefore shielded from fluctuations in laboratory
temperature.

Either of the flow circuits shown in Figure 5.6,
together with the diffusion tube, can be evacuated to
simplify removal of unwanted gases from the apparatus
prior to the start of tests. The vacuum pump shown in
Figure 5.2 is used for this purpose. 2All components in
the flow circuits, including the manometers, are designed
to withstand a full vacuum without failure.

The vent line at the outlet of the diffusion cell
is equipped with a needle valve for use in adjusting the
pressure within the diffusion cell. To prevent over-
pressurization of the system in the event of equipment
malfunction or operator error, the vent line is also
equipped with a pressure relief valve at a location up-
stream of the needle valve. The outlet of the vent line
is located in the discharge duct of a laboratory hood, to
accommodate the possible use of dangerous gases (such as

carbon monoxide} in the diffusion apparatus.
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5.2.2., Flow Instrumentation

Manometers and flow meters shown schematically in
Figure 5.6 are mounted on a common panel together with the
framework for the stationary components of the diffusion
cell. As shown in Figure 5.3, the manometers are located
to the left and the ball-and-tube flowmeters to the right
of the diffusion cell.

All manometers are filled with mercury except the
one used to measure the pressure drop across the capillary
tube flowmeter in the secondary gas supply line. The
latter manometer is filled with water and fitted with
shut~-off valves, which are closed when measurements are
taken in the diffusion flow field. Traces of water vapor
that might otherwise enter the diffusion tube during data
taking would constitute a source of error in the experi-
mental results.

The flow meters in the secondary gas supply line are
used only to provide a relative indication of the secondary
gas flow rate when desired test conditions are being es-
tablished. Final adjustments in the secondary gas flow
rate are made using a concentration detector to measure the
portion of the secondary gas in the exhaust mixture leaving

the upper plenum chamber.
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In the primary gas supply line the ball-and-tube

flowmeter is used to set the flow rate. This flowmeter
was calibrated in place at operating temperature and
pressure. using a bubble flowmeter and a stopwatch. The

results of the calibration are included in Appendix E.

5.2.3. System Temperature Instrumentation

Copper-constantan thermocouples are used to monitor
the room temperature, temperatures under the cover shown
in Figures 5.1 and 5.2 for components of the diffusion
cell, and the temperatures in the flow circuits at loca-
tions shown in Figure 5.6. Outputs of the thermocouples
are measured relative to an ice-bath reference using a
Leeds and Northrup millivolt potentiometer. This thermo-
couple system is independent of the instrumentation
described in section 5.3 that is used to measure tempera-
tures in the diffusion flow field.

Two additional thermocouples, one in the secondary
gas supply line and the other in the primary gas supply
line, are provided for detecting small differences that
might exist between the temperatures of the two gases im-
mediately upstream of the diffusion tube. These two
thermocouples are incorporated into a single circuit, the

output voltage of which is zero when they are at the same
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temperature. The Leeds and Northrup K-4 potentiometer
discussed in section 5.3.4 is usad to monitor the output
voltage of this circuit.

In addition to the system thermocouples, two ther-
mometers are installed on the apparatus, one for use in
measuring room temperafure and the other for measuring the
temperature within the cover over the diffusion cell.

The system thermocouples were calibrated using the
Hewlett-Packard quartz thermometer and the variable tem-
perature bath described in section 5.3.5. Results of the

calibrations are included in Appendix E.

5.2.4. Concentration Detector

Stock (1972) found that the composition of the dif-
fusion cell vent gas is in close agreement with the gas
composition within the diffusion cell at the plane formed
by the outlets of the secondary gas injection tubes. 1In
his work and in the work reported in this thesis, the com-
position of the vent gas was therefore used as the basis
for adjusting the flow rate of the secondary gas (helium)
entering the diffusion cell.

Gas mixtures are analyzed with a Carle model 1161
Micro-Detector in conjunction with a Hewlett-Packard model
7001AM X-Y recorder. The principal components of the

detector are a thermal conductivity cell, a bridge circuit,
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and a power supply consisting of eight mercury batteries.
A particularly advantageous feature of the detector is
that the gas sample flow rate required for an analysis is
on the order of onlv one cc/min.

Valves, flow circuits, and the thermal conductivity
cell for the concentration analyzing system are housed in
the relatively large, rectangular enclosure shown to the
right of the diffusion cell in Figures 5.1 and 5.3. The
X-Y recorder and the bridge circuit are located to the left

of the diffusion cell as shown in Figure 5.1.

5.2.4.1. Thermal Conductivity Cell Assembly

Within the thermal conductivity cell there are two
thermistors, each of which is in a separate flow passage as
illustrated in Figure 5.7. One flow passage is for the gas
to be analyzed; the second is for a reference gas. The two
thermistors are incorporated into a bridge circuit through
which an electric current flows, and which is balanced when
the reference gas is passed over both thermistors. When a
~gas of different composition is passed over one of the ther-
mistors, the dissimilarity in thermal conductivity between it
and the reference gas results in a change in the temperature
of the thermistor with a corresponding change in its resis-
tance. This causes an imbalance of the bridge, which is

sensed as a voltage and read out on the X-Y recorder.
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Sample Gas Reference Gas

Line / Line

Carle Medel 1161
Thermal Conductivity o J Styrofoam

Cell \

Insulation

;
=
// ;\ Heating Tape

Aluminum Control led by
Jacket Cole-Palmer Model
i 2158 Versatherm
Thermister W?.res to
Microdetector
Comtrol

OPERATING CONDITIONS

Temperature 35%C Controlled by the heating tape
Current 20 ma (set with nitrogen flowing through both sides of the cell)
Flowrate 1.0 cc/min. (measured with a bubble flowmeter)

SENSITIVITY TO PERTURBATIONS (with 25% He flowing through the sampling line)

Temperature 4,0°C increase in temperature of the aluminum block holding
the cell results in a voltage drop of .1 mv or .01 in mole fraction
Current Changing from 25 to 20 ma increased the voltage output by . 6 mv
or .06 in mole fraction
Flowrate Controlled by the pressure drop between the diffusion tube and the

atmosphere. Changing the tube pressure from 20 to 10 cm Hg
gauge increased the voltage output by .02 mv or .002 in mole
fraction.

Figure 5.7. Cross-Sectional View of Thermal
Conductivity Cell%*

*From Stock (1972)
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As shown in Figure 5.7, the thermal conductivity
cell is wrapped with a heating tape controlled by a Cole-
Palmer model 2158 Versatherm, and insulated with styrofoam.
In this way the operating temperature of the cell assembly
can be closely controlled. For the work discussed in this
thesis, the temperature was maintained at approximately
35° € + 0.1° C. The temperature of the cell assembly is

monitored using a thermocouple mounted on it.

5.2.4.2. Flow Circuits for Gas Samples

Shown schematically in Figure 5.8 is the system of
tubing and valves used for switching between the various
flow circuits through which gas samples can be routed to
the concentration detector. Carle micro-volume chroma-
tography valves are installed in the system. Due to the
small internal volumes of the valves, the thermal conduc-
tivity cell, and the small diameter tubing, the response
lag-time is small (approximately two or three minutes) even
though the gas sample flow rate is only about one cc/min.
The driving force for flow through the system results from
the difference between the operating pressure (10 cm Hg
gage) within the diffusion cell and the atmospheric
pressure.

The flow resistance tubing installed in each

sample line as illustrated in Figure 5.8 serves two pur-
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poses: to restrict gas flow to the desired flow rate, and
to essentially equalize the flow resistances of the sample
lines. Variations in flow resistance due to variations in
the configurations of the sample lines and valve assemblies
are negligible compared to the restriction in each line
associated with the flow resistance tubing.

Each sample line is equipped with a filter upstream
of the flow resistance tubing to protect the tubing and
valves from foreign material that might possibly enter the
system.

Flow circuits connected to the switching system for
the concentration detector include those for the primary
gas (nitrogen) used to check the zero-point setting of the
analyzer-recorder system, the vent gas from the diffusion
tube, and two calibration gases (each a helium-nitrogen
mixture of known composition) used to check the day-to-day
performance of the analyzer and recorder. The reference
gas (nitrogen) for the detector is on a flow circuit that
is independent of the switching system.

5.2.4.3. Use of X-Y Recorder for Measuring Output Voltage
of Concentration Detector

Although any type of voltmeter having suitable
sensitivity can be used to measure the output voltage of
the bridge circuit for the conductivity detector, an X-Y

recorder is particularly advantageous for this purpose.
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The output voltage of the conductivity detector slowly
drifts toward a stable value in an asymptotic fashion as
the gas sample to be analyzed displaces gas previously in
the system. This process can be clearly observed on a re-
corder tracing of the output voltage as a function of time,
but it is hard to detect if only voltage readings are
available.

For the work discussed in this thesis, the output
voltage of the bridge circuit was connected to the Y-axis
of the recorder and the X-axis was operated in the sweep
mode at a setting of 50 sec/cm. The output voltage was
traced for at least five minutes after apparent equilibrium
was reached, and rechecked at frequent intervals to verify

that the desired operating conditions were maintained.

5.2.4.4. Calibration of Concentration Detector

The concentration detector-recorder system was
calibrated by passing the following gases through the
thermal conductivity cell and measuring the variation of
output voltage with composition: helium, and mixtures
containing nitrogen and 25%, 50%, and 75% helium. The
three gas mixtures were left over from the earlier work
done by Stock, and were obtained by him from a commercial

supplier. Nitrogen was used as the reference gas.
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Operating conditions for the calibration were the same as
those established subsequently for collecting data in the
diffusion apparatus.

The results of the calibration are included in
Appendix E, together with the results of a similar calibra-
tion performed by Stock (1972). In addition to the stable
operation exhibited in day-to-day testing, the concentra-
tion detector also exhibits excellent long-term repeat-
ability and stability as shown by the close agreement
between the two calibrations. The largest source of error
in the calibrations is the uncertainty of the compositions
of the gas mixtures, which were known to + 0.5%.

Small variations in operating temperature, bridge
current, and flow rate through the conductivity cell do not
substantially affect the response of the concentration de-
tector, as demonstrated by Stock (1972). The results of
sensitivity tests performed by Stock are included in

Figure 5.7.

5.3 Temperature Instrumentation for Diffusion Flow Field

5.3.1. Design of Thermocouple Assemblies Used in Diffusion
Tube

Details of the design of the thermocouple assemblies
used for measuring temperatures in the diffusion tube are

shown in Figure 5.9. Each of the assemblies consists of a
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sheathed thermocouple probe having an outside diameter of
0.025 cm (0.010 inch), housed along a portion of its length
in a stainless steel tube having an outside diameter of
0.159 cm (1/16 inch). The housing is compatible in size
with the Swagelok fitting and guide tubes in each diffusion
tube port assembly. Mounted on one end of each thermo-
couple assembly is a collar that is used in conjunction
with the radial probe positioning system.

In Figure 5.10 one of the thermocouple probes is
shown inserted part way into the diffusion tube through the
middle port assembly. The guide tubes for the thermocouple
assemblies are visible in this figure within the plexiglass
tubing used to connect them.

Shown in Figure 5.11 are the portions of the thermo-
couple assemblies that are cut off from view at the right
boundary of Figure 5.10. Also shown in Figure 5.11 is the
micrometer used to set the radial positions of the thermo-
couple probes. (The micrometer is a part of the radial
probe positioning system which is discussed in section
5.4.2.)

The thermocouple probes used in the assemblies were

manufactured by Omega Engineering, Inc. As.illustrated in
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Figure 5.10. Thermocouple Probe Inserted
into Diffusion Tube

Figure 5.11. Thermocouple Assemblies and Micrometer
for Setting Radial Positions of Probes
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Figure 5.12, each probe is sheathed in stainless steel.
Within the sheath are 0.0025 cm (0.001 inch) diameter
iron-constantan thermocouple wires, tightly packed in
magnesium oxide insulation. The thermocouple junction is
formed at the probe tip. A connector to which the thermo-
couple wires are attached is provided with each thermo-
couple probe, which facilitates joining the probe to the
extension wires for the corresponding thermocouple circuit.
The connectors, which are mounted to the rear of and

separately from the micrometer, are shown in Figure 5.11.

0.002 cm iron-constantan leads

o < = hd - A ~
© T - Tl T Te T e e s [
ZO.OOS cm thick
stainless steel Magnesium oxide
sheath insulation

Figure 5.12. Cross-Sectional View of Diffusion
Tube Thermocouple Probe
The portion of each probe assembly that can be in-
serted into the diffusion tube has the same outside

diameter (0.025 cm) as the sampling probes used by Stock
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(1972) for measuring concentration fields within the
diffusion tube. Thus, disruptions in the diffusion flow
field introduced by the presence of the instrumentation
should be essentially the same for the thermocouple probes
as for the concentration sampling probes. The combined
experimental results from the two investigations were used
to compute transport properties discussed later in this

thesis.

5.3.2. Thermocouple Circuit

Illustrated in Figure 5.13 is the circuit design
common to each of the three thermocouple assemblies used to
measure temperatures in the diffusion tube. 1Included in
each circuit is a diffusion tube thermocouple probe, a
reference junction, and connecting wires.

In each circuit the reference junction is fabricated
from ANSI type J, 24 B and S gage, iron-constantan thermo-
couple wire. The constantan lead from the reference junc-
tion is connected directly to the instrumentation discussed
in section 5.3.3, and the iron lead is connected to the
smaller diameter iron lead in the diffusion tube probe
through the connector supplied with the probe. The con-
nector also serves to join the constantan lead in the
diffusion tube probe to a 24-gage constantan lead that is

used to complete the circuit to the thermocouple instru-
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mentation. All of the 24-gage leads for the thermocouple
assemblies are from the same spool of thermocouple wire.

Each of the three diffusion tube thermocouple cir-
cuits is separate from and independent of the others.
Rather than using a selector switch between the thermo-
couple instrumentation and the individual thermocouple
circuits, the leads from the circuit that is in use are
cdnnected directly to the instrumentation. 1In this way
sources of error are avoided that could otherwise be in-
troduced due to contact resistance and the presence of dis-
similar materials in the switch.

The only connectors in the circuits are the ones
supplied with the Omega thermocouple probes used in the
diffusion tube. To avoid inaccuracies due to dissimilar
metals, the connector prongs and inserts are made from
matched thermocouple alloys which, according to the
manufacturer, meet ANSI thermocouple calibration standards.

5.3.3., Location of Reference Junctions for Diffusion Tube
Thermocouples

Of primary interest in the experimental work per-
formed for this thesis are the changes in temperature in
the diffusion flow field relative to the temperature of the
incoming gases. Special provisions, including the aluminum
sink/source cylinders discussed in section 5.2.1, the

system thermocouples discussed in section 5.2.3, and the
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thermal shielding discussed in section 5.5, are included
in the diffusion test facility to ensure that the two
gases enter the diffusion tube at the same temperature.
Accordingly, temperature changes in the diffusion flow
field could be measured relative to the temperature of
either of the incoming gases.

It was found to be most convenient to measure the
temperature changes relative to the temperature of the
primary gas entering the diffusion tube through the lower
plenum chamber. This chamber is therefore equipped with
ports through which the reference junctions for the dif-
fusion tube thermocouple probes are inserted into the
primary gas stream. Swagelok fittings are used to provide
leak-tight seals with the tubes in which the lead wires for
the reference junctions are housed. Two of the reference
junctions are shown in Figure 5.1 inserted through the
thermal shielding into the lower plenum chamber, and the
ports in the lower plenum chamber through which they are
inserted are shown in Figure 5.3.

5.3.4. Instrumentation for Measuring Electrical Outputs of
Diffusion Tube Thermocouples

Electrical outputs of the thermocouple assemblies in
the diffusion tube are measured using a Leeds and Northrup
model 7554, type K-4 potentiometer, in conjunction with a

Leeds and Northrup model 9828 DC null detector. A front
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view of the potentiometer and the null detector mounted on
top of it is shown in Figure 5.1.

Other components used with the potentiometer
include an Eppley standard cell, catalog number 100, and
a Leeds and Northrup model 9879 DC constant voltage supply.
The connections between the components and the provisions
for electrical guarding and grounding are in strict
accordance with the instructions provided by Leeds and
Northrup in the manual for the potentiometer.

Scale divisions on the potentiometer allow for
direct readings to the nearest 0.5 microvolt. 1In the low
range used for the measurements discussed in this thesis,
the limit of error is + (0.007% of reading + 0.5 microvolt)
according to specifications in the manual for the poten-

tiometer.

5.3.5. Calibration of Thermocouples

Each of the thermoccuple assemblies used for tem-
perature measurements in the diffusion tube was calibrated
together with its reference junction and lead wires utiliz-
ing a fixed temperature bath for the reference junction, a
variable temperature bath for the diffusion tube probe, and
a Hewlett-Packard model 2801A qguartz thermometer. Two
quartz sensors were used, one in the constant temperature

bath and the other in the variable temperature bath, and
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the temperature difference between the two was read out on
the digital display of the instrument to which the sensors
were connected.

The basis for operation of a quartz thermometer is
that the frequency response of a quartz crystal varies with
the temperature of the crystal. For the Hewlett-Packard
quartz thermometer, the frequency response varies approxi-
mately 1000 hz/° C. A choice of resolution to 0.01, 0.001,
and 0.0001° C is offered on the digital display of the in-
strument used to detect the variations in frequency re-
sponse. According to the specifications in the manual for
the instrument, the limit of error is + 0.01° C over the
range 0 - 100° C.

A reservoir on a Haake Rotovisco rotating viscometer
was used as the variable temperature bath. The reservoir
temperature is controlled by means of a circulating water
system that contains both a thermostatically regulated
heater and a cooling coil. Using a combination of cooling
and intermittent heating, the reservoir temperature can be
varied under carefully controlled conditions over a broad
range that extends from below room temperature to well
above room temperature. According to the manufacturer's
specifications, the temperature can be controlled to within

+ 0.02° C.
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The constant temperature bath consisted of a thermos
bottle of water maintained at the same temperature,
21.1° € + 0.1° C, to which the reference junctions in the
diffusion tube thermocouple circuits are exposed when the
diffusion apparatus is in operation.

Each of the thermocouple assemblies was calibrated
individually. With the diffusion tube probe and the
reference junction of an assembly mounted, respectively, in
the variable temperature bath and the constant temperature
bath, the temperature difference between the two baths was
varied over a range greater than that to which the thermo-
couple assembly would be exposed in the diffusion apparatus.
The electrical outputs of each thermocouple assembly were
recorded together with the temperature differences measured
with the quartz sensors. The results of the calibration are
included in Appendix E.

Electrical outputs from the thermocouple assemblies
were measured with the instrumentation discussed in
section 5.3.4. Prior to commencing the calibrations and
subsequent measurements in the diffusion apparatus, the
voltage of the standard cell used with the K-4 potentiometer
was accurately measured to the nearest microvolt in the
instrumentation shop of the Physics Department at Oregon

State University.
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In closing this section, it might be appropriate to
comment on the reason why quartz thermometers were not used
for measuring temperatures in the diffusion apparatus. The
high sensitivity of quartz sensofs to small temperature
changes would be a valuable asset for measurements in a
diffusion flow field, but the large size of the sensors
(more than 0.7 cm in diameter for the Hewlett-Packard in-
strument) precluded their use for point temperature

measurements.

5.4. Probe Positioning Systems

5.4.1. Axial Positioning System

The axial positions of the diffusion tube thermo-
couple probes relative to the secondary gas injection tubes
are controlled by means of the vertical carriage of a
machine that was salvaged for use on the diffusion appara-
tus. Shown in Figure 5.14 is an oblique view of the diffu-
sion apparatus and the vertical carriage. Due to its
heavy weight and rigid construction, the carriage is a very
stable platform.

As discussed in section 5.1, the diffusion tube as-
sembly and the lower plenum chamber are mounted on the ver-
tical carriage. Provision for axial movement of these
components relative to the rest of the apparatus is made in

the upper mount for the diffusion tube.



Figure 5.14.

Oblique View of Diffusion
Apparatus and Cathetometer

Figure 5.15.

Diffusion Tube Mounted
between Upper and Lower
Plenum Chambers
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As shown in Figure 5.15, the diffusion tube is
installed between two aluminum end pieces that are in turn
clamped with O-ring seals to extensions from the upper and
lower plenum chambers. The lower end piece is rigidly
attached to the diffusion tube with set screws and sealed
with two O-rings. A slip fit is provided between the dif-
fusion tube and the upper end piece, so that the diffusion
tube can be moved axially within the end piece relative to
the upper plenum chamber. To maintain a gas-tight seal
between the diffusion tube and the upper end piece, an O-
ring is provided near the inlet of the end piece. The
diffusion tube can be moved approximately 1.6 cm axially
without breaking the seal.

Since the secondary gas injection tubes are rigidly
mounted in the upper plenum chamber, axial motion of the
diffusion tube assembly results in varying the positions
of the diffusion tube thermocouple probes relative to the
injection tubes. The location of the diffusion flow field
is not affected. To allow for measuring temperatures at
any desired location in the diffusion flow field, the
spacing between the three thermocouple ports is such that
the upper limit on axial travel of each of the lower ports
overlaps the lower limit on axial travel of the port above

it.
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In Figures 5.16 and 5.17 the diffusion tube assembly

is shown in two different axial positions relative to the
stationary portion of the apparatus. The difference in the
two positions is most easily observed by noting the posi-
tions of the two circular plates located at the top of the
plexiglass enclosure for the diffusion tube. In Figure
5.17 these plates are both visible, while in Figure 5.16
they are partially hidden from view.

The axial positions of the thermocouple probes are
measured optically, using a Gaertner model M-912 cathetom-
eter. As shown in Figure 5.14, the cathetometer is
located in front of the diffusion apparatus. The cathetom-
eter is equipped with a vernier scale, which is graduated
to allow for readings to the nearest 0.001 cm. Other com-
ponents of the cathetometer include a siting scope and a
built-in magnifying glass for use when reading the vernier
scale.

As part of the preparations each time that the dif-
fusion apparatus is placed in operation, the cathetometer
reading is taken for the injection plane formed by the
outlets of the secondary gas injection tubes. This reading
is then used as the basis for computing the cathetometer
readings corresponding to the axial locations at which
thermocouple readings are desired. When taking data, the
cathetometer siting scope and, in turn, the diffusion tube

probes are set to the desired axial locations.



Figure 5.16.

Diffusion Tube Assembly
at Upper Limit of Travel

Figure 5.17.

Diffusion Tube Assembly
at Lower Limit of Travel
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5.4.2. Radial Positioning System

A micrometer mounted on the framework shown in
Figures 5.16 and 5.17 is used to set the radial positions
of the thermocouple probes. To allow for aligning the
micrometer with any of the three probes, the vertical posi-
tion of the rectangular bar in which the micrometer is
clamped can be varied relative to the rest of the framework.
This is accomplished by loosening the mounting bolts for
the rectangular bar, sliding it to the desired position
along the vertically oriented slot through which the bolts
pass, and then retightening the bolts. In Figures 5.156
and 5.17 the mounting bolts for the rectangular bar are
visible, but the slot through which they pass is hidden
from view.

The framework, which is light in weight but very
rigid, is bolted to a plate that is attached to the diffu-
sion tube assembly. Thus, when the axial position of the
diffusion tube assembly is changed using the vertical
carriage discussed in section 5.4.1, the radial probe
positioning system moves with it.

Each time that the micrometer is realigned with a
thermocouple probe, a reading is taken with the probe tip
in contact with the opposite wall of the diffusion tube.

Knowing this reading and the inside diameter of the tube
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(1.923 cm), the micrometer readings corresponding to the
radial positions at which temperatures are to be measured
can be readily computed. These readings then form the
basis for positioning the probe when making a radial trav-
erse across the diffusion flow field.

The micrometer scale is in terms of inches rather
than centimeters, with divisions down to 0.001 inch. Day-
to-day measurements (such as, for example, the micrometer
readings for the probes when in contact with the opposite

wall of the diffusion tube) are repeatable within 0.002 in.

5.4.3. Circumferential Positioning System

As discussed in section 5.1, a ball-thrust bearing
is used to connect the plate clamped on the vertical
carriage to the frame for the lower plenum chamber and
diffusion tube assembly. Thus, the positions of the dif-
fusion tube thermocouple probes can be varied circumfer-
entially as well as axially and radially relative to the
secondary gas injection tubes mounted in the upper plenum
chamber. In Figure 5.18 the diffusion tube assembly is
shown rotated approximately 180° from the position shown in
Figures 5.16 and 5.17.

The provision for varying the circumferential posi-
tion of the probes was made in anticipation of possibly

finding asymmetry in the radial profiles measured in the
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Figure 5.18. Diffusion Tube Assembly Rotated 180°
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diffusion flow field. Measurements taken with the probes
at different circumferential positions are useful in deter-
mining whether asymmetry is associated with the presence of
probe assemblies in the flow field or is due to other
causes.

Other investigators (e.g. Zeldin and Schmidt (1972))
have found that radial profiles measured in laminar flow
fields tend to be asymmetric when the measurements are
taken with probes inserted through the wall of the test
facility. The probe assemblies used to take the data dis-
cussed in this thesis are very small in diameter but are,
nevertheless, a source of disturbance when they are in-
serted into the diffusion flow field.

Obstructions in one or more of the secondary gas
injection tubes could also cause asymmetry in radial pro-
files. Without the provision for varying the position of
the probes circumferentially, it would be very difficult to
distinguish between asymmetry caused by flow disturbances
around the probes and that caused by malfunction of the
secondary gas injection tubes.

To provide a means for securing the diffusion tube
assembly at a given circumferential position, five jack
screws are installed around the ball-thrust bearing in the

space between the plate clamped to the vertical carriage
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and the base plate for the framework of the diffusion tube
assembly. The space in which the jack screws and bearing
assembly are located can be seen in Figure 5.14.

When the jack screws are expanded between the two
plates, the forces tending to separate the plates are
counteracted by the restraining force of the bearing
assembly to which the plates are attached. The tendency
of the diffusion tube assembly to wobble due to the small
amount of free play in the bearing is eliminated, and the
assembly is held rigidly in position. By making small
changes in the adjustments of the,jack screws, the perpen-
dicularity of the diffusion tube assembly can be adjusted

within the limits allowed by the free play in the bearing.

5.5. Thermal Shielding

When taking data, the laboratory temperature is
maintained at 21° C + 0.5° C. Within these limits the
temperature fluctuates in a periodic manner, in response
to energy inputs to the laboratory (from the overhead
lights and, during the late spring and summer months when
data were taken, from the warmer outside surroundings) ac-
companied by intermittent cooling from a thermostatically
controlled, auxiliary air conditioning unit.

A cover is installed over the diffusion cell to

isolate the cell components and flow circuitry from the
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small fluctuations in labcratcory temperature. During
preliminary tests without the cover, the temperatures of
the primary and secondary gases entering the diffusion

tube were found to fluctuate in response to fluctuations

in laboratory temperature. The transient temperature
characteristics of the gases were also found to differ,

due in part to the differences in the primary and secondary
gas flow circuits. As a result, small temperature differ-
ences generally existed between the two gases entering the
diffusion tube. These temperature fluctuations and temper-
ature differences were essentially eliminated within the
diffusion cell following the installation of the cover and
the aluminum sink-source cylinders discussed in section
5.2.1.

Only a relatively limited amount of insulating
material is necessary for shielding the diffusion cell
components and flow circuits from the small fluctuations
in laboratory temperature. With the exception of the
plexiglass enclosure for the diffusion tube, the material
used for the diffusion cell cover is plywood that is
0.95 cm thick. The thickness of the plexiglass panels is
also 0.95 cm, except for the front panel, which is 0.64 em
thick.

Special care was taken in the fabrication and

assembly of the plexiglass enclosure to ensure that the
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panels are parallel to the diffusion tube, and that the
panels and the diffusion tube are plumb. These precau-
tions are necessary to minimize optical distortion as a
source of error when taking sitings through the plexiglass
enclosure with the cathetometer discussed in section 5.4.1.

A foam rubber diaphragm, which is visible in Figure
5.17 above the plexiglass diffusion tube enclosure, is
used to join the cover for the components mounted on the
vertical carriage to the cover for the remaining diffusion
cell components. The diaphragm has the flexibility
necessary to accommodate changes in the axial position of
the diffusion tube assembly relative to the upper plenum
chamber.

Between the diaphragm and the plexiglass enclosure
are two annular plates, both of which are made of plywood.
One of the plates is attached to the diaphragm and the
other is attached to the plexiglass enclosure, as shown in
Figure 5.17. The plates are clamped together to form a
joint than can be readily loosened when the diffusion tube
assembly is to be rotated circumferentially relative to the

upper plenum chamber, as shown in Figures 5.17 and 5.18.
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VI. EQUATIONS FOR COMPUTING THERMAL DIFFUSION FACTORS
AND MOLECULAR DIFFUSION COEFFICIENTS
FROM EXPERIMENTAL DATA

For each of the four test conditions established in
the diffusion apparatus, thermal diffusion factors and mo-
lecular diffusion coefficients were computed from the ve-
locity and concentration distributions measured by Stock
(1972) combined with the temperature distributions measured
as part of the experimental investigation for this thesis.
The models used for computing these transport properties

are discussed in this chapter.

6.1. Model for Computing Thermal Diffusion Factors

Two approaches were followed in formulating a model
for computing thermal diffusion factors from the experi-
mental data. In the first approach, an energy balance was
performed over a cylindrical control volume that could be
varied arbitrarily in size in both the radial and axial
directions, and that was assumed to be oriented so that
its axis was coincident with the diffusion tube axis. The
fluxes of the constituents of the gas mixture crossing the
control volume surfaces were expressed in terms of the
radial and axial components of the mass average velocity,
and the radial and axial components of the velocities of

the constituents. Since small errors in the experimental
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data tend to be magnified in the mathematical operations
necessary to compute velocity components from the data, the
results obtained from this approach were erratic.

In the second approach, the need for computing
velocity components from the experimental data was elimi-
nated by setting the radius of the control volume equal to
the radius of the diffusion tube and expressing the bulk
motion of each gas in terms of its mass flow rate. Details

of this approach are summarized in the following paragraphs.

6.1.1. Formulation of Equation for o

6.1.1.1. Energy Balance Over Control Volume

An equation for the thermal diffusion factor may
be formulated on the basis of an energy balance over the
control volume shown in Figure 6.1. The control volume is
assumed to be bounded by the following three surfaces:
plane AA located sufficiently far upstream of the gas B
injection plane so that the mole fraction of gas B at plane
AA is negligible, plane BB lccated at any arbitrary axial
position downstream of plane AA within the diffusion flow
field, and the inside surface of the diffusion tube between
these two planes.

This analysis is based on the following assumptions:

the bulk flow is steady, laminar, and axisymmetric; the gas
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mixture is dilute in the sense that only two-body colli-
sions are likely to occur; the constituents of the gas
mixture are ideal and nonreacting; and both gases enter the
diffusion tube at the same temperature. In addition, the
following contributions to the energy balance are assumed
to be negligible and are therefore disregarded: radiant
energy transfer within the gas mixture and between the gas
mixture and its surroundings; changes in kinetic energy
associated with the bulk flow; changes in potential energy
as a function of position in the diffusion flow field; and
frictional losses.

The first law of thermodynamics may be written as

follows for a control volume (Welty, et al. (1969)):

SW ~
Q9 _ _ s Po(v-3
It It JCC . (e + p)p\v n)da

; . oW
+ aT,/ff epav + — (6.1)
C.V.

where e is the energy per unit mass of the fluid. These
terms represent, respectively, the rate of heat addition

to the control volume, the rate of work done by the control
volume on its surroundings that would cause a shaft to
rotate or accomplish the raising of a weight; the net
efflux of energy from the control volume; the rate of

accumulation of energy within the control volume; and the
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rate of work done to overcome viscous effects at the con-
trol surface. All symbols used in this equation and in the
equations that follow are defined in Appendix A.

On the basis of the assumptions for this analysis,
the second term on the left hand side and the second and
third terms on the right hand side of equation 6.1 are
zero. Contributions of the remaining terms to the energy
balance over the control volume shown in Figure 6.1 may

be expressed as follows:

Rate of energy trans- Rate of energy

ported out of the transported into
control volume across - the control vol- = 0
the c¢cylindrical sur- ume across sur-

face and surface BB face AA

or, in terms of the multicomponent energy flux g, which
includes all contributions to the transport of energy per

unit area,

jf ecyldA + Jf egpdA - Jf eAAdA = 0. (6.2)
cyl BB AA

6.1.1.2. Equation for Multicomponent Energy Flux e

As shown in Appendix B (equation B.l), the
multicomponent energy flux e within a dilute, nonreacting,

binary gas mixture may be expressed as follows:
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> -> > >
e = =-)\VT + (CAHAVA + CBHBVB)
> >
+ knTxAXBaT(vA - vB). , (6.3)

The terms grouped on the right hand side of this equation
represent, respectively, energy transport by conduction
due to inequalities of temperature in the gas mixture,
energy transport associated with the molecules of gases A
and B moving relative to stationary coordinates, and energy
transport due to the diffusion-thermo effect.

As discussed in Appendix B, the Boltzmann constant k
is related to the gas constant ¥ and the Avogadro number N
by k = ﬁ/ﬁ. In addition, n = CN, where n and C are, re-
spectively, the number density and the molar density of the

fluid. With these substitutions, equation 6.3 becomes

(6.4)

6.1.1.3. Transport of Energy Across Individual Surfaces of
the Control Volume

Equation 6.4 may be written as follows for the

energy flux normal to surface BB of the control volume:
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= [-13T
eBB‘[ Mx T (CaHpva t CgHpVp, )

+ cﬁTxA>cBaT(v (6.5)

- v )} .
Ay Bx BB

This equation may be integrated term-by-term over surface
BB to obtain an expression for the rate at which energy 1is
transported over the entire surface. Working first with
the conduction term,

R

~/. - A%zl dA = -2ﬂjr A%z rdr. (6.6)
BB XiBB o <°Xlpp ‘

The integral of the next two terms grouped together
on the right hand side of equation 6.5 may be expressed as
follows:

J/.(C H,v + C_H_v_ )dA =[CAHAVAx + CBHBVBX A__.

sp AAA, T "BUBVBy g BB

In this equation and throughout the rest of this chapter,
an overlined variable represents the average value of the
variable over the flow cross section.

Noting that piviABB =m,, where m, 1s the mass flow
rate of constituent i over surface BB, the preceding equa-

tion may be written as follows:

- - (o]
c, = . -
f(CAHAVA + C_H v, )dA = _—AHAmA+_—BHBn})I;
o

BB X BBBX P
B BB
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The last term is zero because the net mass flow rate of
gas B is zero over any cross section through the diffusion
flow field upstream of the gas B injection plane.

By definition, Ci = pi/Mi, where Ci' pi,and Mi are,
respectively, the molar concentration, the mass density,
and the molecular weight of constituent i. In addition,

H, = Hi/Mi’ where Hi is the enthalpy per unit mass and Hi
is the partial molal enthalpy of constituent i. With these
substitutions the preceding equation becomes

~/.<c Hy,v, + C,H_v_ )dA =[ﬁ ol ] . (6.7)

hp A A Ag BB By ATAlLg

Proceeding in a similar manner with the last term of

equation 6.5, the following equation is obtained:

c'}‘é[

As noted in section 4.2.1 of Chapter IV, Ci = CX,, where C

B

XAXB“TmAJ

CRTX X o (V. = v. )dA
JQB 2% Va, ~ Vg

:p'OI

BB

is the molar density of the mixture and Xi is the mole
fraction of constituent i. With this relationship and the
relationship Ci = pi/Mi discussed in the preceding para-
graph, the last term of eguation 6.5 may be written in the
following form:

ﬁ[mm]
CETX. X a (v, - v. )da = 2 |¥gTeph, . (6.8)
JQB a*s%r Vo, T Va i BB
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Substituting equations 6.6 through 6.8 into

equation 6.5, the rate at which energy is transported

across surface BB of the control volume is as follows:

R I
f e, dA = |-2q [ 3L rdr + Hym,
BB o 9xX

BB
N M& XBTaTmA} : (6.9)
A BB

In the formulation of equation 6.9, the only
restriction placed on the axial position of surface BB of
the control volume shown in Figure 6.1 is that it mus% be
located upstream of the gas B injection plane. Equation
6.9 is therefore applicable to surface AA as well as to
surface BB of the control volume.

Since surface AA is assumed to be located in a
region of the flow field where only gas A is present, there
are no concentration gradients and therefore no tempera-
ture gradients across it. Equation 6.9 may therefore be
reduced to the following equation for the rate at which
energy is transported across surface AA:

feAAdA =[§Aﬁ1A] ) (6.10)

Al AA

Across the cylindrical surface of the control volume,
energy is assumed to ke transported only by conduction.

Accordingly,
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aT

L
e . dA = —2an 3L} dx (6.11)
1 cyl o 3r

R

A

cy

where L is the length and R is the radius of the cylinder.

6.1.1.4. Equation for arp

After substituting equations 6.9 through 6.11 into
equation 6.2, the equation for the energy balance over the

control volume shown in Figure 6.1 becomes

L A
—2an Ag—gl dx + [—211/8;\%2 rdr H iy
o R (o} X

o B KTagmy [ _ i m = 0.
My A Alan
BB

This equation may be solved for the thermal diffusion

factor e Noting that the mass flow rate of nitrogen at
any cross section through the flow field is constant, and
using the perfect gas relationship AH = CpAT, the equation

for ap may be expressed as follows:

1 . N = -
a = m,Ch_ (T - T_ )
Tigg ;E. 2 = [ ATPp ' TAA BB

ar %7
BB
R
+ 21r<f a—T— f Ag—T- rdr] ) (6.12)
o] (o] X BB

For convenience in computing values of the thermal

diffusion factor from the experimental data discussed in
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Chapter VII, the integrals in equation 6.12 may be written
in terms of the dimensionless coordinates £ = r/R and

X = X/R. In terms of these coordinates, equation 6.12

becomes
a = 1 m a (E‘ - % )
T| g N _ A Pp ' TAA BB
M, =—[X_T]
A M, ""B™"pp
X1, 1
+ 21rR< A%El dx fxg—T' £dg . (6.13)
o g=1 o °XIBB

A limitation of equations 6.12 and 6,13 is that
neither can be used to compute the thermal diffusion factor
corresponding to the flow conditions at any arbitrarily
chosen point in the flow field. Rather, only the axial
position of surface BB can be arbitrarily chosen. The
thermal diffusion factor corresponding to a given position
of surface BB is then computed on the basis of flow condi-
tions averaged over the surface.

This limitation of equations 6.12 and 6.13 is not a
serious one, however, for the diffusion flow conditions
considered in the experimental investigation that is dis-
cussed in Chapter VII. As mentioned in section 3.5 of
Chapter III, the thermal diffusion factor is a function of
both the composition and the temperature of the gas mixture.
Stock (1972) found that the radial variation in gas compo-

sition is relatively small (generally less than 2%) for all



149

of the flow conditions considered. On the basis of the
data presented in Chapter VII, the largest variation in
temperature measured for the flow fields is less than 1.5%
on the Kelvin tempefature scale. Accordingly, the thermal
diffusion factor computed for flow conditions averaged over
a given cross section through the diffusion flow field
would not be expected to differ appreciably from values

computed for individual points in the cross section.

6.1.2. Method of Solution

Program ALPHA, a copy of which is included in
Appendix C, was written for use in computing values of the
thermal diffusion factor from equation 6.13. Input re-
quired to run the program includes the mass flow rate of
gas A, and the concentration, temperature, and mass average
velocity distributions within the flow field. Although no
terms for the mass average velocity appear explicitly in
equation 6.13, the velocity distribution is necessary for
evaluating the mixed mean temperatures and concentrations
that are needed to compute values of the thermal diffusion

factor.
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6.1.2.1. Coordinate Systems and Grid for Numerical
Computations

Two coordinate systems are shown in Figure 6.1.
Experimental values of the velocity, concentration, and
temperature distributions are organized on a grid relative
to the (g,&) coordinate system, with an axial (At = Az/R)
and radial (Ag¢ = Ar/R) node spacing of 0.1. Values of the
thermal diffusion factor are computed relative to the (x,&)
coordinate system.

As shown in Figure 6.2, the same grid is used for
both coordinate systems. The grid nodes are numbered
axially from k = 1 to k = NK relative to the (z,&£) coor-
dinates, with the origin (where k = 1) located at the gas B
injection plane. Relative to the (x,&) coordinates the
nodes are numbered axially from m = 1 to m = MEND, with the
origin located at surface AA of the control volume used in
the formulation of equation 6.13. As noted in Figure 6.2,
m = 1 corresponds to k = KSTRT, where KSTRT is the node
number of surface AA relative to the gas B injection plane.
The m and k numbering schemes are related in accordance with
the equation k = KSTRT + 1 -~ m.

The grid is bounded radially by the diffusion tube
centerline and the diffusion tube wall, and axially by the
gas B injection plane and a cross section located suffi-

ciently far upstream of the injection plane so that only
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gas A flows over the cross secticn. To accommodate

changes in the length of the diffusion flow field as a
function of the flow conditions, the axial length of the

grid may be varied relative to the gas B injection plane,

6.1.2.2. Computational Scheme for Evaluating arg

Values of the thermal diffusion factor are com-
puted in program ALPHA in the following manner. As part
of the input data for the program, the axial position of
surface AA of the control volume shown in Figure 6,1 is
fixed at node k = KSTRT upstream of the gas B injection
plane. The axial position of surface BB, and therefore
the length of the control volume, is varied through the
flow field starting two nodes downstream of surface AA and
then proceeding in two-node increments toward the gas B in-
jection plane., (The number of increments must be even to
be compatible with the scheme used in program ALPHA for
evaluating integrals over the surfaces of the control vol-
ume.) For each axial position of surface BB, the thermal
diffusion factor is computed from equation 6.13. Program
output includes values of the mixed mean composition of the
gas mixture for all axial positions of surface BB, and the
corresponding values of the thermal diffusion factor.

An abbreviated flow chart for program ALPHA is

shown in Figure 6.3. The variables used in the flow chart
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are defined in the listing of program ALPHA included in

Appendix C. As noted in Figure 6.3, program ALPHA is used
to compute molecular diffusion coefficients as well as ther-
mal diffusion factors. Procedures for computing molecular
diffusion coefficients are discussed later in this chapter.

6.1.2.3. Numerical Formulas for Evaluating Derivatives
and Integrals

Derivatives are evaluated in program ALPHA using
the five-point differentiation formulas discussed in
section 4.2.1 of Chapter IV. As noted in that section,
the five-point formulas tend to reduce the effects of ir-
regularities in the experimental data that would otherwise
be magnified when taking derivatives of the data.

Simpson's rule is used in program ALPHA to eval-
uate integrals. In terms of the notation used in this
thesis, Simpson's rule may be written as follows for per-
forming integration in the radial direction:

B
fF(g)dg = A_3€_ [F(A) + 4F (A+1) + 2F (A+2)

A

+ ... +4F(A+N-1) + F(B)] (6.14)

where N is the number of nodes. With a change in notation
from £ to x, this formula is also applicable in the axial
direction. A constraint that must be observed when pre-

paring input data for program ALPHA is that Simpson's rule
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as written above is applicable for use with only an even

number of subintervals (and therefore an odd number of
nodes) .
6.1.2.4. Equations for Computing Average Values of Temper-

ature, Gas Composition, and Velocity over the
Flow Cross Section

As part of the data required to compute values of
the thermal diffusion factor from equation 6.13, average
values of the temperature and mole fraction of gas A are
required over surface BB of the control volume shown in
Figure 6.1. These values could be computed as arithmetic
mean averages over the surface, A preferable approach, and
the one used in program ALPHA, is to compute mixed mean
values of these variables. The mixed mean values corre-
spond to those that would be measured in a container if the
fluid flowing through the cross section of interest were
collected in the container and thoroughly mixed. Such
values are therefore sometimes referred to in the litera-
ture as mixing-cup values.

An equation for the mixed mean temperature of the
gas mixture flowing across surface BB may be formulated by
considering the rate at which energy is transported by con-
vection across the surface. This transport of energy may
be expressed mathematically in several equivalent ways as

follows:
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Energy convected _ [

across surface BB meT] - PAVQ)CPT]BB

BB

]
3%
=

iy

vpC T] rdr.
P lgp

Assuming that the variation in p and Cp over surface BB is

negligible, this equation may be reduced to the following:

2n

R

T__ = —<T [vT]..rdr.

BB - 4[ BB
[Av]BB (o)

After substituting sz for ABB and incorporating the

dimensionless variables £ = r/R and V = v/|§ , where Vv

2| A

is the average velocity of gas A over any diffusion tube

O

cross section located sufficiently far upstream of the
gas B injection plane so that only gas A is present, the
preceding equation becomes

1
= _ 2
Tag = :—j; [VT] L EdE. (6.15)

VBB

In a similar manner an equation may be formulated
for the mixed mean mole fraction of gas A over surface BB.

The result is as follows:

1
R, = :2_/‘ (vx,] zde. (6.16)
BB VBB o BB
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Included in equations 6.15 and 6.16 is a term for
the average velocity of the gas mixture across surface BB.
An equation for the average velocity may be formulated by
considering the mass flow rate across surface BB as
follows:

figg = [pVvAlgy = ,{;B[VD]BBdA'

If the radial variation of the gas density is assumed to be

negligible,

- 1 J[
v = —— v.~dA.
BB ABB BB BB

In terms of the dimensionless variables £ = r/R and V =

V/IVAOI, the preceding equation becomes

1
Vag = 2£VEdE. (6.17)

6.1.2.5. Procedure for Estimating Missing Data

At every node in the grid illustrated in Figure
6.2, values of the velocity, concentration, and temperature
must be specified as part of the input data for program
ALPHA. Over 700 nodes are used in the grid for the flow
conditions considered in this thesis. Since the diffusion
flow field can be well defined without taking data at that

many nodes, it is necessary to have a means for estimating
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values of missing data needed as input for program ALPHA.
Program RADTEMP, a copy of which is included in Appendix C,
was written for this purpose.

The discussion that follows is limited to comments
on the use of program RADTEMP for estimating the radial
temperature profile at any cross section through the flow
field where only the centerline temperature is known. The
program is also suitable, however, for use in estimating
values of radial concentration and velocity profiles over
Cross sections where they were not measured.

At any cross section through the flow field where
the temperature is known only at the centerline, the missing
values of the radial temperature profile are estimated in
program RADTEMP as follows. Let Ta denote the axial posi-
tion of the cross section. In addition, let g and I
denote, respectively, the positions of cross sections up-
stream and downstream of tp for which radial temperature
measurements are available. Then, assuming that the missing
values of the radial profile are on a curve that passes
through the measured centerline value, denoted as TCA CL’
and that the curve is similar in shape to the measured
temperature profiles, the temperature TCA| at any radial

e
R
location Eg may be estimated using the following equation:

TCA-—TCU = TCA-—TCU (6.18)

ER CL
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are
ER
experimental values. This equation is used to estimate

where all temperatures used to estimate TCA

missing values of the radial temperature profile for all of

the nodes over the cross section.

6.2. Model for Computing Molecular Diffusion Coefficients

In the following paragraphs, an equation is
formulated for use in computing molecular diffusion coeffi-
cients from data taken in the experimental apparatus
discussed in Chapter V. Attention is restricted in this
formulation to flow-coupled diffusion occurring within the

diffusion tube illustrated in Figure 6.1.

6.2.1. Formulation of Equation for Dpp

This analysis is based on the following assumptions:
the bulk flow is steady, laminar, and axisymmetric;
throughout the flow field, the pressure is constant; the
gas mixture is dilute in the sense that only two-body
collisions are likely to occur; the constituents of the
gas mixture are ideal and nonreacting; gravity is the only
force field acting on the constituents of the gas mix-
ture; and both gases enter the diffusion tube at the same
temperature.

It is convenient to commence this analysis by con-

sidering the general equation of diffusion, which may be
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written as follows for a binary gas mixture (Chapman and

Cowling (1970), equation 14.1,1):

> = _ DPap|¥x Dalg (Mg = M) 15 (p)
Vp, " Vp. T xx Ll A Tip
A B A"B
PP >
a°B (F, - F.)
+ k ¥ln(T) - 23 (Fp 8’| . .
£V1n (T) = (6.19)

In this equation, §DA and §DB are the diffusion velocities
of gases A and B relative to the mass average velocity of
the gas mixture. The four groups of terms on the right
hand side of the equation represent, respectively, compo-
nents of diffusion due to nonuniformities of composition,
pressure, and temperature of the gas mixture, and a compo-
nent of diffusion that occurs if each constituent of the
gas mixture is under the influence of a different external
force. (This last term is significant when, for example,
ionic constituents of a mixture diffuse under the influence
of an electric field.)

On the basis of the assumptions for this analysis,
the pressure diffusion and forced diffusion terms in
equation 6.19 are zero. Furthermore, the thermal diffusion
term is negligible compared to the term associated with
nonuniformity of gas composition. This latter simplifica-
tion may be made because, as discussed in Chapter II,

temperature gradients are much less significant than con-
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centration gradients as driving forces for the transport of

mass. With these simplifications, equation 6.19 becomes

D
V.- Vy = -XP;(BvXA' (6.20)
A B a%p

As shown in Appendix B,

V., -V, =V, -V
D, ~ by A" VB

> >
where Va and vy are the mass average velocities of gases A
and B, respectively, relative to stationary coordinates.

In addition, as shown in the development of equation B.4 of

Appendix B,

> >
> ; _ M(vA - V)
A B XBMB

>

where v is the mass average velocity of the gas mixture.
With the use of these two equations, equation 6.20 may be
written as follows:

- - D
i Va = V) -2 (6.21)
B A
The mass flux of gas A relative to the mass average
velocity v of the gas mixture is defined as follows (Bird,

et al. (1960)):
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This equation may be combined with equation 6.21 to yield

the following equation for §A:

T -D pAMB $XA
Ja AB X M

Noting that Pp = CpM,, X, = CA/C, and C = p/M (Bird, et al.

(1960)), the preceding equation may be written in the

following form:

A . (6.22)

For later computational convenience, it is desirable
to relate the molecular diffusion coefficient DAB to mA,
the mass flow rate of gas A, rather than to §A' Referring
to Figure 6.1, the following equation may be written for
the mass flow rate of gas A normal to cross section BB
located at any arbitrary axial position in the diffusion
flow field:

+ pu,v A

A'Xx CS

J
A Ay BB

where ACS is the area of the cross section through the flow

field and w the mass fraction of gas A, is defined as

AI
wa = pA/p. As in section 6.1 of this chapter, an overlined
variable represents the average value of the variable over

the flow cross section.
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= C,M, and

As noted previously in this section, Pa aMa

CA = CXA. With these relationships and the relationship
wp = pA/p. the preceding equation for mA may be written as
follows:

h, =3 ] A +M[E>‘<6 A . (6.23)
A [AXBBCS al~"aVx]  "cs

Equations 6.22 and 6.23 may be combined to yield the

following equation relating m, and D, _:

A AB
D,.C dX
my, = AMB[———_— —_dx] cs + MA[chvX] A.g - (6.24)
M BB
BB
A similar equation may be written for mh.. Noting

B

that the net mass flow rate of gas B is zero over any cross
section through the diffusion flow field upstream of the

gas B injection plane,

. BA B

D..C dX A -
Mg = MMyl 5% . cs + MB[CXBVx]BBACS= 0. (6.25)

Equation 6.25 may be solved for ;x’ and the resulting
expression may be substituted for Gx in equation 6.24. The

equation for Gx is as follows:

v =M Edl_lé
X

b4 A d
B

o

o
(o]
>l
=1

BB
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. _ B _ d(1-X,) _ ““a
or, noting that DBA = DAB and ax 3x A" = ax !
_ D,, dX
Vel = oM [RE SR (6.26)
BB XBM

BB

With the use of equation 6.26 and the relationship XMy

XBMB = M (Bird, et al. (1960)), equation 6.24 takes the

form

DABC dXA
AR A (6.27)
XB

My = ~MpA g

BB

As discussed in Appendix B, the molar density C of
the mixture is related to the pressure and temperature of
the mixture by the expression C = p/(ﬁT), where R is the
gas constant. With the use of this relationship, equation

6.27 may be rearranged to yield the following:

Dyp| = - AmAi Ti(B (6.28)
BB PAcgMa dx,
dx

BB

For convenience in computing values of the molecular
diffusion coefficient from the experimental data discussed
in Chapter VII, the derivative in equation 6.28 may be
written in terms of the dimensionless coordinate x = x/R.
With this change and with the use of the relationship

XA + XB = 1, equation 6.28 becomes
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mAﬁR T(1 - %)

AB BB PA

(6.29)

M -
CS™'A dXA

dx BB

Equation 6.29 is in the form used in program ALPHA for

computing molecular diffusion coefficients.

6.2.2. Method of Solution

The molecular diffusion coefficient corresponding to
any arbitrary axial position of cross section BB through
the diffusion flow field is computed from equation 6.29 on
the basis of flow conditions averaged over the cross sec-
tion. As discussed in section 6.1.1.4, radial variations
of the gas temperature and the gas cémposition are relative-
ly small (generally less than 2%) over any cross section
through the flow field for the flow conditions considered in
the experimental investigation. Accordingly, the molecular
diffusion coefficient computed for flow conditions averaged
over any given cross section would not be expected to differ
appreciably from values computed for individual points in
the cross section.

The computations are performed in program ALPHA using
the grid system discussed in section 6.1.2.1. Referring to
Figure 6.2, the axial position of cross section BB is varied
through the flow field starting at the node corresponding to

m = 1 and then proceeding axially node-by-node toward the



166

gas B injection plane. For each axial position of cross
section BB, the molecular diffusion coefficient is computed
from equation 6.29. Program output includes values of the
mixed mean composition of the gas mixture for all axial
positions of cross section BB, and the corresponding values
of the molecular diffusion coefficient.

Values of the derivative term in equation 6.29 are
evaluated in program ALPHA using the five-point differen-
tiation formulas discussed in section 4.2.1 of Chapter IV.
Mixed mean values of variables over cross section BB are

evaluated using the equations discussed in section 6.1.2.4.
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VII. RESULTS OF EXPERIMENTAL INVESTIGATION
AND INTERPRETATICN OF DATA

Experimental measurements of temperature effects
associated with flow-coupled diffusion are presented in
this chapter. The measurements were taken for a variety
of flow conditions established in the experimental appa-
ratus described in Chapter V.

Also presented in this chapter are thermal diffusion
factors and molecular diffusion coefficients that were
computed on the basis of the concentration and velocity
fields measured by Stock (1972) combined with the temper-
ature fields measured as part of the experimental inves-
tigation for this thesis. These transport coefficients
were computed using the equations developed in Chapter VI.
The results are compared with predictions from existing
analytical models and with experimental results obtained

by other investigators.

7.1. Temperature Measurements

Axial and radial temperature profiles were measured
for four sets of flow conditions established in the verti-
cally oriented, cylindrical diffusion tube illustrated in
Figure 5.4 of Chapter V. The flow conditions under which
measurements were taken are the same as those for which

predicted temperature distributions were computed on the
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basis of the theory discussed in Chapter IV. These flow

conditions are as follows:

Pe = 1.9, XA = 0.5,
o
Pe = 3.8, X = 0.5,
Ao
Pe = 3.8, XA = 0.7,
o}
and Pe = 5.9, XA = 0.7.
o
For each set of flow conditions, the wvalue of XA is the
o}

mole fraction of gas A (nitrogen) at the secondary gas
injection plane.

Whenever the apparatus was operated for taking data,
the laboratory temperature was maintained at 21° ¢
+ 0.5° C. The thermal shielding described in section 5.5
of chapter V was effective for isolating the diffusion
tube and flow circuitry from fluctuations in the laboratory
temperature. No temperature differences detectable with
the instrumentation used in the apparatus existed between
the two gases entering the diffusion tube.

The diffusion tube pressure was maintained at
10 + 0.1 cm Hg gage for all tests. As discussed in
section 5.2.4.2, the diffusion apparatus must be operated
at a pressure higher than atmospheric pressure so that a
pressure difference is available for inducing gas samples
to flow from the apparatus to the concentration detector

used to analyze gas composition.
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7.1.1. Centerline Temperature Profiles

Centerline temperature profiles for the four flow
conditions under which data were taken are shown in Figures
7.1 through 7.4. Also shown in these figures are center-
line concentration profiles plotted from data taken by
Stock (1972).

Each centerline temperature profile in Figures 7.1
through 7.4 is drawn through the mean values of corre-
sponding measurements from two sets of data for the
profile. A period of days or, in some cases, weeks
elapsed between the initial run to obtain temperature data
for a given set of flow conditions and a repeated run to
confirm the data. Accordingly, the operating conditions
in the diffusion apparatus were reset anew whenever a
run was repeated. The data obtained during these runs
are tabulated in Appendix F, and sources of error in the
data are discussed in section 7.1.4.

The coordinate system used in Figures 7.1 through
7.4 is the same as that used in Figures 4.5 through 4.8
for plots of the centerline temperature profiles computed
on the basis of theory. As discussed in section 4.4.3 of
Chapter IV, the axial coordinate (z = z/R) used in these
figures is a reference for positions upstream of and
relative to the helium injection plane. The origin of

this coordinate coincides with the injection plane, and
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the coordinate is positive in the direction opposite to
the direction of bulk flow through the diffusion tube.

It is useful for the discussion that follows to
briefly review the flow paths followed by the gases
supplied to the diffusion tube. Referring to Figure 5.4,
nitrogen flows upward through the diffusion tube, and
helium is injected through the plane formed by the outlets
of the secondary gas injection tubes. Under each set of
flow conditions considered in this investigation, the
average velocity of the nitrogen is sufficiently low so
that helium diffuses against the bulk flow. Thus, along
the direction of bulk flow the proportion of helium con-
tained in the gas mixture increases from zero at locations
far upstream of the helium injection plane to a value that
can be varied arbitrarily at the injection plane. The gas
mixture flows past the injection tubes to the diffusion
tube outlet.

Under these flow conditions, mass is transported
by both convection and diffusion in the region immediately
upstream of the helium injection plane. This combined
transport may be referred to as flow-coupled diffusion.

As discussed in Chapter I, the relative magnitudes of
these two transport processes may be expressed in terms of
the mass Peclet number for the flow. Upper and lower
bounds on the Peclet number range for flows in which both

transport processes are significant are discussed in
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section 4.1 of Chapter IV.

Associated with the concentration gradients up-
stream of the helium injection plane are temperature
gradients resulting from energy transport due to the dif-
fusion-thermo effect. As shown in Figures 7.1 through 7.4,
the temperature distributions vary with the diffusion flow
conditions, but the centerline temperature profiles for
the flow conditions considered in this investigation all
have a common characteristic shape. Comments on the gen-
eral shape of these profiles are included in section 4.4.3
of Chapter IV, where the centerline temperature profiles
computed on the basis of theory are discussed.

As may be seen by comparing Figures 7.2 and 7.3,
the temperature effects associated with flow-coupled dif-
fusion in flow fields for which the Peclet number is the
same are strongly influenced by the relative proportions
of the two gases at the helium injection plane. The tem~
perature profiles in both figures are for flows correspond-
ing to a Peclet number of 3.8, but the mole fraction of
nitrogen at the helium injection plane is 0.5 for the
profile in Figure 7.2 and 0.7 for the profile in Figure
7.3. Relative to the reference temperature of the gases
entering the diffusion tube, the minimum value of the tem-
perature profile in the former figure is approximately
53% lower than that in the latter.

A strong Peclet number influence on the temperature
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effects associated with flow-coupled diffusion is observed
when comparing the temperature measurements taken in flow
fields for which the Peclet numbers differ but in which
flow conditions are otherwise the same. The Peclet number
influence on the temperature fields is illustrated in Fig-
ures 7.1 and 7.2 (for Peclet numbers of 1.9 and 3.8, re-
spectively, with the mole fraction of nitrogen at the

helium injection plane, X set at 0.5) and in Figures

A !
o

7.3 and 7.4 (for Peclet numbers of 3.8 and 5.9, respective-
ly, with XA set at 0.7). As may be seen by comparing the
centerline goncentration profiles plotted in these figures,
axial concentration gradients in the diffusion field are
less steep, and the diffusion field extends further up-
stream from the helium injection plane for flows corre-
sponding to lower Peclet numbers than for those correspond-
ing to higher Peclet numbers. Accompanying the steeper

concentration gradients in the latter flows are more pro-

nounced temperature changes, as shown in these figures.

7.1.2. Radial Temperatdre Profiles

Shown in Figure'7.5 are two radial temperature
profiles that were measured at the same axial position
relative to the helium injection plane and under the same
flow conditions. The radial traverse to measure the data
identified by squares in that figure, however, was taken

with a thermocouple probe inserted at a circumferential
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position opposite the one for the traverse to measure the
data identified by triangles. (Using the probe position-
ing systems discussed in section 5.4 of Chapter V, the
positions of the diffusion tube thermocouple probes can be
varied circumferentially as well as axially and radially
relative to the helium injection plane.) These two pro-
files exhibit the asymmetry common to the radial profiles
measured for all of the test conditions considered in this
investigation. The data for these profiles are included
in Appendix F.

The fact that the two radial temperature profiles
in Figure 7.5 are essentially mirror images of each other
provides a strong indication that the actual temperature
distribution in the flow field is axisymmetric. Possible
causes of the asymmetry in the as-measured profiles in-
clude (1) flow disturbances associated with the presence
of a thermocouple probe in the flow field, and (2) the
much greater thermal conductivity of the probe compared to
that of the gas mixture.

Each thermocouple probe used in the diffusion appa-
ratus is small in diaﬁeter (0.025 cm 0.D.). The Reynolds
number for flow over a probe of this diameter is less than
unity under all four sets of flow conditions for which
data were taken. Flow disturbances due to the presence of
a probe in the diffusion tube are therefore minimal, and

are not likely to be a significant cause of the asymmetry
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found in the radial temperature profiles.

As discussed in section 5.3 of Chapter V, the leads
in each diffusion tube thermocouple probe are tightly
packed in magnesium oxide insulation and surrounded by a
thin stainless steel sheath. The thermal conductivity of
such an assembly is relatively small (approximately 0.10
watt/(cmOK)). Nevertheless, this thermal conductivity is
over 100 times greater than that typical of the gas mix-
tures in which temperatures were measured.

When the relatively large difference between the
thermal conductivity of the thermocouple probes and the
thermal conductivity characteristic of gases is taken into
consideration, the asymmetry in the as-measured radial
temperature profiles is not surprising. A thermocouple
probe constitutes a path along which heat can be trans-
ferred by conduction. Heat transferred along that path to
or from the sensing junction at the tip of the probe can
significantly affect the values measured at the junction.
The effect on the thermocouple reading is dependent, in
part, on the temperature gradients to which the probe is
exposed in the flow field.

As shown in Figure 7.5, temperature effects meas-
ured at radial locations between a given probe inlet pas-
sage and the diffusion tube centerline are not as large in
magnitude as those measured at corresponding radial loca-

tions on the opposite side of the centerline. (Tempera-
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tures in the diffusion tube are measured relative to the
common temperature of the gases entering the diffusion
tube, as discussed in section 5.3.3 of Chapter V.) When
a probe is inserted to any position between its wall~
mounted inlet and the diffusion tube centerline, the probe
tip is exposed to a colder temperature than the tempera-
tures at other points along the probe body. Accordingly,
heat is transferred by conduction along the probe body to
the sensing junction at the probe tip, with the result
that the temperature sensed at the junction is not as low
as the actual gas temperature at that location.

When a probe is inserted radially to a position on
the opposite side of the diffusion tube centerline from
its wall-mounted inlet, the probe tip is exposed to a
warmer temperature than that to which the probe body is
exposed at the centerline. Consequently, heat is trans-
ferred by conduction along the probe body from the sensing
junction at the probe tip toward the tube centerline, with
the result that the temperature sensed at the junction is
lower than the actual gas temperature at that location.

For the reasons discussed above, the errors in tem-
perature measurements taken in a traverse between a wall-
mounted probe inlet passage and the diffusion tube center-
line are different from those in measurements taken with
the probe inserted to corresponding locations on the oppo-

site side of the centerline. Thus, even if the tempera-



181

ture field being measured is axisymmetric, the as-
measured radial temperature profiles exhibit asymmetry as
shown in Figure 7.5.

7.1.2.1. Reduction of As-Measured Radial Temperature

Profiles to a Form Suitable for Use in
Computing Transport Coefficients

The experimental temperature data discussed in
this chapter, together with the velocity and concentration
data measured by Stock (1972), may be used as input for
computing thermal diffusion factors and molecular diffu-
sion coefficients from the equations developed in Chapter
VI. Before using the temperature data for this purpose,
however, it is necessary to reduce the radial temperature
profiles to a form that is consistent with the axisymmetric
flow conditions under which they were measured.

One way to correct the as-measured temperature data
for a given set of flow conditions would be to compute
estimates of the errors as a function of position in the
flow field, and then use these estimates as correction
factors for the data. Such estimates may be obtained by
analyzing the temperature probe as a fin extending from
the diffusion tube wall into the flow field.

Equations for this purpose that are available in
the literature (e.g. Welty, et al. (1969)) are generally
formulated by treating the fin as a surface in a fluid of

constant temperature. In addition, the heat transfer
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coefficient is generally assumed to be constant along the
fin surface. These assumptions do not hold for the flow
conditions under which data were taken in this investiga-
tion, however, because radial variations of fluid temper-
ature and velocity were found to be substantial.

If variations in fluid temperature and velocity
along probe surfaces were to be taken into account in an
error analysis to generate correction factors for the
temperature data measured in this investigation, the com-
plexity of the analysis would be formidable. Accordingly,
an alternate scheme was used to reduce the as-measured
data for the radial temperature profiles to a form that is
consistent with the axisymmetric flow conditions in the
diffusion tube. This scheme is discussed in the following
paragraphs. A discussion of uncertainties in the data is
deferred until section 7.1.4.

As noted previously in this section, any two radial
temperature profiles measured under the same flow condi-
tions and at the same axial location, but with a probe
inserted at opposite circumferential positions around the
flow field, are essentially mirror images of each other.
Accordingly, if the two as-measured values at each radial
position over a cross section are averaged, the resulting
values fall on a curve that is symmetrical about the dif-
fusion tube centerline. An example of a typical curve of

average values is shown as a dashed line in Figure 7.5.
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Such a curve is, of course, only an approximation of the
temperature distribution that exists over the cross sec-
tion where the data were taken, but it is a better ap-
proximation than either of the two as-measured curves
from which it was computed because it more accurately
represents the axisymmetric distribution of the tempera-
ture field.

It is of interest to note that the centerline
values of the two as-measured temperature profiles shown
in Figure 7.5 are virtually identical. This follows from
the fact that these two profiles are essentially mirror
images of each other. Accordingly, when the as-measured
values for these two profiles are averaged in the manner
discussed in the preceding paragraph, the average value at
the centerline 1s essentially unchanged from the two as-
measured values at that location. Since this close agree-
ment between as-measured and averaged values at the dif-
fusion tube centerline is typical for data obtained at
other axial positions and under all four sets of flow
conditions, the centerline values of radial profiles gen-
erated by means of the aforementioned averaging process
are in very close agreement with the as-measured values
for the centerline temperature profiles plotted in Figures
7.1 through 7.4.

Referring to Figure 7.5, the aforementioned aver-

aging process is equivalent to working with the data for
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just one of the two as-measured profiles and averaging the
values for corresponding points to either side of the
centerline. The results obtained by the latter process
are identical with those obtained by the former process
if traverses made at a given cross section with a probe
inserted from opposite circumferential positions yield
profiles that are exact mirror images of each other.

Having verified by measurements such as those plotted in
Figure 7.5 that this condition is met within a negligibly
small margin of error, most of the radial traverses were
made with probes inserted into the diffusion flow field
from only one circumferential position. Symmetrical ra-
dial profiles were then generated from the as~measured

data over the various cross sections by using the averaging
process just described for single traverses.

7.1.2.2. Results for the Test Conditions under Which
Data Were Taken

Shown in Figures 7.6 through 7.9 are as-measured
radial temperature profiles for the four sets of flow
conditions under which data were taken. Also shown in
these figures are profiles generated from the as-measured
data in the manner described in the preceding paragraph.
These latter profiles, which are symmetrical about the
diffusion tube centerline, were used as part of the input

data for computing transport coefficients discussed in
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subsequent sections of this chapter. The data for these
profiles are tabulated in Appendix F.

After making allowances for the asymmetry that
occurs due to the factors discussed in the preceding sec-
tion, the radial temperature profiles for all four sets of
flow conditions are essentially parabolic in shape. The
magnitude of the minimum in each profile is a function of
both the axial position at which the profile was measured
and the flow conditions under which the measurements were
taken. Comments on these effects are included in the dis-
cussion of the centerline temperature profiles presented
in section 7.1.1.

On the basis of the data plotted in Figures 7.8 and
7.9 (for Peclet numbers of 3.8 and 5.9, respectively, with
the mole fraction of nitrogen at the helium injection

plane, X set at 0.7), the radial temperature profiles

A !
for the fiow conditions corresponding to the highest
Peclet number considered in this investigation are flatter
in the central core of the flow field than those measured
under similar flow conditions except for a lower Peclet
number. This difference in the profiles may be attributed
to the effects of a change in the Peclet number on the
relative magnitudes of driving forces for radial and axial
energy transport under the two sets of flow conditions.

As discussed in section 7.1.1, axial concentration

gradients in a diffusion flow field become steeper with
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increasing values of the Peclet number. Radial concentra-
tion gradients, however, vary to a much lesser extent with
changes in the Peclet number (Stcck (1972)). Accompanying
steeper axial concentration gradients is increased energy
transport in the axial direction due to the diffusion-
thermo effect. Thus, for increasing values of the Peclet
number radial energy transport becomes a smaller proportion
of the total energy transported in a diffusion flow field,
and therefore the radial temperature profiles for flows
corresponding to higher Peclet numbers tend to be flatter
than those for flows corresponding to lower Peclet numbers
under conditions that are otherwise the same. (As noted
in the preceding paragraph, this effect is strongly evi-
dent when the profiles in Figure 7.8 are compared to those
in Figure 7.9. It may also be detected, but to a barely
noticeable degree, in a comparison of the profiles plotted
in Figures 7.6 and 7.7, which are for Peclet numbers of 1.9

and 3.8, respectively, with XA = 0.5.)
(o}

7.1.3. Influence of Temperature Distributions on Velocity
Distributions in Diffusion Flow Fields

Velocity profiles measured by Stock (1972) under
the same conditions as those for which temperature profiles
were measured in this investigation vary considerably in
shape along the direction of bulk flow upward through the

vertically oriented diffusion tube. Typical changes that
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occur in the velocity profiles are illustrated in Figure
7.10, in which profiles are plotted for flow conditions

corresponding to Pe = 1.9, XA = 0.5. For reasons dis-
o

cussed in this section, changes in velocity profiles such
as those illustrated in Figure 7.10 are likely to be in-
fluenced by temperature variations in the flowing fluid.

Under the flow conditions considered in this inves-
tigation, the velocity profiles are parabolic at axial
positions sufficiently far upstream of the helium injection
plane so that the flow field is essentially unaffected by
diffusion phenomena and nitrogen is the only gas present.
An example of such a profile is the one shown in Figure
7.10 for the velocity distribution at 7 = 5.0. (The coor-
dinate 7 = z/R is a reference for axial positions upstream
of and relative to the helium injection plane, as noted
previously.)

As the proportion of nitrogen contained in the
fluid decreases along the direction of bulk flow, however,
the velocities in the central core of the flow field be-
come smaller relative to those nearer to the diffusion
tube wall, with the result that central concavity develops
in the profiles at axial locations within approximately
three diffusion tube radii upstream of the helium injection
plane. This is illustrated in Figure 7.10 in the profiles
for the velocity distributions at ¢ = 2.5 and 7 = 0.8.

The degree of central concavity observed in the velocity
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profiles for a given flow field is inversely proportional
to the Peclet number for the flow field, as may be seen
by comparing Stock's velocity data (which are included in
Appendix H) for the four flow conditions under which the
data were taken.

Fluid motion may be strongly influenced by nonuni-
formities in the gravitational body force field acting on
the fluid. Such nonuniformities are associated with fluid
density gradients, because at any point in a fluid the
gravitational body force is proportional to the local
fluid density. For flow conditions such as those under
which data were taken in this investigation, fluid densi-
ty gradients are induced by concentration gradients and
by temperature gradients, with the former causing more
significant density changes than the latter.

For the flow conditions under which the velocity
profiles plotted in Figure 7.10 were measured, the compo-
sition of the flowing fluid changes substantially along
the direction of bulk flow but is essentially uniform over
any given cross section through the flow field. This may
be seen by referring to Stock's concentration data for

Pe = 1.9, XA = 0.5, which are included in Appendix H.

o
Accordingly, while density changes associated with changes
in fluid composition are significant along the direction

of bulk flow, they are of little significance insofar as

contributing to nonuniformities in the gravitational body



194

force field over any given cross section through the flow
field. It is therefore unlikely that these composition
related density changes would cause the velocity profiles
to change in the manner illustrated in Figure 7.10.

Of the temperature data discussed in sections 7.1.1
and 7.1.2, the axial and radial profiles shown in Figures
7.1 and 7.6, respectively, were measured under the same

flow conditions (Pe = 1.9, XA = 0.5) as those established
o

for measuring the velocity profiles shown in Figure 7.10.
The manner in which the temperature changes recorded in the
former figure may have contributed to the changes in the
velocity profiles shown in the latter figure is discussed
in the following paragraphs.

As shown in Figure 7.6, the fluid temperature
changes along the centerline of the diffusion flow field
are more pronounced than those adjacent to the wall bound-
ary, with the result that radial temperature gradients be-
come steeper along the direction of flow until the axial
position is reached where the bulk fluid temperature
passes through a minimum. In the flow field for which

Pe = 1.9, XA = 0.5, this minimum occurs at an axial posi-
o

tion of ¢ = 0.8 relative to the helium injection plane,
as indicated in Figure 7.1. At this axial position the
fluid temperature at the centerline is approximately

2.3° C lower than the temperature of the gases entering

the diffusion tube, and the fluid temperature adjacent to
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the diffusion tube wall is approximately 0.6° ¢ lower than
that of the incoming gases. This temperature decrease at
the centerline is over three times greater than that adja-
cent to the tube wall.

Radial density gradients associated with the radial
temperature gradients result in radial gradients in the
gravitational body force field acting on the fluid. On
the basis of the temperature changes discussed in the
preceding paragraph, these radial gradients act in such a
way as to decrease the fluid velocities in the central core
of the flow field relative to the velocities nearer to the
diffusion tube wall. The pattern of changes in the veloc-
ity profiles plotted in Figure 7.10 is in agreement with

what would be expected due to this effect.

7.1.4. Uncertainties in Temperature Measurements

Discussed in the following paragraphs are two
types of errors that affect the accuracy of the temperature
data taken under the flow conditions considered in this
investigation. These are (1) random errors, which may be
caused by such factors as inconsistencies in the method
of taking data and fluctuations in the operating conditions,
and (2) fixed errors, or systematic errors, which are
essentially constant for repeated readings. An informa-
tive discussion of such errors is presented in Beckwith

and Buck (1969).
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Estimated uncertainties in the temperature data
are summarized in Table 7.1. These uncertainties, which
are based on information discussed in detail in Appendix G,
are applicable to the temperature data taken under all four

sets of flow conditions considered in this investigation.

7.1.4.1. Random Errors

Random errors associated with operation of the
diffusion apparatus are small. As discussed in Appendix G,
the largest differences observed between values of repeated
centerline temperature measurements are those for the two
sets of data plotted in Figure G.1l of that appendix. A
time interval of over three weeks elapsed between the first
and second runs to measure the two sets of data, which are

for flow conditions corresponding to Pe = 1.9, XA = 0.5,
o

Nevertheless, corresponding values (which were measured
relative to the common temperature of the two gases enter-
ing the diffusion tube) are in agreement within 0.1° c.
The close agreement between values of repeated
temperature measurements for the flow conditions under
which data were taken confirms that the diffusion appara-
tus and instrumentation used in this experimental investi-
gation can be operated with a high degree of precision.
Even the worst-case differences betwgen repeated measure-
ments are quite small considering all of the variables

that can affect the measurements.
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Table 7.1. Summary of Estimated Uncertainties in Values
of Temperatures Measured in Diffusion Flow
Fields Corresponding to Peclet Numbers between

1.9 and 5.9

NOTE: Values of temperatures in the diffusion flow fields
were measured relative to the reference temperature
of the two gases entering the diffusion tube.

Source of Uncertainty Value
l. Scatter of data obtained in repeated + 0.1° ¢
measurements
2. Estimated errors in calibrations of + 0.03° ¢
thermocouples and associated
instrumentation
3. Heat conduction along stem of thermo-
couple probe, and thermal radiation
between probe and surroundings
a. Conduction error (Estimate is 5-7% of
applicable only to centerline temperature
temperature measurements, measurement
Increases up to 80% or more
for temperatures measured at
radial positions near the tube
wall.)
b. Thermal radiation error 1-2% of
temperature
measurement

Overall uncertainty in centerline temperature measurements
relative to the reference temperature of the gases entering
the diffusion tube: 6-9% of measured value + 0.1° C.

Uncertainty of referense temperature of gases entering the
diffusion tube: + 0.1  C. (This uncertainty is of impor-
tance only when temperatures measured in the diffusion tube
are to be expressed directly in terms of their values on a
temperature scale rather than as differences relative to
the temperature of the gases entering the diffusion tube.)
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7.1.4.2. Fixed Errors

Errors inherent in measuring temperatures with
a probe inserted into a flow field include those resulting
from (1) conduction of heét along the probe and (2) energy
exchange by thermal radiation between the probe and its
surroundings. Estimates of these errors for temperature
measurements taken along the diffusion tube centerline are
formulated in Appendix G. To obtain these estimates, the
probe was modeled as a fin extending into a fluid of con-
stant temperature.

Of the results presented in Appendix G, the magni-
tudes of the largest conduction and radiation errors that
were computed for temperature measurements taken along the
diffusion tube centerline are 0.2° C and 0.05° C, respec-
tively. These errors apply to the largest temperature
difference (-3.96O C) recorded between the temperature at
a point in a diffusion flow field and the reference tem-
perature of the gases entering the diffusion tube. (This
temperature difference was measured in the flow field for

which Pe = 3.8, XA = (0.5.)
o

The manner in which thermocouple conduction errors
vary for temperatures measured along the diffusion tube
centerline is illustrated in Figure G.2 of Appendix G. As
would be expected, the magnitudes of the conduction errors

are inversely proportional to the differences between the
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centerline temperature in the diffusion tube and the ref-
erence temperature of the two gases entering the diffusion
tube.
7.1.4.3. Effects of Temperature Errors on Values of

Transport Coefficients Computed from the
Experimental Data

Errors in the temperature measurements affect
the accuracy of the transport coefficients that may be
computed by combining the temperature data with corre-
sponding velocity and concentration data and using the
data as input for the equations formulated in Chapter VI.
Referring to equation 6.29, the molecular diffusion coef-
ficient at a given cross section through a diffusion flow
field is proportional to the mean temperature of the gas
mixture at the cross section. Temperature data used in
that equation must be expressed in degrees Kelvin (or
degrees Rankine if English units are used). When temper-
atures measured in the diffusion tube are expressed di-
rectly in degrees Kelvin rather than as differences rela-
tive to the reference temperature of the incoming gases,
the errors in the temperature measurements, including the
uncertainty of the reference temperature, are less than
0.5% of the values on the Kelvin scale. These errors have
a correspondingly small effect on the accuracy of molecular
diffusion coefficients computed from the experimental data.

The effects of temperature errors on the accuracy of
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thermal diffusion factors that may be computed from equa-
tion 6.13 are difficult to predict, because computations
performed in accordance with that equation involve both
integration and differentiation of temperature data. As
shown in Figure G.2 of Appendix G, errors in the tempera-
ture measurements vary in proportion to the magnitudes of
the measurements relative to the reference temperature of
the gases entering the diffusion tube. Accordingly, these
errors affect not only the values of the temperatures meas-
ured at individual positions in a diffusion flow field but
also the slopes of profiles drawn through the measured
values. The effects of these errors on the accuracy of
thermal diffusion factors computed from equation 6.13

cannot be readily estimated.

7.2. Thermal Diffusion Factors

Thermal diffusion factors that were computed on the
basis of the experimental data for the four sets of flow
conditions described in section 7.1 are discussed in the
following paragraphs. The results are compared with pre-
dictions based on theoretical approximations and with re-
sults obtained by other investigators under considerably

different experimental conditions.
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7.2.1. Results Computed from Experimental Data for
This Investigation

Values of the thermal diffusion factor (aT) that
were computed from data for the flow conditions described
in section 7.1 are plotted in Figure 7.11 as a function of
the mole fraction of nitrogen. Also plotted in this fig-
ure are experimental results obtained by other investiga-
tors, and theoretical predictions computed by Yang (1966)
using approximations developed by Chapman and Cowling and
by Kihara. The latter experimental and theoretical results
are discussed in sections 7.2.2 and 7.2.3 of this chapter.

Program ALPHA was used to compute the values of %m
from the data for the flow conditions described in section
7.1. As discussed in section 6.1.2 of Chapter VI, program
ALPHA is written to perform the calculations in accordance
with equation 6.13. Experimental data used in the calcu-
lations included the temperature distributions discussed
in section 7.1 and the velocity and concentration distri-
butions measured by Stock (1972). The data files are
tabulated in Appendix H.

As discussed in section 6.1.2 of Chapter VI, values
of ap are computed in program ALPHA over diffusion tube
cross sections located at equally spaced axial positions
in the region upstream of the helium injection plane. The
grid system for the computations is shown in Figure 6.2.

Results of the computations for a given set of flow condi-
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tions include the mixed mean temperature and composition
of the gas mixture and the corresponding value of O at
each of the cross sections. The results computed for the

test conditions described in section 7.1 are tabulated in

Appendix J.

7.2.1.1. Fluid Properties Used in the Computations

Fluid properties of helium and nitrogen and
related data used in the computations are summarized in
Table 4.1 of Chapter IV. (These fluid properties were
also used in computations of the predicted temperature
distributions that are presented in Chapter 1IV.)

A fluid property not listed in Table 4.1 that must
be known in order to use equation 6.13 for computing
values of O is the thermal conductivity of the gas mix-
ture as a function of the relative proportions of the
constituents. Experimental values of this property for
helium-nitrogen mixtures are not generally available in
the literature. Accordingly, the required values were
estimated from the values for the pure gases using equa-
tion 4.14 of Chapter 1V.

7.2.1.2. Limitations on the Range of Gas Composition
for Which Values of ap, Were Computed

As shown in Figures 7.1 through 7.4, the mole

fraction of nitrogen in the diffusion tube increases as a
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function of distance upstream of the helium injection
plane. At axial locations sufficiently far upstream of
the helium injection plane so that the mole fraction of
nitrogen approaches unity, the temperature effects associ-
ated with flow-coupled diffusion are so small that they
are on the order of the uncertainty with which they can be

measured. Values of o, computed on the basis of data for

T
such conditions are subject to much larger errors than
those computed on the basis of data taken at locations
where the effects of flow-coupled diffusion are more pro-
nounced. The values of U plotted in Figure 7.1l1 for the
flow conditions described in section 7.1 are therefore
limited to those computed for mole fractions of nitrogen
no greater than 0.94.

At axial locations in close proximity to the plane
formed by the outlets of the helium injection tubes
(which are illustrated in Figure 5.4), the velocity,
concentration, and temperature distributions for any given
set of flow conditions are subject to substantial devia-
tions from what they would be if helium were introduced
uniformly over the plane. Accordingly, values of these
distributions measured at axial locations between
Z (= 2/R) = 0.0 and ¢ = 0.3 relative to the helium injec-
tion plane are not considered suitable for use in computing
values of o,,.

T

The effect of the latter restriction may be illus-
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trated by considering the values of a,, computed on the

T

basis of data for Pe = 1.9, XA = 0.5. Referring to
o

Figure 7.11, the lower limit of the range of mole fractions

of nitrogen for which values of q,, are plotted for this

T
set of flow conditions is approximately 0.64. The lower
limit would be 0.5, the mole fraction of nitrogen set for
these conditions at the helium injection plane, if data
taken in close proximity to the injection plane were in-
cluded in the calculations.

Similar restrictions on the range of gas composi=-
tions for which values of an were computed apply for the
other sets of flow conditions described in section 7.1.

The effect of excluding data taken in close proximity to
the helium injection plane varies with the flow conditions,
because the velocity, concentration, and temperature dis-
tributions are functions of both the Peclet number for the
flow field and the mole fraction of nitrogen set at the

helium injection plane.

7.2.1.3. Invariance of Vvalues of aT as a Function of
Peclet Number

Large differences exist in the diffusion flow
fields corresponding to the Peclet numbers for the four
sets of flow conditions described in section 7.1, as may
be seen by comparing the temperature profiles or the con-

centration profiles shown in Figures 7.1 through 7.4.
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The values of O computed on the basis of the data for

these flow conditions are, nevertheless, in close agreement
as a function of gas composition. Referring to Figure

7.11, these values of o, differ by no more than + 10%

T
from corresponding values on the regression line for the
combined results. This close agreement provides strong
evidence that there is essentially no Peclet number influ-
ence on the variation of a_,, as a function of gas composi-

T

tion.

7.2.1.4. Estimate of Uncertainty in Values of %

Values of o computed from equation 6.13 of
Chapter VI are strongly dependent on the following varia-
bles, which are listed together with their estimated un-
certainties for the data taken under the four sets of flow
conditions described in section 7.1:
e Mass flow rate of nitrogen: + 3%.
® Mole fraction of nitrogen: + 0.01.
® Temperature relative to the reference tempera-
ture of the gases entering the diffusion tube
l(estimate is from Table 7.1l): 9% of measured
value + 0.1° c.
The uncertainties listed above are of interest as
indicators of some of the sources of error associated

with computing values of a,, from data taken under the

T

flow conditions described in section 7.1. However, the
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effects of these uncertainties on the uncertainty of the
values of ¢ computed from the experimental data are dif-
ficult to predict because of the complexity of the mathe-
matical operations involved in performing the calculations.
Referring to equation 6.13, these mathematical operations
include differentiation and integration of the experimen-
tal temperature data.

An indication of the uncertainty in the wvalues
of an computed from data for the four sets of flow condi-
tions described in section 7.1 may be obtained by exam-
ining the results plotted in Figure 7.11 for these flow
conditions. As noted in section 7.2.1.3, individual
values differ by no more than + 10% from the regression
line for the combined results. Furthermore, as discussed
in section 7.2.4, the values are in excellent agreement
with theoretical approximations that have been found to

be satisfactory for estimating values of a,, for noble gas

T

mixtures containing helium. It is therefore reasonable
to estimate that the uncertainty of the values of O
determined for the flow conditions considered in this
investigation is + 10%.

7.2.2, Experimental Results Obtained for Helium-Nitrogen
Mixtures by Other Investigators

A thorough literature search was performed to

identify original references in which values of a, (or

T
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the related coefficient kT) have been reported for helium-
nitrogen mixtures. Only five such references were found.
Applicable data from these references are plotted in Figure
7.11, and the experimental approaches taken to obtain the
data are briefly described in the following paragraphs.

Ibbs and Grew (1931) obtained thermal diffusion
data for helium-nitrogen mixtures (and other binary mix-
tures) using a two-bulb apparatus of the type that is
described in section 3.4.1 of Chapter III. With their
apparatus they studied the changes in composition that
occur when a gas mixture initially of uniform composition
is exposed to a temperature gradient. Except for the two
values of A plotted in Figure 7.11 on the basis of their
data, their results are for temperatures far lower than
those used in the other experimental investigations dis-
cussed in this section.

Walther and Drickamer (1958) performed experiments
with an apparatus of the two-bulb type to obtain data on
the variation of ap as a function of pressure for a vari-
ety of binary gas mixtures. In the only helium=-nitrogen
mixture that they tested, the mole fraction of each con-
stituent was 0.5. Their data indicate that the variation

of a,, for this mixture is not large (less than 30%) as a

T
function of pressure up to the maximum pressure, 500 atm,
at which the data were taken. The value of %m plotted in

Figure 7.11 from their work is for data taken at a pressure
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of approximately 50 atm.

Yang (1966) and Wyatt (1968) investigated diffusion
flow fields in which they established concentration gra-
dients so as to induce temperature gradients due to the
diffusion-thermo effect. Their investigations were con-
ducted for flow fields corresponding to Peclet numbers less
than 2.5. Both investigators used the same type of appa-
ratus, which is described in section 3.6 of Chapter III,
but Wyatt used a larger diameter diffusion tube than the
one used by Yang. Values of G obtained in their investi=-
gations are represented by curves drawn in Figure 7.11.

The scatter of the data for each of these curves is approx-
imately 10%.

Ita and Sonntag (1974) used an apparatus of the two-
bulb type to investigate the influence of pressure on ther-
mal diffusion in binary and ternary mixtures of helium,
nitrogen, and neon. They obtained, over a pressure range
of 3 to 40 atm, values of U for a helium-nitrogen mixture
in which the mole fraction of each constituent was 0.5.

The value of am plotted in Figure 7.11 from their work is
for data taken at a pressure of 3 atm.
7.2.3. Comments on Results Obtained in This Investigation

Compared to Experimental Results Obtained by Other
Investigators

There is no set of data from the experimental in-

vestigations discussed in the preceding section that con-



210
stitutes a definitive standard against which the values of
%m obtained in this investigation may be compared. As may
be seen by referring to Figure 7.11, the range of mole
fractions for which data were obtained in the former in-
vestigations differs from that for which data were obtained
in this investigation. Furthermore, substantial discrep-
ancies exist between the sets of data from the former in-
vestigations.

Accordingly, the comments in the following para-
graphs are limited to some general observations pertaining
to the experimental data. Inferences that may be made on
the basis of comparisons of the experimental data with
theoretical approximations are discussed in section 7.2.4.

Referring to Figure 7.11, the values of O from the
experimental investigations discussed in section 7.2.2 and
from data for the flow conditions described in section 7.1
fall into three distinct groups:

1. The data point from Walther and Drickamer (1958)

is in close agreement with the one from Ita and

Sonntag (1974) for the same proportions of helium

and nitrogen, and both are consistent with the two

values from Ibbs and Grew (1931). These data are,
however, over 40% higher than any of the other
experimental data plotted in Figure 7.11 for similar
gas compositions.

2. Although there is a gap between the highest mole
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fraction of nitrogen for which Wyatt (1968) ob-
tained values of O and the lowest mole fraction of

nitrogen for which values of ap were obtained under
the test conditions described in section 7.1, the
results of these two investigations appear to be
consistent to the extent that they essentially co-
incide when extrapolated over the gap. This obser-
vation, however, does not provide a sufficient
basis for drawing a conclusion as to whether the
the data from these two investigations are consis-
tent in terms of their respective trends as a func-
tion of gas composition. This latter aspect is
checked in section 7.2.4, where the experimental
data are compared with theoretical approximations.
3. The experimental results obtained by Yang
(1966) are 10 to 25 percent lower than those ob-
tained by Wyatt (1968) using the same type of appa-
ratus. Wyatt (1968) concluded that the lack of
agreement in these results is due in part to the
fact that the method of data reduction used in the
former investigation does not account for a compo-
nent of energy transport that is taken into con-
sideration in the latter investigation.
Lack of agreement in the values of G determined
experimentally for helium-nitrogen mixtures is most pro-

nounced between groups 1 and 2 of the data described above.
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All values in group 1 are from investigations of thermal
diffusion, while those in group 2 are from investigations
of the diffusion-thermo effect. Agreement between values
of O, is satisfactory for most gas mixtures for which re-
sults have been obtained in investigations of these two
phenomena (Grew and Ibbs (1952)). Accordingly, while the
lack of agreement between groups 1 and 2 of the data dis-
cussed above might be due in part to the different methods
used to obtain the data, the large discrepancies between
the two groups are likely due to other causes.

As may be seen from some of the experimental results
evaluated by Saxena and Mathur (1965) in their critical
review of thermal diffusion data, large inconsistencies
are not uncommon between values of A obtained in different
experimental investigations for gas mixtures of the same
constituents and composition. The inconsistencies are
perhaps due in part to the fact that experimental investi-
gations to determine values of o, involve measurements of
variables that are inherently small due to the nature of
the coupled phenomena associated with thermal diffusion
and the diffusion-thermo effect. As discussed in section
2.2 of Chapter II, the thermal diffusion factor relates
fluxes of energy and mass to gradients of concentration
and temperature, respectively. Concentration gradients

are much less significant than temperature gradients as

driving forces for the transport of energy, and, similarly,
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temperature gradients are much less significant than con-
centration gradients as driving forces for the transport
of mass. Consequently, even small errors in measurements
of thermal diffusion and diffusion-thermo phenomena are
likely to be significant in proportion to the values of

the variables measured.

7.2.4. Comparisons with Theoretical Predictions

7.2.4.1. Theoretical Curves Used in Comparisons

Included in Figure 7.1l are theoretical curves
for the variation of an as a function of composition in
helium-nitrogen mixtures. These curves were computed by
Yang (1966) on the basis of the theoretical approximations
and intermolecular potential energy functions discussed in
section 4.3.2 of Chapter IV. As may be seen in Figure
7.11, the theoretical curves are strongly influenced by
the type of potential energy function chosen to model the
molecular interactions, and they are influenced to a lesser
extent by the type of approximation used to perform the
computations.

7.2.4.2. Inferences from Comparisons of Theoretical and
Experimental Results

The following comments, which are discussed in more
detail in section 4.3.2 of Chapter IV, are pertinent as

background information for use in making comparisons of
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the experimental and theoretical data shown in Figure 7.11:

® The Chapman-Cowling first approximation and the
Kihara first approximation used by Yang (1966)
to compute the theoretical curves shown in Fig-
ure 7.11 are alternate methods to obtain approx-
imate solutions for A from the general (and
very complex) set of equations formulated for
this transport coefficient as part of the rigor-
ous kinetic theory of gases. Mason, et al.
(1964) found neither approximation to be gener-
ally superior to the other when the two were
compared with experimental data for a variety
of binary mixtures containing monatomic and
polyatomic gases.

® Saxena and Mathur (1965) concluded from a review
of thermal diffusion data for noble gases that
for binary mixtures containing helium as a con-
stituent, use of the Lennard-Jones (12-6) poten-

tial in theoretical predictions of a,, yields

T
results that are systematically larger than
those determined on the basis of experimental
data. They also concluded that the modified
Buckingham (exp-6) potential is a satisfactory
model for representing molecular interactions in

such mixtures.

Since Saxena and Mathur (1965) based their foregoing
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conclusions on data from investigations of noble gas mix-

tures, their conclusions do not necessarily apply to mix-

tures containing nitrogen as a constituent. If, however,

their conclusions are hypothesized to apply to helium-

nitrogen mixtures, the following inferences may be made

regarding the experimental data plotted in Figure 7.11:

The values of O from the experimental investi-
gations performed by Ibbs and Grew (1931),
Walther and Drickamer (1958), and Ita and
Sonntag (1974) appear to be systematically too
high. These values are in agreement with the
theoretical curve for which molecular interac-
tions were modeled with the Lennard-Jones (12-6)
potential. The other experimental values within
the same range of gas compositions all fall
close to or below the theoretical curves for
which molecular interactions were modeled with
the modified Buckingham (exp-6) potential. On
the basis of the above mentioned conclusions of
Saxena and Mathur (1965), the former values are
likely to be in greater error than the latter.
The values of A from data for the four test
conditions described in section 7.1 are credible
on the basis of their agreement with theoretical

curves for which molecular interactions were

modeled with the modified Buckingham (exp=-6)
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potential. In the middle of the range of gas
compositions for which these experimental data
were obtained, the results tend to fall between
the two theoretical curves computed from the
Chapman-Cowling and Kihara approximations in
conjunction with the (exp-6) potential. The ex-
perimental results corresponding to gas composi-
tions near the limits of the range for which
these data were obtained tend to fall slightly
below, but still in close agreement with, the
lower of the aforementioned theoretical curves.
For reasons discussed in section 7.2.1.2, the un-
certainty of the values of Oy from data for each of the
four test conditions described in section 7.1 is not con-
stant over the range of gas compositions for which the
data were obtained. The values of A corresponding to gas
compositions near the limits of the range are subject to
greater uncertainty than those corresponding to gas compo-
sitions in the middle of the range investigated under each
of the aforementioned test conditions. Accordingly, the
former values are less suitable than the latter for use in
comparisons with theoretical predictions.
Since, as noted previously, the latter values of G
tend to fall between the two theoretical curves for which

molecular interactions were modeled with the (exp-6) poten-

tial, nothing definitive may be concluded as to whether
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they are in closer agreement with one curve or the other.
It is of interest to note in this regard that on the basis
of the investigation by Mason, et al. (1964) referred to
earlier in this section, neither of the first approxima-
tions (Chapman-Cowling or Kihara) used in computing the
theoretical curves is necessarily superior to the other as

a model for use in predicting values of a Rather, the

T
two curves plotted in Figure 7.11 on the basis of those
approximations and the (exp-6) potential are useful as al-
ternate theoretical estimates of A that should be reason-
able for helium-nitrogen mixtures, assuming that the con-
clusions of Saxena and Mathur (1965) referred to previously
are applicable to such mixtures.

Neither the experimental results of Yang (1966) nor
those of Wyatt (1968) are consistent as a function of gas
composition with any of the theoretical curves plotted in
Figure 7.11. Toward the upper limit of the range of mole
fractions of nitrogen for which the latter investigator
obtained experimental data, his results approach, in an
asymptotic manner, the theoretical curve computed from the
Chapman-Cowling approximation in conjunction with the
modified Buckingham (exp-6) potential. For low mole frac-
tions of nitrogen, the results obtained by the former in-
vestigator are in agreement with the theoretical curves

for which molecular interactions were modeled with the

(exp-6) potential, but the agreement fails to hold for
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larger mole fractions of nitrogen.

7.3. Molecular Diffusion Coefficients

Shown in Figure 7.12 are values of the molecular
diffusion coefficient (DAB) computed from data taken under
the four sets of flow conditions described in section 7.1.
Also shown in this figure are experimental results obtained
by two other investigators, and a theoretical curve com-
puted by Yang (1966) on the basis of the modified
Buckingham (exp-6) intermolecular potential energy function
used in conjunction with an approximation developed by
Chapman and Cowling. The (exp-6) potential function is
discussed in section 4.3.2 of Chapter 1IV.

Program ALPHA was used to compute values of DAB
from data for the flow conditions described in section 7.1.
As discussed in Chapter VI, program ALPHA is written to

compute values of DA in accordance with equation 6.29.

B
Results of the computations are included in Appendix J.
The input data files used in the computations were also

used for computing values of a and are tabulated in

TI
Appendix H.

Unlike values of Qs which are strongly dependent
on temperature changes associated with diffusion, wvalues
of DAB are dependent only to a very limited extent on
such temperature changes. For example, the largest vari-

ation in temperature (approximately 4° C) measured exper-
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imentally under the flow conditions described in section
7.1 results in a variation of less than 1.5% in values of
DAB computed from equation 6.29 of Chapter VI. Due to the
relative insensitivity of this transport coefficient to
the temperature effects upon which the research discussed
in this thesis is focused, the comments that follow re-
garding values of DAB are much more limited than those in
section 7.2 regarding values of Ce
As shown in Figure 7.12, experimental values of
DAB reported by Walker and Westenberg (1958) and by Yang
(1966) are in excellent agreement with the theoretical
curve plotted in that figure. These results are for a
range of mole fractions that overlaps the range for which
values of DAB were computed from data taken under the flow
conditions described in section 7.1.

Values of D computed from data taken under the

AB
latter flow conditions exhibit considerable scatter as a
function of gas composition, as may be seen by referring
to the statistical data summarized in Table 7.2 for these
values. The scatter is most likely associated with taking
derivatives of the experimental concentration data as part
of the process of computing values of DAB in accordance
with equation 6.29. Although the five-point differentia-
tion formulas discussed in section 4.2.1 of Chapter IV

were used to reduce the consequences of irregularities

in the data, the process of differentiation still tends to
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Table 7.2.
NOTES:
1.
of
2.

minimum, and average values of the mole fraction
of nitrogen for which corresponding values of D

were computed from the experimental data.

AB

Statistical Information for Molecular
Diffusion Coefficients Computed from

Experimental Data Taken Under the Flow
Conditions Described in Section 7.1

Flow Conditions

"Sample Size" refers to the number of values

Numbers listed under "XA" are the maximum,

AB
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computed for a given set of flow conditions.

Pe =1.9 Pe = 3.8 Pe = 3.8 Pe = 5.9
XA = 0.5 XA = 0.5 XA = 0.7 XA = 0.7
o o) o} o
sample
size 24 11 8 4
Pas
average 0.746 0.713 0.712 0.688
maximum 0.893 0.831 0.730 0.706
minimum 0.674 0.676 0.681 0.677
std. de- 0.064 0.047 0.018 0.013
viation
“a
average 0.834 0.845 0.892 0.897
maximum 0.950 0.945 0.947 0.935
minimum 0.612 0.674 0.816 0.852
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magnify the effects of such irregularities.

The average value of D for each of the four flow

AB
conditions referred to above is plotted in Figure 7.12.
Also shown in that figure is the range of mole fractions
of nitrogen over which values of DAB were computed for
each of the flow conditions. Although the individual
values of DAB on which the averages are based are not
plotted, an indication of the trend of the individual
values as a function of gas composition is given by the
regression line plotted for these values in Figure 7.12.
The regression line represents a best linear fit for the
combined values of DAB obtained for all four of the flow
conditions.

As illustrated in Figure 7.12, the theoretically

predicted variation of D as a function of composition

AB
in helium-nitrogen mixtures is small (less than 3% over

the full range of mole fractions of either gas). This
variation is considerably smaller than the scatter in the
values of DAB computed from data taken under the four sets
of flow conditions described in section 7.1. It is of
interest to note, however, that the average values of DAB
for the four flow conditions are in relatively close agree-
ment (within + 5%) with the theoretical curve. This agree-
ment demonstrates that, despite the scatter in the computed

values of D the central tendency of the results for each

AB'

of the four flow conditions is consistent with values
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predicted on the basis of theory. Furthermore, the
regression line plotted in Figqure 7.12 for the combined
values of DAB computed for the four flow conditions is
somewhat steeper than, but nevertheless in close agreement
with, the theoretical curve.

The scatter in the average values of D B plotted

A
in Figure 7.12 for the flow conditions referred to above
is most likely due to the uncertainty in the measurement
of the mass flow rate of nitrogen for each of the flow
conditions. As may be seen by referring to equation 6.29,
values of DAB computed for a given set of flow conditions
are directly proportional to the mass flow rate of the
heavier gas. Due to limitations of the flow meter used

in the apparatus in which the above mentioned flow condi-
tions were established, the uncertainty in measurements of
mass flow rates is estimated to be + 3%. This uncertainty
is second only to the uncertainty associated with taking
derivatives of experimental concentration data insofar as
its influence on the values of Dag computed from equation

6.29.
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VIII. SUMMARY OF ACCOMPLISHMENTS AND SUGGESTIONS
FOR FUTURE WORK
The following are the principal tasks that have been
accomplished during the course of the research performed
for this thesis:
® An apparatus developed at Oregon State University
by D. E. Stock and R. J. Zaworski and described
previously by Stock (1972) has been modified to
allow for measurements of temperature fields
associated with flow-coupled diffusion. These
modifications involved incorporating temperature
instrumentation, mechanical devices for precise
radial and axial positioning of diffusion tube
instrument probes, thermal shielding, and other
changes that facilitate taking measurements of
temperature profiles in diffusion flow fields.
® Radial and axial temperature profiles have been
measured for four sets of flow conditions in the
Peclet number range between 1.9 and 5.9. The
data confirm that the apparatus referred to above
can be operated with a high degree of precision,
since corresponding temperature measurements
taken in repeated runs are in agreement within

+ 0.1° C. Through the use of very small diameter,

stainless~steel sheathed thermocouple probes,

errors resulting from conduction and radiation
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heat transfer between the sensing junctions,
their support materials, and their surroundings
are minimized. The uncertainty associated with
these errors for any given centerline tempera-
ture measurement is estimated to be less than
10% of the measured value.

Models have been formulated for computing thermal
diffusion factors and molecular diffusion coef-
ficients from experimental values of velocity,
concentration, and temperature distributions
measured in the apparatus referred to above, and
the models have been programmed for machine cal-
culations of these transport coefficients.
Values of these coefficients computed from data
for the four sets of flow conditions considered
in this investigation are consistent with theo-
retical predictions and with experimental data
reported by other investigators.

A model has also been developed for predicting
the temperature field corresponding to a given
set of diffusion flow conditions if the velocity
and concentration fields are known. The model,
which is applicable to flow-coupled diffusion

in a vertically oriented, cylindrical tube, is
in the form of a second order, elliptic, partial

differential equation, in two dimensions. It
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allows for both radial and axial gradients in
the velocity and concentration fields. A com-
puter program has been written to solve the
model numerically. Temperature distributions
predicted with this model for the flow conditions
considered in this investigation are similar in
shape to those measured experimentally, but
quantitative comparisons of the predicted and
experimental results are precluded because of
the approximate nature of the experimental ve-
locity and concentration distributions used as
input for predicting the temperature distribu-
tions.

Suggestions for future work are as follows:

e The differential equation developed in Chapter
IV for predicting temperature distributions
associated with flow-coupled diffusion could be
incorporated into a system of equations that
would serve as a model for predicting the inter-
related velocity, concentration, and temperature
distributions in diffusion flow fields. Such a
model would be useful for analyzing the effects
of varying the diffusion tube diameter, oper-
ating under different flow conditions, and
utilizing different gas pairs. Solutions gener-

ated from the model could also be compared with
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experimental results, thus providing a means for
gaining additicnal insight into the fundamental
processes associated with diffusion phenomena.

An alternate method for measuring velocity dis-
tributions in the diffusion tube would be desir-
able. Stock (1972) measured velocity profiles

by injecting pulses of smoke perpendicular to

the direction of bulk flow and then taking
multiple-exposure photographs of the pulses,
which were illuminated with a strobe light.
According to Stock, the method is well suited for
measuring velocity profiles in the central core
of diffusion flow fields, but it is subject to
substantial uncertainty for measurements of
velocities near the diffusion tube wall. Stock
also states that many steps are required to infer
velocities at individual points from information
recorded on the photographs, and that each step
increases the uncertainty of the final results.
It would be preferable to have a scheme for
measuring velocities at individual points direct-
ly. Perhaps a laser-doppler anemometer could be
used for this purpose.

The apparatus could be used to obtain experi-
mental data for gas pairs other than helium and

nitrogen. With the computer programs included
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in Appendix C, thermal diffusion factors and
molecular diffusion coefficients could be com-
puted from the experimental data and compared

with results obtained by other investigators.
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Appendix A. NOMENCLATURE

Symbols that are used only infrequently in the
manuscript are not listed below. Such symbols are defined

at the appropriate locations within the manuscript.

C molar density of mixture = C, + C

A B
Py
Ci molar concentration of constituent i, = T
i
Cp specific heat at constant pressure
DAB molecular diffusion coefficient for system A-B
DT coefficient of thermal diffusion
e multicomponent energy flux relative to stationary
coordinates
E internal fluid energy
hi enthalpy per molecule of constituent i
H enthalpy of gas mixture
Hi partial enthalpy of constituent i
ﬁi mass flux of constituent i relative to the mass
average velocity = pi($i - 3)
k Boltzmann's constant
D
kT thermal diffusion ratio = I
D
AB
m mass flow rate
M number mean molecular weight of gas mixture

=—p.=
T = XaMp T XMy
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molecular weight of constituent i

molecules of gas mixture per unit volume

molecules of constituent i per unit volume

Avogadro's number

pressure

multicomponent energy flux relative to mass average

R -5
velocity v

volume flow rate of constituent i

radial distance from centerline of diffusion tube

radius of diffusion tube

gas constant

gas temperature

v
dimensionless radial velocity = _?
Va |
o
. - >
mass average velocity = (l/p)(pAvA + pBVB)

velocity of constituent i relative to stationary
coordinates

<

dimensionless axial velocity =

@]

<
B

diffusion velocity of constituent i relative to the

. > >
mass average velocity = v, =V

axial distance relative to a reference plane
located where only gas A is present in the diffusion
tube (used in Chapter VI)

mole fraction of constituent i, = Ci/C
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z axial distance upstream of and relative to the
gas B injection plane

Greek symbols

O thermal diffusion factor = kT/XAXB
B dimensionless density = p/pA
o
g dimensionless axial coordinate = z/R
T—To
8 dimensionless temperature = T
o
A thermal conductivity
H viscosity
£ dimensionless radial coordinate = r/R
Py mass concentration of constituent i, = CiMi
p mass density of mixture = Pa + Py
X dimensionless axial coordinate (= x/R) relative to
a reference plane where only gas A is present in
the diffusion tube (used in Chapter VI)
® mass fraction of constituent i, = pi/p
Qverlines

per unit mass

- average over flow cross section

Subscripts

A refers to the heavier gas



J.k
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refers to the lighter gas

computational grid indices in the radial and axial
directions

refers to axial positions sufficiently far upstream
of the gas B injection plane so that only gas A is
present in the flow field

radial direction

axial direction relative to (x,¥X) coordinates

axial direction relative to (z,Z) coordinates
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Appendix B. DIFFERENTIAL EQUATION FOR THE TEMPERATURE
DISTRIBUTION IN THE DIFFUSION FLOW FIELD
As discussed in section 4.1.3 of Chapter IV, a
differential equation for the temperature distribution in
the diffusion flow field may be developed from the follow-

ing three equations:

V.2=0 (4.5)

where

> >
=g + (C,H, + CBHB)V (4.6)
and

>
d=-AVT + (nAhAﬁDA + nBHB$DB)

+ knTxAxBaT(ﬁDA - v (4.7)

DB)'
After substituting for 5 in equation 4.6 using the terms
given in equation 4.7, the divergence of equation 4.6 is
taken in accordance with equation 4.5. The resulting
equation may be expressed in terms of the temperature T
and its derivatives. Details of the formulation are out-
lined in the following paragraphs.

When the terms given for 3 in equation 4.7 are

substituted into equation 4.6, the nihivi in the former
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equation may be combined with the CiHi$ in the latter.

Noting that n.h., = C.H. and that v = v, - 3, where the
ivi ivi D; i

nomenclature is the same as that defined in Chapter IV

and Appendix A,

> > >
nAhAvDA + thBvDB.+<cAHA + CQHL)V = CH, (V) = V)

Noting also that

V. - V. = (v

Da DB

> > > > >
-v) - (v, - V) =v, = v

A B

equation 4.6 may be expressed as follows after substituting

-+ . . . .
for q using the terms given in equation 4.7:

> > > >
e = =-AVT + (CAHAVA + CBHBVB)
> > '
+ knTXAXBaT(vA - VB) (B.1)

where gA and $B are the velocities of gases A and B

relative to stationary coordinates.
It will be found convenient for computational pur-

> . . . >
poses to have v_ in equation B.1l expressed in terms of v

B

and 3A. The mass average velocity v is related to

and V. as follows (Bird, et al. (1960)):

. . ->
velocities Va B
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-> > -
pvV = pAVA + pBVB.

Thus,
-> p. >
AN G

- -

Noting that Ci = pi/Mi, where Ci is the molar concentra-

tion of constituent i,

> _om v _ %",

V.
B Cply g™y
Noting also that Xi = Ci/C, where Xi is the mole fraction

of constituent i and C is the molar density of the mixture,

>

> M 7
= v Va . (B.2)

- M T _Taa
B XMy XMy
The first set of terms in brackets on the right

hand side of equation B.l may be rewritten as follows,

using equation B.2 and the relationship Xi = Ci/C:
5 MA 3
CpHaVn + CgHp¥y = C[XA Hp - HBM—B A
+ H, — ] (B. 3)

Again, using equation B.2, the difference in veloc-

ities in the last term of equation B.l may be written as:

- >
M(v, - v)
v, -v.=_A_ (B.4)

A B XBMB
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The divergence of equation B.l will now be taken

term-by-term. Starting with the first term,

V. (-A¥T) = ——%(Ag—g) _ AT %(x%) . (B.5)

The divergence of the next two terms grouped together
in brackets in equation B.l is equivalent to the divergence
of equation B.3. Working with the first term on the right

hand side of the latter equation,

p ->
> - . A H,Vv
V- (C Hyv,) = v <M-— A A>

Ve (CX.H.¥
A A

aAva)

-
= L T (pyH,Ty)
MA

When the right hand side of the preceding equation is ex-

panded, the terms include the- product of Hp and $~(pA$A).

In accordance with the continuity equation for constituent A,
-

6 (pAvA) = 0. Thus,

o) oH oH
—_A<VAr_A.+V _._A_)

V)
ava’ T M F3 A, 3z

V- (CX.H
A A

After taking the divergence of the remaining terms on
the right hand side of equation B.3 in the manner illustrated
above, the result is as follows:

A B"B'B M

o] oH oH
] > > Pafy A A
'v’(cAHAv +CHV)——A<Ar—8r+V —>
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Before taking the divergence of the last term in
equation B.l, several substitutions will be made that will
be convenient for later computations. First, Boltzmann's
constant k is related to the gas constant K and Avogadro's
number N by the equation k = B/N (Bird, et al. (1960)).
In addition, the number density n of the fluid is related
to the molar density C and Avogadro's number by n = cN.
Finally, CXA = CA = pA/M , where the nomenclature is as
defined previously. With these substitutions and with the

use of equation B.4, the last term of equation B.l becomes:

>

> fé M ﬁa T(g - v)
M

knTX_ X o (3 -V

A% (Va B) A

The divergence of the preceding equation may be
taken as follows:
>
> - _ji_[§-(pAaTTMVA)

VB)] - MM

§-[knTX X.a (3 -
A"B T ' A Mg

>
- 'V>-(pAaTTMV)] . (B.7)

In accordance with the continuity equation for constituent A,
3-(DA$A) = 0. Therefore, the divergence of the first term
within the square brackets on the right hand side of
equation B.7 is

B(aTTM)

" N [ ] 3 (aTM)
" (pyapTMV,) = PAVa l T o IT PaVa,|T 5z ) - (B-8)
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Noting that M = p/C and that, in accordance with the
continuity equation for the mixture, 3-(p$) = 0, the
divergence of the second term on the right hand side of

equation B.7 is

v

p,.a_ T
> 3 < AT >
(pAaTTMV) = pvr 3T

. pA0 T
A°T
eV, g% < ) : (B.9)

The molar density C in equation B.9 may be ex-
pressed in terms of an equivalent function of temperature.
A relationship between C and T may be developed from the

following equation for the hydrostatic pressure p:
p = knT. (B.10)

Although the applicability of equation B.1l0 is limited to
ideal gases in equilibrium or to ideal, nonuniform gases
in which the molecules have only translatory energy, it is
correct to a close approximation for a gas with internal
energy (Chapman and Cowling (1970)).

As discussed previously (following equation B.6),
k = ﬁ/ﬁ and n = CN. With these substitutions, equation
B.10 may be written as p = CﬁT, or C = p/(ﬁT). Making use
of the latter relationship and the relationship M = ,/C,

equation B.9 becomes:
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>
¥. (ppapTMV) = Mv_ [pAT

3T
* 2op0q "a?] * M, ["AT 37

3p
A
apT =7

+

aT
+ 2pAaT 5;] . (B.11)

With the aid of equations B.1l, B.5 through B.9,
3H.
. . . 1 T
B.11l, and the ideal gas relationship Fra Cpi TR

J

equa-

tion 4.5 may be written as follows:

SCE I B N(Y pA<C_pA

ar ar r ar az\ 98z MA
p
e YU S £+___CPB<VrB_T
ME ar A, 3z MB or
.y 32> MR C, a(aTTM) A a(aTTM)>
’\/— r-we— z - a -
Z 32 LIAMB I ar 9z
Y p da
MR [V (a T A T
- r{'T + 2p.0 + p,T ———)
MAMB or A”T 3 A ]
ap da
A aT T
+ v, (aTT 57 + ZQAaT 5 + oAT —a—)] 0]

After some additional rearranging, the differential
equation for the temperature distribution in the diffusion

flow field becomes

2 2 C c
;\ag+xaf2r+[_g%+&-pA(_A§_§B
or 32 r A B
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u <CPA _ Cog . M?iaT>VA _<pCp
z A\ M, M, TR ) Pz M
MRDAGT VZJE ¥ [p <V 3 (a M)
MM z | M |PAa\"Aar Tor
a(aTM) a(aToA) 3(anA)
A, ~ oz >_ Mé’r ar ML 3z ]T=O, (4.8)
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Appendix C

COMPUTER PROGRAMS

For Chapter
Program

Program

For Chap*ter
Program

Program

4:

TFIELD

VELOCITY

ALPHA

RADTEMP
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PROGRAM TFIELD
THIS PRIGRAM IS USED TO SCivek A SECOND ORCER, PARTIAL DIFFERENTIAL
TQUATION FOR THE DIMIASICA.ZISS TEMFERATURE FIELC, THETA(J,K),
CORXISPINUING TO GIVEN FLOW CONOITIONS IN A OIFFUSICN FIELD
OF A SINARY GASEOUS “IXTLRZ

srx3x232x DEFINITICNS CF FROGRAM VARIABLES 3**»ssssas
TWO-JTMENSIGNAL ARRAYS USEC IN THE COMPUTATIONS ==

ALPRA(J,K) THERMAL CIFFUSICN FACTORy CIMENSIONLESS.
C(JyK) COoFFICIENTS IN EQUATICN FCR THETA, OIMENSICNLESS.

C1(J,yK) ? z z z # 2 z ) ]
C2(JyK) 2 ? 2 F3 2 2 z 2 2
C3(J,K) ? ? 2 £ ? 2 £ 2 P

LAY (J,yK) THERMAL CCNCUCTIVITY OF GAS MIXTLRE, CAL/(CM SEC K).
THITA (J,K) TEMPERATLRE OF GAS MIXTURZ, CIMEINSICNLESS.
Uld,K) MASS AVERAGE VILQCITY OF GAS MIXTURE IN RADIAL
DIRECTICN, CIMINSICMLESS,
VJ,K) MASS AVZRAGE VELOCITY OF GAS MIXTURE IN AXIAL
OIRECTICN, CIMENSICNLZSS.
UA (JyK) VELOCITY CF GAS A IN RAQOIAL CIRECTICN RELATIVE
TO STATICNARY COCRCINATES, CIMENSIGNLESS.
Va{J,x) VELGCITY OF GAS A IN AXIAL CIRcCTIUMN RELATIVE
TJO STATICNARY COCRCINATES, CIMENSICNLESS.
XA (J,yK) MOLE FRACTICON OF GAS A, DIMENSIONLZISS,.

OTHER VARIARLES =-

ICHW SIGNAL FCR BUUNCARY CONOITION TO 82 IMPOSED AT

TUBE WALL,
3CW = 0 == ACIABATIC WALL
B8CH = 1 == ISOTHERMAL WALL

crPA SPECIFIC HEAT OF GAS A, CAL/Z (G K),

CcP3 SPECIFIC HEAT QF GAS 2, CAL/ (G K}

NA8 MOLECULAR CIFFUSICN CCEFFICIENT, CM**2/SEC.

OPMAX MAXIMUM RZLATIVE ERFOR IN THETA FOLLOWING EACH
ITERATION.

R RAODIAL NCOE SFACINGy UIMENSICNLESS.,

22 AXIAL NCCZ SPACING, OIMINSIONLESS,

EXT LIEBMANN EXTRAPCLATION FACTOR,y USED IN ITERATIVE
CALCULATIONS GF THETA(JyK) .

ITMAX MAXIMUM NUMEER CF ITERATICAS ALLCWED FCR CALCULATING
THETA(JyK) &

ITNO NUMBER CF ITEZRATIONS COMPLETED FCR CALCULATING
THETA(JyK) o

KASE IDENTIFICATICN NUM3ER FOR CASZ UNDOIx CONSIDERATION,

LAMA ) THERMAL CCNCULCTIVITY CF GAS A, CAL/(CM SEC K)o

LAMS THERMAL CCNCUCTIVITY UF GAS E, CAL/(CM SEC K),

MA MOLSCULAR WEIGHT COF GAS A, G/G=-MCLE,

13 MOLECULAR WEIGHT OF GAS B, G/G=MCLE.

MUA VISCOSITY OF GAS A, G/ (CM SEC).

U3 VISCOSITY CF GAS 2, G/(CM SEC).

N NUM3ER CF GkIJ FOINTS, X=ul~ECTION,

NK MUMBER CF GRID POINTS, Z~UIRECTICN.
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NOR())
HTTY

NURUN
PE
PHIAB
PHIBA
4D
RBAR
RHOA
VINF

XAQ
X1

COMMON
COMMUN
COMMON
COoMMON
COMMON
COMMON
FORMAT(101I5)
FORMAT(7F10,
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NUMBERING FCR QUTPUT HEAOINGS ON LINE FRINTER,
SIGNAL FCR TCELETYFE OR 3ATCH FROGRAM CCNTROL.

NTTY = 0 == 3ATCH CFEFATICN

HTTY = 1 == TZILETYPE CUNTROL
SIGNAL FCR CCMTIMNLEL ITZRATICN FROM EXISTING FILE.
MASS PZCLET NUMHEK (2*R*VINF/DAB),
CONSTANT USED IMN CALCULATICN OF LAM(J,K),
CONSTANT USED IN CALCULATICN OF LAM{J,K),
INSIOE RAJIUS OF JIFFUSION TUBE, CM,
UNIVERSAL GAS CUNSTANT, CAL/(G=MCLZ X).
DENSITY (F GAS A AT ENTRAWCE TU CIFFUSION TUBE, G/CCe
AVERAGZ VELCCITY, CM/SEC, CF GAS A FAR UFSTREAM OF
THT GAS E INJCCTION PLANE,
MOLZ FRACTICN QF GAS A AT THE GAS 8 INJECTION PLANE.
RADIAL CCORCIMNATE, DIMENSICNLESS,

Cl14,63),C1(14,€3),C2(14,63),C3(14,63)
THETA(LU4,E3) 5L (14483) 3V (1L,E3)

UA(14963), VA(L14,E3) yXA(1L,yEI)

Iy ITHO UL, U2y K1yK2yKASTyNJyNKyNCDEL Z NCOE2,ATTY
BCHWyOPMAX, CRyIZHEXT,0UT,F oy vINF, XAQ

LAM(1L, 63),ALFHA(10,63)

5)

FORMAT (20 FOX ITERATICNZ,I4,2 “AXe RELATIVE ERROR IN2/

12 THITA IS%,
FORMAT (20 =t
12 ITZRATION
INTEGZR 8CwW,
RTAL LAM
IN

uT
RZAJ(IN, 1) K
WRITZ(61,1),
READ(ING2) €
HRITZ(61,2)

El4e7,2 AT NCOZ2,2(I4))

LATIVE ErROR IN THETA LESS THAN ,00001 AT2/
NUMBERZ,14)

ouT

4o

41
ASEyNURULN YN UYNK yBCy ITHAXZNTTY
KASE s NURUNy NuyNKy3CHyITMAX,NTTY
XT3 0R,DZ,4FE,XAQ
£XT,0R,CZ,FE,XAQ

READ(S) UyV,UA, VA, XA

J1 = NJ=1

J2 = NJ=2

<1 = NK=1

K2 = NK=2

JR2 = QOR*0OR

JZ2 = DZ*02

CALL Rz ADY

CALL OUTPUT (1)

IF(NURUN.EQ.0) GO TO 28

REAJ(B) ITNO,THETA

30 Ty &0

SET TEMPIRATURE FIELO WITHIN BCULNDARIES TG Z2EROQ
N3 25 J = 3,42

30 25 K = 3yK2

CONTINUZ

SET 3JUNDAKRIZES HAVING CCNSTANT TEMFERATULRES TC SFECIFIED VALUES
N0 39 J = 2,41

THETA(J,2) = O,
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45
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65

70
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THETA(JU,K1)= 0,

CONTINUE

IF(3CH.2Q.0) GO TO 35

30 35 K = 3,K2

THETA(JL,K)= 0.

CONTINUE

PIRFIORY THE ITZFATIVE CALCULATICMS FOR THE TEMPERATURE FIELD

ITNO =0
KOUNT =0
NUM =0
ITNO = ITNO+1
JIPMAX = 0,

SET TEMPLRATUR: FISLO AT WALL BOUNDARY FOR THIS ITERATION IF
AQIA3ATIC SUUNDARY CCNOITION IS SPECIFIED
IF(BCHeEQG 1) GO TO 45

20 45 K = 3,K2

THETA(NI,K)= THETA(JZ,K)

CONTINUE

SET TEMPIRATU=z FIELD AT CENTERLINE BOUNOARY FOR THIS ITERATION
32 590 K = 3,K2

THETA(1,K) = THETA(3,K)

CONTINUE

LOMPUTE THE TedFLIRATURE FIELO FCR THIS ITERATION
IF(8CW.cQ,0) LIMJ = Ji
IF(3CW.2Q41) LINJ = J2

THETA (J,K)
THETA (J,%)

CLUJyK)*(TEFFI+ToMF2+TEMFI+TEMPL +C (J,K))
THETAO+SXT *(THETA(JyK)=THLTAQ)

00 50 J = 2,LIMJ

20 60 K = 3,K2

THETAD = THETA(JyK)

TEMPL = (THETA(J+1,K)+THETA(J=1,K))/CR2

TEMP2 = (THETA(J,K+1)4THETA(J,K~1)) /022

TEMPS3 = C2(JyK)*(THETA(J+1,K)=THET ACJ=1,K) )/0R
TeMPy = C3(JyKI®(THETA(JyK+1) =THETA(J,K=1))/02Z
JEL = ABSC(THETA(UyK)=THETAQ)/THETA(JyK))
IFLIZL.LT.0PMAX) GO TC €0

DPMAX = 0L

NOJZ1 = J

NODZ2 = K

CONTINUZ

WRITZ(8) ITNO,THETA

RIWIND 6

IF(M03(ITNG,10) NELD) GO TO 65
IF(NTTY.EN40) GO TO €S

WRITZ(61,3) ITNO,OFMAX,NCCZ1,NGCE2
IFCITNO.Ge ITMAX) GO TO ag
IF(OPMAX.GTe0400001) GJ TO 40
IF(KQUNT.GT+0) GO TO 70

IFINTTY CQel) WRITE(E1,4) ITANOQ
WRITZ(JUT,4) ITNO

KOUNT = ITNO
NU+ = NUM+1L
IFCAUMa LT ) GO TO 40
ITCST = KJQUNT +#3

IFCITNI =G ITEST) GG TO <0
KOUNT =0
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NUM = 0
GO TO 4@
80 IF(NTTY.cQ.0) GO TO S0
MORIT = TTYIN(4HADDOI,4HTION,4HAL I,4+TERA,4HTICN,4HS =)
IF(MORITCEQe0) GO TQ <0
ITMAX = ITMAX+#MORIT
ZXT = TTYIN(UHTYRE, 4K VAL,4LHUE O,4kF EX,4HTRAP,4H. FA,
14HCTORy4H FORy4H ADD,)4He IT,4HER. )
GO TO 40
30 CALL OQUTPUT(2)
STOP
END
SUBRJUTINE RIADY
SETS UP CONSTANTS NECESSARY FOR FERFORMING THt ITERATIVE
CALCULATIUNWS, USING AS INPUT KHCWN VALUZS OF UA(J,K)y VA(J,K),
AND XA (JyK),
COMMON Cl14,63),C1(14,63),C2(14,63),C3(14,€3)
COMMIN THETA(14,63) yU(14,63) ,V(14,63)
COMMON UA(L14,63), VA(IL,63)yXA(14,E3)
COMMIN IN,ITNOyUl,U2yK1,KZyKASE NIy NKy,NODZ1,NCDE2,NTTY
COMMON 5CW,0PMAX, CRkyQ2,EXT,0UT, Pty VINF,XAQ
COMMON LAM(14,E3) JALFHA(14,63)
1 FORMAT(6F12.8)
INTSGER 3CW,0UT
REAL LAY, LAMA,LAMB,¥A,M3,MUA,MUB
READ(IN, 1) LAHA sLAMI,MA, M8, MUA,MUB
WRITZ(51,1) LAMA,L AM3,MA,M3,MUA,MUB
RZAO(IN,1) CPA,CP3,RAC,yRFOA,VINF
WRITZI(61,1) CPA,CDB,RAO,RHOA,VINF
R3AR = 1,98717
CALCULATE THCFRMAL OIFFUSION FACTORS ALPHA(J,K), EQUATION FITS
POINTS GCALCULATED FRCM CHAPMAN-CUWLING EXxP-SIX MOODEL.
70 13 J = 1,1
00 10 K = 1,NK
TEMP = XA (JyK}
ALPRA(JyK) = 0,52030-0,C7230*TERF+0e21043*TEMF*32
© ALPHA(J,K) = 0o 7064b4=1e 3717*TEMF+1,3425%TEMP**2-0,52108*TEMP**3
10 CONTINUZ
CALCULATE THeRMAL CONCUCTIVITILS LAM(J,K)
PHIAS = 1.,065* (1, *SCRT(HUA/”UQ)‘SQRT(SORT(HP/HA)))"2
b /{SCRT(8,) *SCrRT(1.+MA/MB))
SHIRA S 1e085* {14+SCRT(MUS/MUAI*SART(SGRTIMA/MB)))**2
1 / (SART (B4) *SERT (1, +tMB/HA))
00 20 J = 1,J1
J0 28 K = 1,NK
TEMP = XA (JyK)
LAM(J,X) = (TEMP*LAMA)/(TZMP+(1,=TEMFI*FHIAR) +({1.-TEMF) *LAMB)
1 /UlLe=-TEHMP) +TEMF*FHIBA)
29 CONTINUZ

SET JP CONSTANTS TO 3E USED IN CALCULATING COEFFICIENTS FOR THE
JIFFIRINTIAL ZGQUATICN FOR THETA(J,K)

CONST1 = R3AZ/ (MA®MB)
CONST2 = FHOA*VINF*RAQ
OMASX = MA-M3

CALCULATE COEFFICIENTS C{JyK)e DERIVATIVES OF XA{J,K) ARE
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COMPUTE ) USING FIVEZ=FCINT FORMULAS,

D0 25 K
C(2yK)
25 CONTINUE
00 35 J
0o 35 K
JALPHX
DALPHX
IF(J2-4) 26
26  DXAR
1
GO TO 30
27 DXAR
1
GO TO 30
28 9OXAR =
1

w e ua nou

i

3y K2 .
0.

3yJ1

3yK2

“0.57230+0.,4238€*XA.(JyK)

©143717+2, EB50*TEMF=1,56324*TEMP**2

27428

(S4,*XB(uygK) =132 XA(J=1yK) =40s*XA(JI=2,4K)
“27¢*XAlu=3,K) +28.*XA(J=U,4K) )/ (70, *CR)

(6o *XA(J=3,K) =17, *XA(J=2,K)=20e* XA (J=1,K)
“3e*XA(JyK)+3Ue*XA(J+1,K))/(70.*0R)

(=26 *XA(J=29K)=XA(J=1,K)+XA(S+1yK)
$2.0*XA(J42,4K) )/ (10.%0R)

30 IF(K.GT.3) GO TO 32

IxaZ =
i
GO T2 33
32 OJXxAZ
1
33 TEMPL
TEYP2
TEMP3
TEMPGL
TEIMPS
TEZ4P6
TEMP7
TEMPS
TIMP9
TEMPLD
ClJyK)

LTI I T T T IO [ U (R T 1}

35  CONTIMUZ
CALCULATE C
70 40 J
30 43 K
C1(JyK)

40 CONTINUE
CALCULATZ C
N0 60 J
20 60 K
TEMPL
TEMP2
TEUP3
TEMPY
1

nuwito

HuwuwuwHu o

RJ =
XI =

(=34o*XA(JyK=1) +34*XA(JyK) +20.*XA(JyK+1)
$17 02 XA (g K+2) =B *XALJ,K+3)) /(70.*02)

(=2:*XA(uy K=2)=XA(JyK=1) +XA{JyK+1)
+2.%XA(JyK+2))/7(10.,%02)

XACJyK)/LAMLUUyK)

ALPHA (Jyk) *CMASX*OXAR

(XA(JyK)*(MA=ME) +MB)*DALPHX*OXAR

ALFHA(JyK) *CMASX*UXAZ
(XA(JyKI®(MA=M2)+MB)*CALPHX*XAZ
(XA(JyK)*(MA=MT) +MB) /LAM (JyK)

ALPHA (JyK) *CXAR

XA (JyK)*CALFHX*OXAR

ALFHA (JyK) *CXAZ

XA (JyK)*CALFHX*0XAZ
~CGNSTL1?CONST2* (TEMPL* (UA (G, K)*(TEMP2+TENPI)
FVACJ KI*(TeMPLeTEMFS) =T MPE*(U(J,K) * (TEMPT?
+T£HP8)+V(JlK)‘(TtPP9+TiH910)))

ZFFICIENTS C1(JyK)

2y J1
3yK2 .
1. /(2./0R**242,/02%*2=-C(J,yK))

SFFICIENTS C2(JyK) AND C3(J,K)

2y J1

3,K2

XA(JyK)*(MA=M3) +MB
XA(J,K)‘((CFA-CPE)+CONST1’TEH91‘ALPHA(J,K))/LAH(J,K)
XA (JyK) ¢ (1 e=XA(JyK)I®MB/MA
(TCMP3*CF3=2,*CONST1*XA(JyK) *TEMPL*ALPRA (JyK))
/LAM{U,K)

J

(RJ=2.)*ER

IF(J2=J) 45,48,50

45 TEMPS =
1
2

(Lo /LAMIJy K)I* ((BL,*LAM(JyK) =134 *LAM (J=1,K)
40P LAM(J=2,K) =27 o *LAM{J=3,K) #26. *LAM (J=b,yK))
/{70.%0R)) +1,/XI=CCNST2% (TEMF2RUA(J,K) +TEMPL*U(J,K))
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GO T0 52
TEMPS =

1

2

GO T3 52
TEMPS

1
2
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(Lo/LAM(UpKII* ((3U*LAM(J+L,K)=3,*LAM(J,K)
=20s*LAM(U=1,X)=17:*LAM(U=2,K)+6.,*LAM(J=3,K))
/{70e%0R)) ¢14/ XI=CONST2*(TEMF2*UA(JyK) +TEMPL*U(J,K))

(Lo/LAMUJ,KI)I* ((=24*LAM(U=2,K)=LAM(J=1,K)
CLAMI I HL yK) 42, LAM(J+2,K)) /7 {104*0R)) #1,/ X1
=CONST2*(TEMP2*UA(J,K) +TEMF4*U(J,K))

IF(KeGTe3) GO TO 55

ToMPD =
1

2

GO T2 57
TIMPH

1

2

C2 (JyK)
C3(JyK)
CONTINUE
RETURN
END

Hou

(Le/LAM(UG)KI)* ((=344%LAM(J,K=1) +3,*LAM(J,K)
$200*LAM(J K1) +17 2 LAM( U K+2)=6,*LAM(J,K+3))
/(706%52)) =CONST2* (TEMP2*VA(J,K) +TIMPL*V (J,yK))

(1./LA”(J,K)).(('ZQ‘LA"(J,K-Z)'LAH(J,K-i)
tLAM(JyK41) 424 LANM(J,K+2))/(10.%C2))
=CONST2* (TEMF2*VA(JyK) +TEMFU*V(J,K))
TEMPS/2,

TEMPE/2,

SUBRIUTINE OUTPUT (MCOE)
QUTS SZLECTED RESULTS TO TELETYFE AND LINE PRINTER

COMMON Cl16,63),C1(1LE3) ,C2(14,63),C3(14,63)

COMMON THETA(14,63) ,U(14,€3) ,V(14,63)

COMMIN UA (14, E3)y VALLIL,E3) 3 XALL14,E3)

COMMON INyITNGyJ15J2yK19K2yKASIyNJyNKyNODEL,NCOE24NTTY
COMMON BCK,0PMAX, CR,CZyEXT,0UT, PE,VINF, XAO

€O 4MON LAM(14,63) ,ALFHA(14,63)

JIMINSIUN NUR (20)

FORMAT (252,

1/21 INPUT FOR CASE NUM3ER 2,13)

FORMAT (2-2,

1/2 YASS PECLLT NUMBER= = = = = = = = = = = = = = - 25F10.4
2/ MULE FRACTION CF GAS A AT INJSCTION PLANE = = =2,F10.4
3/ REFLRENCE VELOCITY UF GAS Ay CM/SLC = = = = = = 2F10.b
4/ {UMBE+ OF GRIOD FOINTS (F=CIPECTICN) = = = = = =2,I5

5/2 NUMBER, OF GRIO FCINTS (Z=DIRECTICA) = = = = = = 2,15

6/2 100t THICKNESS IN R=ClReCTICN, OR = = = = = = =2,F10.4
7/2 MOUE THICKHESS IN 2=3IRLCTIGN, 02 = = = = = = = 2,F10.4
8s72 LIE3MANN €XTRAFOLATION FACTOR = =~ = = = w = « - 2y9F10.46
9/2 JOUNDARY CONSITICN AT TUBE WALLZ,

asz (0 = ADIABATIC, 1 = ISOTHERMAL) = = = = = = = =2,15
8//7)

FORMAT (2= PESULTS FCR ITcRATION NUMSERZ,IS/

1/2 4AXIMUM RELATIVE EROR IN THETA IS2,E12.3,

2/¢ AT NODZ 2,12,1%,12)

FORMAT (21 DIMENSICALESS TeMFERATURE FOR ITERATION NUMBERZ,I5)
FORMAT (21 RADIAL MASS AvG, VELOCITY L(J,K), GIMENSICNLZSS?)
FORMAT (21 AXIAL MASS AvGe VELCCITY V(JyK), OIMENSIONLESS?2)
FORMAT (21 OIMZNSICNLESS HURIZCNTAL VELOCITY, UA(J,K)2)
FORMAT (21 OIMENSICNLESS VERTICAL VELCCITY, VA(JyK)2)
FORMAT (21 MOLE FRACTICN OF GAS A, XA(J,K)2)

FORMAT (21 THERMAL OIFFUSIUN FACTCR, ALPHA(J,K)2)

FORMAT (21 THERMAL CCNCULCTIVITY, LAM(J,K), CAL/(CM SEC K)2)
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FORMAT (20 J = 2,10(18,4X))

FORMAT(2 K = 2,12,2X,10(£12.3))

FORMAT (2 2,E12.4)

INTZG2R 3CW, OUT

REAL LAM

IF(MJIE.6T.1) GO TO 28

IFINTTY.cQ.0) GO TO 15

WRITZ(6151) KASE

WRITZ(61,2) PE, XAQyVINF yNJyNKyORyOZH4EXTyBCH
WRITZ(QUT,1) KASC

ARITI(OUT,2) PE,XAO, VINFyNJyNKyCRyCZyEXT,ECH

GO T9 125

HRITE(61,14) (THETA(2,K),K = 5,15)
o0 25 M = 1,NJ

NOR (M) = M

CONTINUE

WRITZ (0UT,3) ITNU,DPMAX,NODEL1,NOCE2
KOUNT =0

KOUNT = KQUNT+1

N2 =0

N1 = N2+l

N2 = N1+¢9

IF(N2.GT4NJ) N2 = NJ
IF(KOUNT,.2Q.8) GO TO 110
IF(KJUNT=2)40,50,58

WRITZ(OUT,&) ITNO

WRITZ(0UT,12) (KNOR(J)Y,J = N1,N2)

20 45 K = 1,NK

WRITZ(OUT,13) Ky(THETA(J,K) yJ = N1,N2)
CONTINUZ

GO T2 120

WRITZ(OUT,5) ‘
HRITZ(0UT,12) (NOR(J)yd = N1,N2)

30 55 K = 1,NK

WRITZ(OUT,13) Ky (UlJyk)yd = N1,N2}
CONTINUE

GO TO 120

IF(KAUMT=-4)60,70,78
WRITZ(QUT,H8)

WRITZ(QUT,12) (NOR(J)yJd = NiyN2)
00 65 K = 1,NK

WRITZI(OUT,13) X, (VIJyK)Y,yJ = N1,N2)
CONTINUZ

6o TO 120

WRITZ(OUT,7)
WRITI(UUT12) (NOR({J)yJd = N1,N2)

00 75 K = 1,NK

WRITZ(UUT,13) Ky I{UA(JyK)yJ = N1,N2)
CONTINUE

GO T3 1212

IF(KJUNT=6)80,90,100
WRITZ(OUT,8) :
ARITZ(QJT,12) (NCRU(J),J = N1,N2)

N0 8s K = 1,HNK
WRITZ(QUT,13) Ky(VA(JyK)yd = N1,N2)
CONTINUZ



990

95

100

105

110

115
120

125

G0 TO 120

ARITEZ(QUT,9)

HWRITZ(0UT,12)

20 95

WRITZ(OUT,13)

CONTINUE
GO TO 120

W< ITZ(0OUT,10)
WRITZ(OUT,12)

N0 105

WRITZ(UUT,13)

CONTINUZ
GO 70 120

WRITZ(OUT,11)
WRITZ(OUT,12}

23 115

WRITZ(QUT,13)

ConTINUZ

K

K

K

IFIN2JNTINI)
IF(KOUNT.LT.8) GO TO 30

RETURN
END

(NOR(J)yJ = N1,y,N2)
14 NK
Ky {XA(JyK)yd = N1,y,N2)

(NOR(J)yJ = NiyN2)
1y NK
Ky CALPHACJ,K) yJ = N1,N2)

(NOR(J)sd = N1,yN2)
1, NK
Ky (LAM(JyK)yJl = N14N2)

Go TO 35

FUNCTION MOD(MyM)

RETUNS ZERO WHENEVER N IS cVENLY DIVISISLE BY M

MU0
RETURN
END

Ne (N/M)*M

254
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FROGRAM VELOCITY

USING AS INPUT KNOWN VALLES COF THE aXIAL CCMFCNENTS OF THE MASS
AVERAGE VELOCITY FIELL, THIS FSCGRAM CCMFLTES RACIAL COMFONENTS
OF THE VELOCITY FIELL, AMC RADIAL AND AXIAL CCMFCNEMNTS OF THE
VELOCITY FIELD OF GAS A,

ARRAYS USED IN COMPUTATICMNS -

OMV (JyK) DERIVATIVE w/R TO CIMENSIONLESS AXIAL CCORDINATE
OF MUJyK)*VIJyK),
BXVA(JyX) DERIVATIVE /X TC OIMENSIOMLESS AXIAL COCROINATE
OF XA(Jyk) *V2(J,yK),
M(JyK) MOLECULAR WEICKHT CF GAS MIXTULRE, G/G-=FMCLE,
U(J,yK) MASS AVERACE VZILCCITY CF GAS MIXTURE IN RADIAL
OIRECTICN, CIMENSICMLESS,
vViJyK) MASS AVERAGE VELCCITY OF GES MIXTURE IMN AXIAL
CIPECTICNy CIMENSICMLESS,
UAC(JyK) VELOCITY OF GAS A IN FAOIAL CIRECTICN RCLATIVE
TO STATICNARY CCCRCINATES, CIFMENSICMLESS,.
VA (J,yX) VELOCITY CF GAS A IK AXIAL CIRECTICM RELATIVE
TO STATICNARY CCCRCINATES, CIMENSICNLESS,

OTHER VARIABLES =--

DR RACIAL NCOE SFACING, CIMENSICMLESS,

0z AXIAL NCCE SFACING, DIMENSICMLESS.

MA MOLECULAR WEIGHT CF GAS A, GrsG-MCLE,

M8 MOLECULAR WEIGFT OF GAS Ey G/C-MCLE,

NJ NUMBER CF GRIL FOINTS, R=-0IRECTICN,

NK NUMEER CF GRIC FCINTS, Z-CIRECTICN,

PE MASS FECLET NUMEER (2*R*VINF/CAB),

RAD INSIDE RACILS CF CIFFUSICN TUBE, DIMENSIONLESS,.

VINF AVERAGE VELCCITY, CM/SEC, CF GAS A FAR UFSTREAM OF
. THE GAS E IMJECTICN PLANE.

OIMENSION UC14,63) 4V (14,63) yUA(14,63),VA(1L,63),XA(14,63)
JIMENSION OMVC14,€2) yCXVA(L14,€E3),M(14,E3)

FORMAT(515)

FORMAT(7F1044)

FORMAT (11F6,0)

REAL M,MA, M8

READ(10,1) NJyNK

WRITE(61,1) NJyNK

READ(10,2) OR,0Z,MAyNE,FE,RAD,VINF
WRITZ(61,2)0Ry0ZyMAy*E, FE,RAC, VIMF

Ji = NJ=1
J2 = NJ=2
Ki = NK=1%
K2 = NK=2
K3 = NK=3

READ(10,y3) ((XA(J,K),yJ=2,41),k=2,K1)
KRITE(61,3)XA(I14K1)
SET XA(JyK) FCR GRIC FCINTS OQUTSIDE FHYSICAL ECUNDARIES

70 5 J = 2,41
XA(J,i) = XA(J,3)
XA (JyNK) = XA{J,K2)
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20

1
b

1
2

1
30

40

45

b
50
c

1
2

CONTINUE
go 8 K
XA {1,K)
XA(NJyK)
CONTINUE
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1, NK
XA {3,K)
XA(J2,X)

QEAO(10,3) ((V(JgK)9yd=2,4J1) s K=2,4K1)
WRITZ(61,3)VI(JL1,K1)
INCOSPORATE MINUS SIGMN TC REFLECT CIRECTICN CF FLOW

W/R TO AXIAL

COCROINATE,

Co 10 J = 2,1
00 10 K = 2,Kk1
V(J,K) = 'V(J,K)
CONTINUE
COMPUTE MOLECULAR WEIGHT CF GAS MIXTURE.,
g0 20 J = 2,J1
Co 20 K = 2,K1
M(JyK) = XA(JyK)*(MA=MB)+MB
CONTINUE
COMPUTE 0OMV(JyK),y USING FIVE=-FCINT FORMLLAS
00 30 J = 2,41
OMV (J,2) = (=S *M Uy 2)%V (0 2)+13a*F(Ly3)*V(U,3)440.%M(J,4)

PV LY RZT SN (UeSI VU, S)=CEa*MIUyE)*V(J,6))/ (704%02)
CMVI(J,3) 2 (=282 MUy ) V(U 2) #2424 (U2 "V (Jy 2D 4204*M(Jyls)

VI b)) #4727 (JyS)*V(Jy5)=Ea®™M(JyB)"V(JyE))/(70.%C2)

OMV(JyK2) = (3Ue*M(JyK1)*V(ugK1)=34*M{J,K2)*VIJ,K2Z)

SMV(J,K1)
oo 30 K
OMV (J,XK)

([T |

CONTINUE

=20e* MG yKIIPV(JyKI)=174*F (JyhK=U) *V(J,NK=4)

+6 e *M(JyNK=E) *y(JyNK=5))/(7C,*02)

C.

4y K3

(=24 M(JgK=2)*V(JyK=2) =M (S K1) PV (JyK=1) M(JyKs1)
FVII K1)+ 2, M (JyK+2)*VLJyK$2))/ (10.,%C2)

COMPUTE RADIAL COMFCNENTS CF MASS BVERAGE VELCCITY FIELD, USING
TRAPEZOIO RULE.

00 &0 K
U(2,K)
U(3,x)
CONTINUE
0o 5o J
RJ

SUM

N

00 45 L
RL

SUM
CONTINUE
00 50 K
U(JyK)

W nu

CONTINUZ

COMPUTE AXIAL

00 &0 J =
VA (Jy2) =

VA(J,y3)

2yK1
0.
=(0R/2.)*0R*OMVI(3,K)/(OR*¥(Z,K))

LyJi

J

0.

J=1

3y N

L
SUM+(RL=Z.,)*CR*OMV{LyK)

24 K1
={O0R/24)*(2%SUM (RU=2,) *0R*CMY(JyK))/Z(LRU=2,)
*O0R®*M(J,K))

CCMFOMENTS CF VELCCITY FIELC FOR GAS A,
2yJ1

V(J92)= (2o ®ME/ (XA(J,2)*M(J,2)%FE))
FU=S4a®XA(Jy2) $12,*XA(Jy3) +U0.*XA(Jyts)
$274%XB(0yE)=2€a*X2(Jy€E))/170,*C2)
V(Jy3)=(Z.*FB/ (XB(Js3)*M(J)y3)*FEDY)
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=34 *XE(Jy2)+3.2XA(J,3)+204%XA(Jy4)
+17e¥X2 (U CI=€o*XA(JyEN)/(70.%02)
VA(J,K2) = VIJgKZ)=(Z P MEZIXL(JyK2)Y*NM (J,KZ)*PE))
‘(3‘0.‘!2(u,Ki)-3.‘)A(J,K2)'20.'Xﬁ(J,K3)
=17 XD { s MK=U) +6*XA(JyNK=5))/({70,%D2)
VA(J,K1) = V(J,XK1)
D0 60 K = 4,K3
VA (JyX) = VIJyK)=(Ce®*FB/ (XA (JyK)*M(J,K)*PE))
PU=2 XA gK=2)=XA(JyK=1)+XA(JyK41)42,2XA(JyK+2))
/7(10.*C2)
CONTINUE

COMPUTE DXVATJ,X), USING FIVE=FCINT FCRMULAS

00 &5 J = 2,41

OXVA(J,2) (=SSO *XA(J,2)%VA(U,2)+13,2X8(0y3)*VA(J,y3)
a0 XA(JyL)PVALJHUI+274* XA (Jy5)*VALJ,S)
~26e*XA(uyE)*VR(UyE))Z(70.°C2)

(=L *XA(JZ) VAL, 2) +3.2XA(Gy3)*VA(S,3)
+20* XA Uy U)*VA(U,U)+17,*X8(Jy5)*VA(J,yS)

=6 *XA(JHE)*VA(Jy6) I/ (70,.%C2)
(3Ue*XBLJ)KII*VA(U,KL) =342 XA (J,KE)*VALU,K2)

i

OXVA(J, D)

CXVA(J,yK2)

=20e*XA(JyKID*VA(J)KI)=1742XE(JyNK=U4)*VA (JyAK=0)
+6.*XA(J,NK=E)* YA (J,NK=5))/(70.,*C2)

OXVA(J,K1) = 0,

00 65 K = 4,K3

CXVALJ,K) = {(=Z2.*XA(4yK=2) *VA(JyK=2)=XL(Jykal) *VAlJyK=1)
+XACI9K41) PVA(JgK+L) #2,2XA(J,K+Z)*VB(J,K+2))/(10.%D2)

CONTINUE

GOMPUTE RAOTAL CCMFCMENTS CF VELCCITY FIELC FCR €AS 8, USING
TRAPZZOID RULE,

00 70 K = 2,Kt

UA(2,K) = 0.

UA (34K) = ~{0R/2.¥Y*CR*CXVA(3,K)/Z (OR*XA(3,K))

CONTINUE

00 80 J = b,J1

RJ = J

SuM = 0.

N = J=1

BO 75 L = 3yN

RL =L

SUM = SUMS(RL=Z.)*CR*CXVALIL,K)

CONTINUE

0O 30 K = 2,X1

UA (JyK) = =(DR/24)*(2.*SUMH(RU=2.)*CRP*CXVA(JHKI)IZ((RJI=2,)
*DR*XA[J,yK))

CONTINUE

WRITE(SY U,V,UA,VvA,XA

sTOP

END
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PROGRAM ALPHA
THIS PROGRAM
BALANCE FOR A
GASEQUS MIXTU
OIFFUSION COE
VOLUME. THE
FLOW OF GAS B8
ARRAYS USED I
F(J)

FR(M)

LAM(J,K)
T (J,yK)
TAVG{K)
V(J,yK)

XAAVG (X)

258

COMPUTES THERMAL CIFFUSICN FACTORS EASEOD ON AN ENERGY
CCNTRCL VvCLUME IN A CIFFUSICN FIELC CF A BINARY

RZe ALSC CCMPUTEC IN THIS PROGRAM ARE MCLECULAR
FFICIENTS EASEC CM A MASS EALANCE FCR THE CCNTROL

DIFFUSICM FIELC IS SuUCH THAT THERE IS MO NET AXIAL

N COMFUTATICNS ==

ARRAY CF VALLES CF FUNCTICMN TC EBE INTEGRATEC WHEN
CALLING SUEBRCUTINE SINMP,

ARFAY CF VALLES OF FUNCTICM TC SE INTEGRATEC WHEN
COMPUTING ENEFGY TRANSFER EY CCONCUCTICAN ACRCSS
CYLINDORICAL SURFACE OF CCNTRCL VCLLUME,

THERMAL CCMNCUCTIVITY CF GAS MIXTLRE AT NCDE (J,yK),
CAL/(CNM SEC K)o

TEMFERATLRE CF GAS MIXTURE AT NGCE (Jyk), MEASUREC
IN MICRCVOLTS,

BULK (MIXING-CLF) TEMFERATLRE CF GAS MIXTURE AT
AXIAL NCCE Kk, CEGKREES KELVIN.

MASS AVERAGE VELCCITY CF CGAS MIXTURE IN AXIAL
DIRECTICN AT NCDE (J,K), OIMENSICMLESS,

BULK (MIXING=-CUF) CCANCENTRATICN CF CAS MIXTLRE AT
AXIAL NCCE Kk, CIMENSICNLESS,

CTHER VARIASLES --

ACS
ALPH
cPa
0a8
0xI
0ZETA
JMAX
KASE
KEND

KOUNT
KSTRY

LAMA
LAMS
MA

MB
MOOTA
MUA

CROSS SSCTIONAL AREA OF CIFFUSICM TLBE, CM**2,
THERMAL CIFFUSICN FACTOR, CIMENSIONLESS,
SPECIFIC HEAT CF G2S A, CAL/ (G K),

MOLECULAR CIFFUSICN COEFFICIENT, CM**2/SEC,
RADIAL NCODE SPACING, CIMENSICNMLESS,

AXIAL NCCE SFACINGy DIMENSICMLESS,

NUMBER CF MNCCES IN RACIAL CIRECTICN.
IOENTIFICATICM NUMEER FOR CATA INPLUT TC FROGRAM,
AXIAL NCCE LFSTREAM OF INJECTORS WHERE SCLUTICN
FOR ALFEZ2 ENCS, ‘

VARIASBLE USED TQO DETERMINE INCREMENT IMN AXIAL
DIRECTICM CVER WrICK INTEGRATICN IS TC BE PERFORMED,
AXIAL NCCE UFSTREAM OF INJZCTCRS WHERE SOLUTICN
FOR ALPF2 EBEGCINS,

THERMAL CONCUCTIVITY OF GAS A, CAL/{(CM SEC K).
THERMAL CCANCLCTIVITY CF GAS €, CAL/(CF SEC K).
MOLECULAR wEIGHT CF GAS A, G/G-MCLE,

MOLECULAR ®EIGHT CF GAS By G/G-MCLE,

MASS FLC» RATE CF GAS A, G/SEC,

VISCOSITY CF GAS A, G/(CM SEC).

VISCOSITY CF GAS €y G/ (CM SEC).

NUMBER CF GRIC FCINTS, RADIAL ODIRECTICN,

NUMBER CF GRIC FCIMTS, AXxIAL CIRECTICN,

SIGNAL TC INCICATE WHETHER OF NOT Q0ATA FOR
AJOITICAAL CASES FCLLCWS THE CATA TC EE ENTERED.
SIGNAL TC INCICATE WHETHER OR NCT CATA TGO BE
ENTEREG IS FOR A SUBCASE CF THE CASE JUST RUN.
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NTTY SIGNAL TC INCICATE IF SELECTEC INFCRMATION IS TO BE
PRINTEC CN TELZTYFE (0 = NCy 1 = YES),

P PRESSURE IN CIFFUSICN TURE, ATNM,

PE MASS PECLET M WEER, (2*RAC*VINF/CAR).

QA VOLUME FLOW RATE CF GAS A AT ENTRANCE TO
DIFFUSICMN TLEZ, CC/SEC,

RAD INSIOE RAGIUS OF OIFFUSICN TUSE, CNM,

RBAR UNIVERSAL €AS CCNSTANTe UNITS ARE AS FOLLONS?

FCR CCMFLTING ALFH = CAL/(G=MCLE K),
FCR CCMFLTING DEB = (AT¥ CCI/(G=FCLE K),

RHOA DENSITY CF GAS A AT ENTRANCE TO CIFFUSION TLBE, G/CC.
TKREF REFERENCE TEMFZRATURE GF GASES ENTERING
DIFFUSICN TULE:E, CECGREES k.
VAVG AVERAGE VALLE CF vil.yK) CVER CROSS SECTION CF
OIFFUSICM TLZ2E AT AXIAL LCCATICM K, CIMENSICNLESS.
XAQ MOLE FRACTICM OF GAS A AT GAS B8 INJECTION PLANE.
COMMON OXI,0ZETA,F(14) 4IMAX

DIMENSION FR(BI),LAM (16,83),T(14y83),TAVG(E3),V(14,33)
OIMENSION XAC14,82),xEAVG(ED)

REAL LAMyLAMA,L AFE M2, ME HCQOT A, U A, MUR

FORMAT(101I5)

FORMAT [6E12.5)

FORMAT(11F 6. 3)

FORMAT(11F7.0)

FORMAT (2S%,

1/212513X,20UTPUT FCR CASE MPMBER =« = = = = = = = = - -2,I5,

2/7% #513X,2MASS FPECLET NLPEER = = = = = = = = = = = = = 23F71,
372 2913X,2MOLE FRACTICN CF NZ AT HE INJECTICN PLANE = =2,F7.1)
FORMAT (#=-2,25X, FUFSTREAMZ,3X, 2CYLINCRICAL 2,40Xy2TEMF, AT AXIALZ,
1/26Xy #SURFACE#,EXy2SLRFACEZy7X y2= = = CCRNSTREAM SURFACE « = =%,

2EXy2POSITION Ky2y3X2PLLE FRACE 295X, 2THERMALZ,/2EX,y2CAL/SECZ,EX,
32CAL/STC2y 19X, #CAL/SEC2 517X 4#LEGREES K2 46X, 2NITRCGEN2,5X,
42DIFF FACo#,/202,10X,2AXIAL NCCE2,EX,2CCAVAZ,EX,2CCNCRZ,8YX,
S2COND32,8X, 2CONVR2 8 X 42 CIFFC2 0 Exy2TAVGEZ,)CX,2X = AVGZ2,7Xy2 2L FHA=T 2,
€77)

FORMATIZ 2,12X, 2K = 2,12,3X,6(E13.4),E13.2,613,2)

FORMAT (20 K = 2,T2,2X,2X8=8VCE = 2,512,bL,4X,22LFFL=T = 2,E1344)
FORMAT (#212,13X, 2MOLECLLAR CIFFLSICN CCEFFICIENTSZ,
1/72=2913X92AXTAL NODE2,7x,2TAVG 211X ,20X22,10X y2X2=AYG2,9X,
2#0A8,0T#,6X,2DA8, 1 ATMZ,/2 2,28),20EGREES K2,35X,2M**2/SECE,
36Xy 2M**2/SEC2//)

FORIMAT (2 :,15)(,:!( = :,IZ,EX,E(EiQ.“),Eih-B,Z(Eihoz))
FORMAT(212,17X,2CCNSTANTS ENTERED FRCM KEECER FILEZ,
1/2-2,17!,2KFN02,SX,SKSTRT:,7X,xhk2,?x,2hTTY2,

2/*0:,10X,k(110),

3/202916Xy2CPAZ, 10Xy 2L2MB2,10X,2LAMEZ, 11X, 2MA2,12X,2M82,11X,2RHOAE,
4/7202,10X,6(F14e5),
E/202y16X,)#MUAZy 11X, 2MLE#,11X,2F2,13X,2FE2,12X42CL2,12X,2XA02,
€/7202,10X96(E18,5))

FORMAT (#212,13X, 2MCLE FRACTICMNS CF CGAS A IM FLCW FIELOZz//)
FORMAT (% 2,9%X,11(F8.3))

FORMAT (#12,13X, #MASS AVERAGE AXIAL VELCCITIESZ2//)
FORMAT(212,13Xy 2TEMFEFATLRE ARRAY USEC IN FROGRAM,2,

12 IN MICROVOLTS#//)

FORMAT (2 2,9%X,11(FS9,1))
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17 FORMAT(212,13X,2ARRAY CF THERMAL CONOUCTIVITIES COMFUTED IN %,
12PROGRAM, CAL/(CM=SEC=K)2//)
18 FORMAT(2z 2,6X,11(E11.3))

NRUN
KASE S KENC g KSTRT yNKyATTY

READ(40,1)
19 READ(40,1)

READ(40,2) CPA,LAMA,LAME,MA,FE,RHCOA
READ(40,2) MUA,MUB,F, FE,QA,XA0

NJ = 11

JMAX = 11

EAD(40,3)
READ(4D,3)
READ(4D,4)
WRITZ(61,1)

((XACJyK)yJ=1yNJ) gK=1yNK)
((V(J,K) ,J=1,NJ),K:1,NK)
C(T(JyKYyJ21,JMAX) yK=1,KSTRT)
KASEZKENDyKSTRTHNKGNTTY

20

WRITE(61,2) CPAZLAN2,LAVE,ML, E,RHCA

WRITS(61,2) MUB,MUE,FyFE,GCA,yXA0Q

CHANGE SIGN OF TEMPERATURE REACINGS TC AGREE WITH REFEREMNCE
SYSTEM FOR THIS PRCGRAM

0O 21 Jd = 1,JdMaX

J0 2% K = 1,KSTRT

TU4yK? = =T (JyK)

IF(T(J,K)QEOQ-OQ)

21 CONTINUE
INCOIPORATE CCONSTANTS,
LATER IN PROGRA¥

T(JeK) = 0,

ANC SET IMITIAL VALLES FCR VARIABLES USED

PI = 3.1415¢€27
RAD = 0.96

ACS = PI*RAC*R20
0x1 = 0.1

OZETA = 0.1

KOUNT =0

MDOTA = QA*RHO2
RBAR = 1,98717
TKREF = 294.26

PRINT HEARUINGS FGR CLTFUT

WRITE(41,5) KASE,FE,XAC

WRITE(41,6)

CALCULATE THFRMAL CCMNCUCTIVITIES LAM(J,K)

FHIAB = 1,065%* (14+4SCRT(FLA/MUR)*SCRT (SQRT(ME/NMAYDI®**2
1 /7{SGRT(8,) ¥SCRT(1.¢MA/NT))
PHIBA = 1,065%{1,¢SCRT (FUB/MUAY*SCRT (SCRT(MA/NME)D)* P2
1 /(SQRT(8,) *SCRT (1., ¢MB/MA))
0o 22 J = 14NJ
go 22 = 1,NK
TEMP = XA(J,K)
LAM(J,K) = (TEMP*LANMA) 7 (TENP+ (L ~TEMFI*FHIAE) +((1,=TEMF) *LAME)
1 /((14=TEFF)+TEMF*PHIBA)
22 CONTINUE

23

COMFUTE AVERAGE VALUES CF xA ANC T OVER CRCSS SECTICN AT EACH
AXIAL LOCATION K, WEIGHTEC ACCCROING TC VELCCITY PRCFILE

00 35 K = 14NK

COMPUTE AVERAGE VELCCITY CVER CRCSS SECTICN
0o 23 J = 1, JMAX

RINT = J=1

X1 = RINT*OXx1

FeJ) = VIJ,K)*XI

CONTINUE
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.

CALL SIMPLZINTG)

VAVG = 2.*ZINTG

COMPUTE AVERAGZ VALUE CF XA

00 28 J o= 1, JMAX

RINT = J-1

XI = RINT#DXxI

F(J3) = VIJeKI®XA(JyK)¥X]
CONTINUE

CALL SIMP(ZINTG)

XAAVG (K) = 24 *ZINTC/VANG

COMPUTE TAVG IN TERMS OF MICRCVCLTS
IF(X=KSTRT) 32, 32,30

TAVG(X) = TKREF
GO TO 35

0o 33 J = 1,JMAX

RINT = J=1

xI = RINT*OXI

FLJ) = VUJyK)®TJ,k)*XI
CONTINUE

CALL SIMP(ZINTG)

TVOLT = 2,%ZINTG/VAVE

CONVERT TO TAVG IN TERMS CF CEGREES KELVIN. ANGTE = REGRESSIGN OF
CALI3RATION OATA FCR THERMCCCUFLE FRCBES YIELCEC THE FOLLGWING

EQUATION == (T-TREF),C = Cs01S€72+¢0.019330%(V,#ICRCVOLTS)

TAVG(K) = 0.01967240.,61¢330*TVOLT+TKREF
IF(TAVGIK) e GToTKREFLAM ok (CGTo5) TAVEGIK) = TKREF

CONTINUE

COMPUTE ENERGY TRANSFER ACRGSS UFSTREAM SLRFACE CF COMNTRCL vOLUME
CONVA = HOCTA*CFA®TKREF

COMPUTE ENERGY TRANSFER EY CONOUCTICN ACRCSS CYLINCRICAL SURFACE
OF CONTROL VOLUNME

CONOR = 0.

KSTOP = KEND#2

KOUNT = KOUNT+1

ML = 2*KQUNT=-1

MM = ML #L

MU = ML+2

J = JMAX

CO 40 M = ML,MU

K = KSTRT+1=¥

OTR = (0601C33C/7 (70.2CXI))*(SLo*T(U,K)=13,*TlI~1,K)
~40e*T(J"2yK)=276"T(J=39K)426,*T(J=4,4K))

FR(M) = =LAM{JyK)I*CTR

CONTINUE

PERFORM INTEGRATION CVER CYLINORICAL SURFACE CF CCMTROL VOLUME
USING SIMPSONS RULE -

INTEGRAL FRUXIDX = (H/J3 ) *(FRIFL) +4*FR(MM)HFR(ML))

RINTG = (DZETA/I)YUFR(ML) 44 PFR(FPF)I+FR(MU))

USE RESULT OF INTEGRATICM TC CCMFUTE ENERGY TRANSFER 8Y CCNOUCTICN
COND = 24 *PI*REC*RINTG

CONDOR = CONO+CCNCR

COMPUTE ZNERSGY TRANSFER ACRCSS CCWNSTRZAF SURFACE CF CONTROL VCLUME
K = KSTRT+1=-MU

ENERGY TRANSFER BY CCAOUCTICM ACROSS CCWNSTREAM SURFACE CF

CONTROL VOLUME

0g s0 J = 1,JMAX
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RINT = J-1

xI = RINT*OXI

COMPYTE TEMPEZRATURE CRACIENT USING A FIVE-FCIM FORMULA
IF(KelTe3) GO TO 4S5

072 = (0,01933C/(10.%0ZETAYI®{=2.°T(J,K¢2)=T(J,K#1)

fT(J’ K'i)'ZQ'T(J’K'Z))

GO TO 48

IF(KelLT.2) GO TQC 46

0TZ = (040193207 (70.70ZETA)I*(EL*T(JyK#I)=17,*T(Jy,K$2)
“20e®T(JyK41)=3,2T(JyKI+IL*T(Jyk=1))

GO TO 48

0712 = (0e01S330/(704*02ETAII*(SUe®*TI(JyK)=13*T (JyK+1)
“40e*T(JgK42)=274*T(JyK+2) #2Ee°T(UyKth))

F(J) = =LAM(J,K)*0T2*X1

CONTINUE

CALL SIVP(ZINTG)

USE RESULT OF INTEGRATICM TC CCMFUTE ENERGY TRANSFER BY CONOUCTICN
COND3 = 2.*FI*RAC*ZINTG

ENERGY TRANSFER BY CCAVECTICM ACRCSS COWNSTREAM SURFACE

CONV3 = MOQOTA*CFA®*TAVG(K)
ENERGY TRANSFER BY CIFFUSICN-THERMC ACRCSS CCRNSTREAM SURFACE
COtFB = (MDOTA®REAR®TAVG(K)*(1.=-XAAVE(K))I)/MA

COMPUTE THERMAL OIFFUSICA FACTCR BASED CMN ENERGY BALANCE FOR
CONTROL VOLUME

ALPH = (CONVA=CCNCR=-(CCNCE4CCNVB))/CCEFE
IF(ALPHEQ 2. 0F JALFH LT () ALFH = 0.
0IFF3 = ALFH®COEFR?

PRINT RESULTS

WRITE(41,7) K,CONVA,CCNCR,CCNDB,CCNVB,CIFF3,TAVG(K),
XAAVG (K) yALFH

IF(NTTY.EQ.0) GG TO €0

IF{MOD (KOUNT,2) JNEJO) GC TO €0

WRITZ(61,8) K, XAAVG(K),ALFH

IF(K=-XSTOP) 65,388,338

COMPUTE MOLECULAR CIFFUSICN COEFFICIENT AT EACH AXIAL NOCE IN THE
CIFFUSION FIELD

MEND = KSTRT
WRITE(41,9)
R3AR = 82.055¢9

COMPUTE OASB

00 100 M = 1,MEND

X = KSTRT+1-p

COMPUTE AxIAL CCNCEMTRATICN GRACIEMT FCR GAS 2 USINMNG A
FIVE=POINT FORMULA

IF(KelTo3) GO TO 3¢S

) ¥4 = (1./7(1C*C2ETAYI (=2 *XAAVE(K+2) =XAAVG(K+1)

+XAAVG(K=1)+42.*XAAVG(K=2))

GO TO 90

IF(KelT.2) GO T0 87

DXZ T (1e/7(70.%CZ2ETL))*(E*XAAVG(K+T)=17,2XAAVG(K+2)
=20 *XPANG (K+1) =3 *XAAVG(K) +34.*XAAVG(K=1))

G0 TO 90

0xZ = (1e/(70.*C2ETA)I*(SULL,*XAAVE(K) =130 *XAAVG (K¢1)
40P XAANG (K42) =27 4 *XPAVC(K+3I)+2E*XBAVG(K+L))

COMPUTE DAB FOR CCNCITICMS ESTABLISHED IN CIFFUSICN TUSE,
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IN METERS SQUARED FER SECCND

0As = =({MOCTA*REAR*RAD*TAVCIK)* (1.~XAAVE(K)))
/{F*ACS*r2%(Xx2))*,0001

IF(DXZeEQe0eORs CAB.LTe0e) OAE = 0,

CORREZCT 0A3 TO ATMCSFFERIC PRESSURE, USING FACTCR

(86 C4 HG) /(76 CM HG)

BASBC = 86.,%0A2/7E,

FRINT RESULTS

WRITE(L1,10) KyTAVGIK),CXZ2,XAAVG(K),DA8,DAEC

CONTINUE .

WRITE(41,11) KENOyKSTRT yMKyNTTY,CFA,LAMA,LAME,MA,¥B,RHOA,
MUA,MUE JF 4 FE,CA,XAG

WRITZ (41,12)

WRITE(4L1,13) ((XA(J,K),J’i,NJ)’K=1,NK)

WRITE(W41,14)

HRITE(“1y13) ((V(J’K),J=1’NJ),K=1,NK)

WRITZ(L1,15)

WRITEZE(L1,16) ((TLJyK)yJ=1,J¥AX) 4K=1,KSTRT)

WRITE(L1,17) )

WRITS(41,18) ((LAM(JyKk) 9d=1,NJ) yK=1,NK)

IF(NRUN.EGeN) GC TC 110 :

READ(40,1) NRUN,NSLE

IF(NSUB) 19,19,102

READ(40,1) KASE

GO TO 20

STOP

END

SUBROUTINE SIMP(ZINTG)

PERFORMS INTEGRATIONS USING SIFFSCNS RULE FCR GIVEM SETS OF

INPUT DATA

INTEGRAL FUX)IOX = (F72)*{F{A)e4F{A+1)+ZF (242)+ .04 ¢UF (Ath=1)+F(B))

COMMON OXI02ETA,F14) 4 JMAX

SUM1 = F(1)eF(JPaAX)

COMPUTE Lo (FUASL) ¢F(A43)¢,00¢F(A*N=1))
Ji = JMAX-1

SUML = 0.

Co 290 J = Z)JI,Z

SUMG = SUML+F ()

CONTINUE

SUM4 = Lo *SUMY

COMPUTE Z2¢*IF(A+t2) ¢F(A¢4)teeetF(ACN=2))
J2 = JMAX=2

SUM2 =0

80 25 J = 3yJ2,2

SUM2 = SUM2+¢F (J)

CONTINUE

“SUM2 = 2.%*SUMZ

COMBINE ABOVZ RESULTS TC GETAIN VALUE CF INTEGRAL
ZINTG = (OXI/3422(SLMLI+SUM24SUNY)
RETURN

END

FUNCTION MOO{N, M)
RZTURNS ZERQO WHENEVER N IS EVEMY CIVISISLE SY M
MO0 = Ne (N/M)*F
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RETURN
END
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PROGRAM RADTEMP

USING AS INPUT EXPERIMENTAL (ATA FCR THE AxIAL TEMFERATURE FRCFILE
ON THE JIFFUSION TUEE CENTERLINE TOGETHER WITH CATA FCR RADIAL
TEMFZRATURE PRUFILES, TFIS FROGRAM FSECICTS TEMFERATURES BY
INTERPOLATION AT GRIC FCINTS WHERZ EXFERIMENTAL MEASUREMENTS

WERE NOT TAKEN.

ARRAYS USED IN COMFLTATICNS --

T(J,K) ARRAY CF TEMFZRATURES IN FLCh FIELCs T(1,K) VALUES
ARE THCSE PEASLREC CN CIFFLSICN TUSE CENTERLINE.
TR(J,LD RACIAL TEMFERATURLS BASSC (N EXFERIMEMNTAL DATA,

OTHZR VARIABLES =--

JMAX NUMBER CF NCCZS IN RAOIAL CIFRECTION,
KASE IDENTIFICATICN NUMEER FCR INFLT CATA,
KFILE SIGNAL TC INCICATE WHETHER CF NOT RESULTS ARE TO €€
STCREC IM 2 FILE.
KFILE = 0 == NC FILE.
KFILE = 1 == STORE CN FILE EGUIFPEC TC LUN 43,
KMAX VALUE CF K LUFSTREAF OF THZ HELIUM INJECTION PLANE
AT WHICH YERSURELC TEMFEZRATLRE FIELC ENCS.
KPUN SIGNAL TC INCICATE WHETHER CR NCT RESLLTS ARE TOQ B

PUNCHEC CN CAROS,
KFUN = 0 =~ NC CARCS,
KFLN = 1 == FUNCH CARCS (ECLIP LUN 42 TC FUNCH),

LMAX INCICATES NLMIER CF EXFCFIFMEMNTALLY CETERMINED RAOIAL
TEMFERATURE FROFILES AVAILAEBL: FCR INTERFOLATION,

PE MASS FECLET MUMEER FOR FLCW IN CIFFUSICN TUEE.

TREF TEMPERATLRE CF GASES ENTERING CIFFUSICN TUBE,

XAO MOLE FRACTICMN CF NITRCGEN AT RELIUM INJECTICN PLANE,

OIMENSION | NOR(14),T(34,83),TEMP(14,82),TR(14,283)

FORMAT(SI5)

FORMAT(11F741) ’

FORMAT (#12,13X, 20UTFLT FCR CASE NUMBER = = = = @ = = - - - 2,15,

1/# 2y13X32MASS FECLET MLFMEZR = = = = = = = o o = a = «2,F7,1,

2/2 2513X,2HMOLE FRACTICN CF N2 AT HE INJECTICN PLANE = =2,F7.1)

FORMAT(212,10X, 2TEMFERATLRE (T=-TRPEF) IN MICRCVOLTISZ2//)
FORMAT (212,10X, 2TEMFERATLRE (T=TRZF) IN OEGREES KELVINZ/Y/)
FORMAT( 21%2,10X, 20IMENSICNLESS TEMFERATULRE, (T=<TREF)/TREF2/7/)
FORMAT (2 248Xy2J 2,11 (I€45X))

FORMAT (2 2,4X,2XK 2y1Z2,2%y11(F841,3X))

FORMAT (2 2,4X,2K 2y1232Xy11(F2e5,2X))

FORMAT (2 2,4X,2K ty1242¥,11(E11.,3))

JMAX = 11

READ(4O, 1) KASE s KFILE yKMAX,KFULNyLMAX

READ(40,2) PE,XAQ

REAG(LO,2) (CTRUJyLIy U1, JMAX) yL=1,LMAX)

READ(40,2) (T(1,K) yK=1,KMAX)

([ T 1]

00 &40 K = 1,KMAX
KNEG =0
IF(T(1,K)) 11,35,12
KNEG = K

T{1,K) = =T{1,K)
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FINO VALUES OF TR({1,L) TC EZ USED WhHIN INTERFCLATING TO FIND
RADIAL TEMPERATURE FRCFILE CCRFESFCNOING TC T(1,Kk)

00 18 L = 1,LMAX
IF(T(1,K)=TR(1,L)) 14,16,18
KOUNT =L

GO TO 29

KOQUNT =L

GO TO 38

CONTINUE

KOUNT = LMAX

CALCULATIONS FOR RACIAL TEMFERATURE FRCFILE WFEN T(1,X) IS NOT
EQUAL TO A GIVEN VALLE CF TR(1,L)

LL = KAQUNT=-1

Ly = KOUNT

RATIO = (T(1,K)=TR{1,LL))/(TR(1,LUI=TR(1,LL))
00 25 J = 2, JMAX

T (JyK) = TRUJJLLI4RATICY(TR(JHLU) =TR {J,yLL))
CONTINUE

GO0 TO 37

RAJDIAL TEMPERATURE FRCFILE WHEN T(1,Kk) HAS THE SAME YALUE
AS TR({1,L)

00 33 J = 2, JMAX

L = KOUNT

T{J,K) = TR(J,yL)

CONTINUE

GO TO 37

00 35 J = 2y JMAX

T(J4yX) = 0.

CONTINUE

GO TO &0

IF(KNEG.EQe 0) GC TO 40
0o 38 J = 1, JMAX
T(JHKNEG) = ~T(J,yKNEC)
CONTINUE

CONTINUE

PRINT OUT RESULTS
WRITE(41,3) KASE,FE,XxAQ

0o S0 J = 1,JMAX
NOR(J) = J
CONTINUE

PRINT OUT TEMPZRATURES IN TERMS CF MICRCVCLTS
WRITE(4144)
WRITE(41,7) (NOR(J),J=1,JFAX)

co 7a K = 1,KMAX

00 65 J = 1,JMAX

TEMP(J) = =T (JyK)

IF(TUJyK) eEQeBe) TEMF(J) = T(JyK)
"CONTINUE

WRITE(41,8) K, (TEMP(J) ,Jd=1,JMAX)
CONTINUE

PRINT OUT TEMPEFATURES IM TERMS CF (T-TREF)
WRITE(41,5)

WRITZ(41,7) (NCR(J),J=1,JFR))

J0 8¢ K = 1,KMAX

0o 75 J = 1,JMAX

TEMP( D) 0,019652=-0,01S330*T1(J,yK)

266
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IF(TEMP (J) eGT o0 ANDCoKoGToS) TEMF(J) = Do

CONTINUEZ

HRITE(‘QI,Q) K, (TEMF (J) ,J=1,JPAX)

CONTINUE

PRINT OUT TEMPERATURES IN TERMS CF (T-TREF)/TREF
WRITZ(41,6)

WRITE(L1,7) (NCR (J) yu=1,40MR))

no 99 K = 1,KMAX

0o 85 J = 1, JMAX

TEMP(D) = (D.01C€52=C.C1C220%T(JyK))/2CU.2E
IF(TZMP(J) e GTe0eANDeKkeGTeE) TEMF(J) = O,
CONTINUE

WRITZ(%1,10) Ky (TEMF(J) yJd=1,y.MAX)

CONTINUE

PRINT QUT TEMPERATURES Ch CARGS IN TERMS CF MICRCVCLTS,
IF KPUN = 1

IF(KPUN.EQ.0) GC TC 1GO
WRITE(42,2) ((T(JygK) gy =1,3MAX) K21 ,KMAX)

STORE RESULTS ON 2 FILE, IF KFILE =1

IF(KFILE.EQ.0) GO TC 1180

WRITE(6352) ((T(JyK)yJd=1,JMAX) yK=1,KMAX)

SToP

END
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Appendix D. COMPUTED VALUES FOR TEMPERATURE DISTRIBUTIONS
IN DIFFUSION FLOW FIELDS
NOTES:
1. The data in this appendix are grouped according
to the flow conditions for which they were computed.

These flow conditions are:

Pe = 1.9, xAo = 0.5
Pe = 3.8, XAo = 0.5
Pe = 3.8, xAo = 0.7
Pe = 5.9, xAo = 0.7

2. Axial positions are those upstream of and
relative to the helium injection plane. Radial
positions are those relative to the diffusion tube
centerline.

3. The diffusion tube radius, R, is 0.96 cm.

4. The reference temperature, To’ is the tempera-
ture common to the two gases entering the diffusion
tube. For the results that follow, T, = 294.26° K
(21.11° ).

5. For values computed on the basis of an isother-
mal wall boundary condition,

Twall = To‘
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Computed centerline temperature profiles

Flow conditions: Pe = 1.9, XA = 0.5
o
NOTES:
- T -7 — -
1. 9 = ~—gF—©°i T~-T_ = (T_.)(8) = R94.26) (08).
o o o

2. All temperature values listed below are negative
in sign.

3. The data listed below are plotted in Figure 4.5.

Axial

Posi- Isothermal Wall Adiabatic Wall

tion,

r = T-T T-T
z/R 8 oc © 8 oc ©
0 0 0 0 0
0.1 3.608E-03 1.062 6.401E-03 1.884
0.2 7.082 2.084 1.274E-02 3.749
0.3 9.898 2.913 1.804 5.308
0.4 1.189E-02 3.499 2.190 6.444
0.5 1.305 3.840 2.422 7.127
0.6 1.360 4.002 2.514 7.398
0.7 1.332 3.920 2.493 7.336
0.8 1.277 3.758 2.390 7.033
0.9 1.196 3.519 2.234 6.574
1.0 1.109 3.263 2.049 6.029
1.1 1.004 2.954 1.856 5.461
1.2 9.127E-03 2.686 1.670 4.914
1.3 8.316 2.447 1.502 4.420
1.4 7.659 2.241 1.353 3.981
1.5 6.997 2.059 1.220 3.590
l.6 6.424 1.890 1.100 3.237
1.7 5.872 1.728 9.877E-03 2.906
1.8 5.398 1.588 8.866 2.609
1.9 4.838 1.424 7.937 2.336
2.0 4.375 1.287 7.102 2.090
2.1 3.950 1.162 6.355 1.870
2.2 3.573 1.051 5.696 1.676
2.3 3.244 0.955 5.124 1.508
2.4 2.961 0.871 4.627 1.362
2.5 2.711 0.798 4.189 1.233
2.6 2.480 0.730 3.791 1.116
2.7 2.265 0.666 3.428 1.009
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Flow Conditions: Pe = 1.9, XA = 0.5
o)

Axial

Posi- Isothermal wWall Adiabatic wall
tion,
;;/R 6 T oCTO 5 T °cT°
2.8 2.067E-03 0.608 3.100E-03 0.912
2.9 1.885 0.555 2.802 0.825
3.0 1.718 0.506 2.531 0.745
3.1 1.566 0.461 2.287 0.673
3.2 1.429 0.420 2.068 0.609
3.3 1.307 0.385 1.873 0.551
3.4 1.197 0.352 1.698 0.500
3.5 1.096 0.323 1.538 0.453
3.6 1.002 0.295 1.392 0.410
3.7 9.150E-04 0.269 1.259 0.370
3.8 8.348 0.246 1.137 0.335
3.9 7.628 0.224 1.027 0.302
4.0 6.971 0.205 9.273E-04 0.273
4.1 6.326 0.186 8.322 0.245
4.2 5.701 0.168 7.424 0.218
4.3 5.108 0.150 6.588 0.194
4.4 4.601 0.135 5.867 0.173
4.5 4.191 0.123 5.267 0.155
4.6 3.821 0.112 4.732 0.139
4.7 3.454 0.102 4.219 0.124
4.8 3.096 0.091 3.735 0.110
4.9 2.765 0.081 3.293 0.097
5.0 2.484 0.073 2.917 0.086
5.1 2.570 0.076
5.2 2.235 0.066
5.3 1.915 0.056
5.4 1.617 0.048
5.5 1.373 0.040
5.6 1.136 0.033
5.7 9.295E-05 0.027
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Computed centerline temperature profiles

Flow conditions: Pe = 3.8, XA = 0.5
o}
NOTES:
T -1T _
1. 8 = —5—o0i T-T = (T.)(8) = (294.26) (8).
o o} o}

2. All temperature values listed below are negative
in sign.

3. The data listed below are plotted in Figure 4.6.

Axial

Posi- Isothermal Wall Adiabatic Wall

tion,

C: T-T T-T
z/R o oc © 0 oc ©
0 0 0 0 0
0.1 7.369E-03 2.168 8.489E-03 2.498
0.2 1.381E-02 4.064 1.594E-02 4.690
0.3 1.778 5.232 2.050 6.032
0.4 1.902 5.597 2.186 6.433
0.5 1.813 5.335 2.071 6.094
0.6 1.596 4.696 1.808 5.320
0.7 1.331 3.917 1.494 4.396
0.8 1.076 3.166 1.197 3.522
0.9 8.581E-03 2.525 9.462E-03 2.784
1.0 6.811 2.004 7.455 2.194
1.1 5.411 1.592 5.889 1.733
1.2 4.347 1.279 4.709 1.386
1.3 3.564 1.049 3.843 1.131
1.4 2.968 0.873 3.185 0.937
1.5 2.474 0.728 2.646 0.779
1.6 2.041 0.601 2.177 0.641
1.7 1.663 0.489 1.772 0.521
1.8 1.356 0.399 1.442 0.424
1.9 1.114 0.328 1.184 0.348
2.0 9.240E-04 0.272 9.803E-04 0.288
2.1 7.688 0.226 8.144 0.240
2.2 6.431 0.189 6.801 0.200
2.3 5.352 0.157 5.652 0.166
2.4 4.445 0.131 4.688 0.138
2.5 3.675 0.108 3.872 0.114
2.6 3.024 0.089 3.184 0.094
2.7 2.508 0.074 2.637 0.078
2.8 2.102 0.062 2.206 0.065
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Flow conditions: Pe = 3.8, XA = 0.5
(o)

Axial

Posi- Isothermal Wall Adiabatic Wall
tion,
g = T-T T-T
Z/R 0 og © ¢] oc ©
2.9 1.762E-04 0.052 1.845E-04 0.064
3.0 1.492 0.044 1.558 0.046
3.1 1.279 0.038 1.331 0.039
3.2 1.072 0.032 1.112 0.033
3.3 8.951E-~-05 0.026 9.259E-05 0.027
3.4 7.510 0.022
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Computed centerline temperature profiles

Flow conditions: Pe = 3.8, XA = 0.7
(@]
NOTES :
1. 6 =X-To, 0 o0 = (T )(8) = (294.26) (8)
- =TT o o o = . .

2. All temperature values listed below are negative
in sign.

3. The data listed below are plotted in Figure 4.7.

Axial
Posi- Isothermal Wall Adiabatic Wall
tion,
g = T-T T-T
Z/R ) oc © ) oc ©
0 0 0 0 0
0.1 5.116E-03 1.505 5.733E-03 1.687
0.2 8.718 2.565 9.797 2.883
0.3 1.030E-02 3.031 1.158E-02 3.408
0.4 1.027 3.022 1.152 3.390
0.5 9.294E-03 2.735 1.037 3.051
0.6 7.942 2.337 8.800E~03 2.589
0.7 6.572 1.934 7.229 2.148
0.8 5.347 1.573 5.842 1.719
0.9 4.316 1.270 4.689 1.380
1.0 3.493 1.028 3.778 1.112
1.1 2.845 0.837 3.064 0.902
1.2 2.340 0.689 2.511 0.739
1.3 1.938 0.570 2.074 0.610
1.4 1.605 0.472 1.712 0.504
1.5 1.321 0.389 1.407 0.414
1.6 1.084 0.319 1.153 0.339
1.7 8.998E~04 0.265 9.545E~04 0.281
1.8 7.622 0.224 8.063 0.237
1.9 6.516 0.192 6.871 0.202
2.0 5.483 0.1l6l 5.769 0.170
2.1 4.501 0.132 4.731 0.139
2.2 3.720 0.109 3.906 0.115
2.3 3.087 0.091 3.237 0.095
2.4 2.569 0.076 2.690 0.079
2.5 2.143 0.063 2.240 0.066
2.6 1.788 0.053 1.865 0.055
2.7 1.501 0.044 1.562 0.046
2.8 1.270 0.037 1.318 0.039
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Flow conditions: Pe = 3.8, XA = 0.7
(o)
Axial
Posi- Isothermal Wall Adiabatic Wall
tion,
C = T-T T-T
2/R 0 oc o 0 oc o
2.9 1.041E-04 0.031 1.078E-04 0.032
3.0 8.619E~-05 0.025 8.899E-05 0.026
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Computed centerline temperature profiles

Flow conditions: Pe = 5.9, XA = 0.7
o
NOTES:
1. 8 =2-T5, v -7 = (T_)(8) = (294.26) (8)
° To ! o o ° )

2. All temperature values listed below are negative
in sign.

3. The data listed below are plotted in Figure 4.8.

Axial

Posi- Isothermal Wall Adiabatic wWall

tion,

r = T-T T- T
/R 0 oc © 0 oc ©
0 0 0 0 0
0.1 7.120E-03 2.095 7.250E-03 2.133
0.2 1.045E=-02 3.075 1.063E-02 3.128
0.3 9.745E-03 2.868 9.892E-03 2.910
0.4 7.266 2.138 7.354 2.164
0.5 4.984 1.467 5.029 1.480
0.6 3.405 1.002 3.427 1.008
0.7 2.377 0.699 2.390 0.703
0.8 1.675 0.493 1.682 0.495
0.9 1.177 0.346 1.181 0.348
1.0 8.107E-04 0.239 8.132E-04 0.239
1.1 5.290 0.156 5.305 0.156
1.2 3.186 0.094 3.196 0.094
1.3 1.700 0.050 1.706 0.050
1.4 9.051E-05 0.027 9.088E-05 0.027
1.5 5.816 0.015
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Computed radial temperature profiles

Flow conditions: Pe = 1.9, XA = 0.5
o
NOTES:
T-T
l. 8 = —5 0 T -T = (T_)(8) = (294.26) (9).
o o o

2. All temperature values listed below are negative
in sign.

3. These results are for an isothermal wall
boundary condition.

4. The data listed below are plotted in Figure 4.9.

T =0.6 g =1.0

Radial

Position 8 T - To 6 T - To
£ =1r/R °C e
0.0 1.360E-02 4.002 1.109E-02 3.263
0.1 1.375 4.046 1.115 3.281
0.2 1.379 4.058 1.100 3.237
0.3 1.370 4.031 1.067 3.140
0.4 1.344 3.955 1.014 2.984
0.5 1.293 3.805 9.391E-03 2.763
0.6 1.197 3.522 8.366 2.462
0.7 1.040 3.060 6.997 2.059
0.8 7.981E-03 2.348 5.193 1.528
0.9 4.543 1.337 2.851 0.839
1.0 0 0 0 0
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T = 1.4 L =1.8

Radial

Position 8 T - To 0 T - To
E =r/R °c oc
0.0 7.659E~-03 2.254 5.398E-03 1.588
0.1 7.696 2.265 5.442 1.601
0.2 7.563 2.234 5.365 1.579
0.3 7.292 2.146 5.183 1.525
0.4 6.882 2.025 4.898 1.441
0.5 6.318 1.859 4.503 1.325
0.6 5.576 1.641 3.982 1.172
0.7 4.602 1.354 3.295 0.970
0.8 3.348 0.985 2.407 0.708
0.9 1.786 0.526 1.287 0.379
1.0 0 0 0 0
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Appendix E. RESULTS OF CALIBRATIONS OF INSTRUMENTATION

The results summarized in this appendix are for
the following instrumentation used in the diffusion
apparatus discussed in Chapter V:

1. Nitrogen flowmeter.

2. Concentration detector.

3. Diffusion tube thermocouple circuits.

4. Thermocouples used to monitor temperatures at

locations other than in the diffusion tube.
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Calibration of Nitrogen Flowmeter

Flowmeter type:

Manufacturer Schuttle and XKoerling
Tube 1/8 - 15 - G - 5
Float BP 4 black glass

Calibration instrument: bubble flowmeter used in
conjunction with a stopwatch

Calibration conditions:
Laboratory temperature: 21° ¢ + 0.5° ¢
Barometric pressure: 75.58 - 75.77 cm Hg
Flowmeter pressure: 10.0 cm Hg gage
The nitrogen flowmeter was calibrated in place at
operating pressure and temperature by measuring a total
of 127 data points relating flowmeter readings to volume

flow rates of nitrogen passing through the meter. A

regression equation for the calibration data is as

follows:
Nitrogen flow .4 155 - 21.310X + 16.943%2
rase at = 3
217 C, 86 cm Hg - 0.797X” cubic centimeters/minute

where X is the nitrogen flowmeter reading. This equation,
which fits the calibration data with a coefficient of
determination, R2, of 0.9997, is applicable over a range

of flowmeter readings between 0.9 and 9.3.
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Calibration of concentration detector

Principal components:

Carle model 1161 Micro-Detector

wrapped with a heating tape controlled by a Cole-Palmer

model 2158 Versatherm.

Detector output is measured with

a Hewlett-Packard model 7001AM X-Y recorder.

Calibration conditions:

Laboratory temperature

Diffusion tube pressure

Operating temperature of
thermal conductivity cell

Current to cell

Gas flow rate

Calibration data

Calibra- Plotter

tion Gas reading Atten-
%N2 %He cm uation
100 0 0.0

75 25 24.3 10
50 50 11.1 50
25 75 20.3 50

0 100 17.3 100

21° ¢ + 0.5° C
10 cm Hg gage

35° ¢

20 ma

1.0 cc/min

Voltage Corresponding
mv results from
att 100 Stock (1972)*

0.00 0.00
2.43 2.43
5.55 5.55
10.15 10.20
17.30 17.40

*The close agreement between Stock's results and those
obtained in the recalibration for this investigation show
that the concentration detector has excellent long term
repeatability and stability.
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Regression equation for data obtained in this

recalibration:
Xy = 0.98855 - 0.099379V + 0.002456lv2
where
XA = mole fraction of nitrogen
and V = voltage output at attenuation 100.

This equation fits the calibration data with a coefficient

of correlation, R2, of 0.9988.
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Calibration of diffusion tube thermocouple circuits

Thermocouple instrumentation (three sets)
Sensing junction: Subminiature (0.0254 cm 0.D.)
thermocouple probe, iron-constantan with type
304 stainless steel sheath, manufactured by Omega
Engineering, Inc.

Reference junction: ANSI type J, 24 B and S gage,
iron-constantan leads

Potentiometer: Leeds and Northrup model 7554, type K-4
Calibration instrument: Hewlett-Packard model 2801A
quartz thermometer

Each of the three diffusion tube thermocouple
circuits was calibrated using a fixed temperature (2lO C)
bath for the reference junction and a variable temperature
bath for the diffusion tube probe. Two quartz sensors
were used, one in the constant temperature bath and the
other in the variable temperature bath, and the temperature
differences between them were compared with voltage outputs
of the thermocouple probes.

The voltage outputs of the three thermocouple
circuits exhibited essentially the same variation as a
function of temperature. Accordingly, a single regression
equation was written for the 133 data points taken for the

three circuits. This equation is as follows:

(o]

(T - To), C = 0.019672 + 0.019330V

where T is the temperature of the diffusion tube sensing
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junction, To is the temperature of the reference junction
(21O C), and V is the output, in microvolts, of the thermo-
couple circuit.

The preceding equation, which fits the data with a
coefficient of determination, R2, of 0.9998, is applicable
to values of V in the range between +25 and -255 micro-
volts. (Corresponding values of T - TO are in the range

between approximately +0.5° and -5.0° C.)
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Calibration of thermocouple instrumentation used to
monitor temperatures in diffusion apparatus

Thermocouple instrumentation: copper-constantan thermo-
couples; ice-bath reference
Potentiometer: Leeds and Northrup millivolt potentiometer
Calibration instrument: Hewlett-Packard model 2801A
quartz thermometer

The thermocouples used for monitoring temperatures
in the diffusion apparatus are independent of those used
for measuring temperature fields in the diffusion tube.
They were calibrated using a variable temperature bath
for the "hot" junctions, an ice bath for the reference
junctions, and a quartz thermometer. A regression equa-
tion for the 122 calibration data points that were meas-
ured over the range between 17.5° ¢ and 24.5° C is as

follows:
T, C = 0.4401 + 0.02459v

where T is the temperature of the "hot" junction and V is
the voltage output, in millivolts, of the thermocouple
circuit. The coefficient of determination, R2, for this

equation is 0.9996.
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Appendix F. DATA FOR AXIAL AND RADIAL TEMPERATURE PROFILES

NOTES:

MEASURED IN DIFFUSION FLOW FIELDS

1. The data in this appendix are grouped according
to the flow conditions under which they were

measured. These flow conditions are:

Pe = 109, XAO = 0.5,

Pe= 3.8, XAO = 0.5[

Pe = 3.8, XAo = 0.7,

and Pe = 5.9, X5 = 0.7.
o

2. Temperatures in flow fields were measured rela-
tive to the temperature of nitrogen entering the
diffusion tube. Although this temperature, designated
as To, varied within the range of 21° C + 0.5° C from
run-to-run, during any given run it was held
essentially constant at some value within this range.
3. Temperatures relative to the reference tempera-
ture, To’ are related to output voltages of the
diffusion tube thermocouple circuits as follows

(regression equation is from Appendix E):
(T - To) °C = 0.019672 + 0.019330(V)

where V is in microvolts.
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4. Axial positions are those upstream of and
relative to the helium injection plane. Radial
positions are those relative to the diffusion tube
centerline.

5. 6 = circumferential position of wall-mounted
probe inlet passages.

6. For all measurements, the diffusion tube pressure
was 10 cm Hg gage.

7. Diffusion tube radius, R, is 0.96 cm.

8. References to figure numbers indicate where

results are plotted in text of this thesis.
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Centerline temperature profiles
Flow conditions: Pe = 1.9, Xp = 0.5
o

NOTE: All temperature data listed below are negative except
those designated by a plus sign.

Axial June 11 July 6

Posi~ 6 = 0° 6 = 0°

tion, Average
g = Voltage, T - Tp, Voltage, T - To' T - T,
z/R uv °C uv °c Fig. 7.1
0.05 +11.6 +0.24 +4.7 +0.11 +0.18
0.1 3.3 0.04 12.4 0.22 0.13
0.2 34.0 0.64 41.7 0.79 0.72
0.3 62.0 1.18 68.6 1.31 1.25
0.4 84.5 l.61 90.0 1.72 1.67
0.5 100.0 1.91 105.6 2.02 1.97
0.6 110.3 2.11 115.0 2.20 2.16
0.7 114.8 2.20 119.9 2.30 2.25
0.8 115.4 2.21 120.1 2.30 2.26
0.9 112.7 2.16 118.1 2.26 2.21
1.0 108.0 2.07 114.0 2.18 2.13
1.1 102.1 1.95 108.1 2.07 2.01
1.2 95.5 1.83 101.6 1.94 1.89
1.3 88.6 1.69 95.1 1.82 1.76
1.4 81.7 1.56 88.5 1.69 1.63
1.5 75.0 1.43 80.2 1.53 1.48
1.6 68.5 1.30 73.3 1.40 1.35
1.7 62.7 1.19 68.0 1.30 1.25
1.8 57.2 1.09 62.1 1.18 1.14
1.9 52.2 0.99 56.6 1.07 1.03
2.0 47.9 0.91 51.8 0.98 0.95
2.1 43.6 0.82 47.9 0.91 0.87
2.2 39.8 0.75 42.8 0.81 0.78
2.3 35.6 0.67 39.2 0.74 0.71
2.4 31.1 0.58 34.6 0.65 0.62
2.5 27.6 0.51 31.7 0.59 0.55
2.6 23.4 0.43 29.1 0.54 0.49
2.7 20.4 0.38 25.5 0.47 0.43
2.8 18.7 0.34 23.5 0.44 0.39
2.9 17.1 0.31 21.4 0.39 0.35
3.0 15.5 0.28 19.7 0.36 0.32
3.1 13.9 0.25 18.8 0.34 0.30
3.2 12.4 0.22 16.8 0.30 0.26
3.3 10.9 0.19 15.0 0.27 0.23
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Axial June 11 July 6

Posi- 6 = 0° 6 = 0°

tion, Average
;L = Voltage, T - Tb, Voltage, T - To, T - T,
z/R uv °C uv °C Fig. 7.1
3.4 9.4 0.16 13.2 0.24 0.20
3.5 7.4 0.12 11.6 0.20 0.16
3.6 6.2 0.10 10.3 0.18 0.14
3.7 5.5 0.09 9.3 0.16 0.13
3.8 4.9 0.08 8.2 0.14 0.11

The following temperature data are plotted in Figure G.1.

Axial July 2 Axial
Posi- 6 = 180° Posi- July 2 cont.
tion, tion,
= Voltage, T-T, g = Voltage, T-T
z/R uv oc © z/R uv °C ©
0.05 +6.0 +0.14 2.1 46.3 0,88
0.1 9.8 0.17 2,2 41.7 0.79
0.2 40.6 0.76 2.3 38.5 0.72
0.3 67.9 1.29 2.4 33.8 0.63
0.4 89.7 1.71 2,5 30.9 0.58
0.5 105.1 2.01 2.6 28.0 0.52
0.6 114.5 2.19 2.7 25.2 0.47
0.7 119.3 2.29 2.8 22.7 0.42
0.8 119.5 2.29 2.9 20.7 0.38
0.9 117.0 2.24 3.0 18.6 0.34
1.0 112.7 2.16 3.1 16.8 0.30
1.1 106.6 2.04 3.2 15.2 0.27
1.2 99.5 1.30 3.3 13.8 0.25
1.3 92.8 1.78 3.4 12.7 0.23
1.4 86.2 1.65 3.5 11.5 0.20
1.5 78.6 1.50 3.6 10.5 0.18
1.6 71.7 1.37 3.7 9.5 0.16
1.7 66.0 1.26 3.8 8.4 0.14
1.8 60.1 1.14
1.9 55.9 1.06
2.0 50.9 0.96



Centerline temperature profiles

Flow conditions: Pe =

3.8,

= 0.5

(o]

NOTE: All temperature data listed below are negative.

Axial June 7 July 6

Posi- 8 =0° g = 0°

tion, Average
= Voltage, T - Ty, Voltage, T - Tq T - T,
z/R Hv °C Hv °c Fig. 7.2
0.05 67.8 1.29 57.5 1.09 1.19
0.1 88.4 1.69 83.2 1.59 1.64
0.2 141.2 2.71 134.2 2.57 2.64
0.3 182.3 3.50 178.2 3.42 3.46
0.4 203.6 3.92 200.4 3.85 3.89
0.5 207.2 3.99 205.0 3.94 3.96
0.6 196.8 3.78 185.1 3.75 3.76
0.7 178.3 3.43 177.3 3.41 3.42
0.8 156.0 3.00 155.6 2.99 3.00
0.9 133.6 2.56 132.2 2.54 2.55
1.0 111.6 2.14 109.9 2.10 2.12
1.1 92.3 1.76 90.8 1.74 1.75
1.2 74.7 1.42 72.9 1.39 1.41
1.3 60.2 1.14 59.0 1.12 1.13
1.4 49.3 0.93 47.7 0.90 0.92
1.5 40.2 0.76 37.4 0.70 0.73
1.6 32.9 0.62 29.3 0.55 0.59
1.7 26.6 0.49 23.3 0.43 0.46
1.8 21.6 0.40 18.4 0.34 0.37
1.9 17.1 0.31 14.3 0.26 0.29
2.0 13.6 0.24 10.8 0.19 0.22
2.1 10.9 0.19 8.1 0.14 0.16
2.2 8.3 0.14 5.8 0.09 0.12
2.3 5.8 0.09 4.2 0.06 0.08
2.4 3.8 0.05 2.7 0.03 0.04
2.5 1.5 0.01 1.7 0.01 0.01
2.6 0.8 0 0 0 0
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Centerline temperature profiles
Flow conditions: Pe = 3.8, Xa = 0.7
o

NOTE: All temperature data listed below are negative.

Axial June 8 June 28

Posi- 6 =0° 6 =0°

tion, Average
T = Voltage, T - T, Voltage, T - To T = T
z/R uv °C uv °C Fig. 7.3
0.05 59.8 1.14 63.1 1.20 1.17
0.1 79.9 1.52 81.7 1.56 1.54
0.2 112.4 2.15 114.1 2.19 2.17
0.3 130.1 2.50 130.9 2.51 2.50
0.4 134.2 2.57 134.4 2.58 2.58
0.5 127.4 2.44 127.8 2.45 2.44
0.6 113.8 2.18 115.1 2.21 2.20
0.7 98.7 1.89 100.1 1.92 1.90
0.8 83.4 1.59 84.4 l.61 1.60
0.9 69.7 1.33 71.1 1.35 1.34
1.0 56.8 1.08 58.6 1.11 1.10
1.1 46.1 0.87 47.0 0.89 0.88
1.2 36.8 0.69 35.9 0.67 0.68
1.3 28.9 0.54 28.6 0.53 0.54
1.4 22.4 0.41 22.6 0.42 0.43
1.5 17.4 0.32 16.4 0.30 0.31
1.6 12.9 0.23 12.3 0.22 0.22
1.7 9.7 0.17 8.5 0.14 0.16
1.8 6.8 0.11 5.4 0.08 0.10
1.9 4.3 0.06 3.4 0.05 0.06
2.0 2.4 0.03 1.4 0.01 0.02
2.1 1.2 0 0 0 0
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Centerline temperature profiles
Flow conditions: Pe = 5.9, Xp, = 0.7

NOTE: All temperature data listed below are negative.

Axial June 9 June 28

Posi~- 8 = 0° 6 =0°

tion, Average
z = Voltage, T - T Voltage, T-T, T - T,
z/R uv °C uv °C Fig. 7.4
0.05 99.1 1.90 102.7 1.97 1.93
0.1 121.3 2.33 124.8 2.39 2.36
0.2 148.4 2.85 149.6 2.87 2.86
0.3 152.6 2.93 152.8 2.93 2.93
0.4 150.8 2.90 149.9 2.88 2.89
0.5 133.4 2.56 131.3 2.52 2.54
0.6 108.2 2.07 105.8 2.03 2.05
0.7 83.5 1.59 80.6 1.54 1.57
0.8 59.9 1.14 58.6 1.11 1.13
0.9 42.5 0.80 41.8 0.79 0.80
1.0 29.4 0.55 28.9 0.54 0.54
1.1 20.0 0.37 19.9 0.36 0.36
1.2 12.7 0.23 12.6 0.22 0.22
1.3 6.8 0.11 7.6 0.13 0.12
1.4 3.2 0.04 4.1 0.06 0.05
1.5 0.4 0.01 1.8 0.02 0.02

0 0 0 0 0
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Radial temperature profiles

Flow conditions: Pe = 1.9, XAo = 0.5

NOTES:
1. All temperature data listed below are negative.
2. Date data were taken: June 11
3. Circumferential position of probe inlet
passages: 0°.
4. Data are plotted in Figure 7.6.
Radial L =0.4 r =0.8
Location
in Radial Position } Voltage T - T, Voltage T - Ty
Tube £ =1r/R HV °C uv °C
Probe Inlet 1.0 3.0 0.04 12.5 0,22
0.9 13.1 0.23 22.6 0.42
0.8 27.2 0.51 35.1 0.66
0.7 42.0 0.79 51.2 0.97
0.6 55.7 1.06 65.6 1.25
0.5 66.3 1.26 79.3 1.51
0.4 75.1 1.43 91.5 1.75
0.3 80.3 1.53 101.1 1.94
0.2 86.0 1.64 108.4 2.07
0.1 89.2 1.71 114.3 2.19
Centerline 0.0 91.5 1.75 118.8 2.28
0.1 93.4 1.79 121.6 2.33
0.2 94.7 1.81 122.9 2.36
0.3 95.8 1.82 122.8 2.35
0.4 96.6 1.85 121.2 2.32
0.5 96.5 1.85 117.7 2.26
0.6 94.7 1.81 111.9 2.14
0.7 89.6 1.71 103.3 1.98
0.8 80.1 1.53 90.7 1.73
0.9 65.8 1.25 75.8 1.45
Opposite Wall 1.0 42.1 0.79 51.5 0.98
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Flow conditions: Pe = 1.9, X7, = 0.5
Radial z =1.0 L =1.3
Location
in Radial Position Voltage T - Tq Voltage T - To
Tube £ =r/R uv °C uv °cC
Probe Inlet 1.0 10.8 0.19 9.5 0.16
0.9 20.2 0.37 18.7 0.34
0.8 30.7 0.57 29.0 0.54
0.7 44.0 0.83 40.0 0.75
0.6 57.8 1.10 50.2 0.95
0.5 70.4 1.34 60.7 1.15
0.4 8l.1 1.55 69.4 1.32
0.3 90.3 1.73 77.1 1.47
0.2 98.1 1.88 83.4 1.59
0.1 104.1 1.99 88.4 1.69
Centerline 0.0 108.2 2.07 92.1 1.76
0.1 111.3 2.13 94.8 1.81
0.2 112.8 2.16 95.8 1.83
0.3 112.8 2.16 95.6 1.83
0.4 111.0 2.13 93.7 1.79
0.5 108.0 2.07 90.5 1.73
0.6 102.3 1.96 85.8 1.64
0.7 94.7 1.81 78.7 1.50
0.8 82.8 1.58 69.7 1.33
0.9 69.6 1.33 59.6 1.13
Opposite Wall 1.0 48.5 0.92 41.8 0.79
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Flow conditions: Pe = 1.9, Xp, = 0.5

Radial g =1.6 z=1.9
Location

in Radial Position ; Voltage T - T, Voltage T - T,

Tube £ =r/R uv °C v °C
Probe Inlet 1.0 8.3 0.14 5.0 0.08
0.9 14.3 0.26 8.3 0.14

0.8 21.5 0.40 13.4 0.24

0.7 28.7 0.54 19.3 0.35

0.6 36.6 0.69 25.3 0.47

0.5 44.4 0.84 30.9 0.58

0.4 51.5 0.98 36.3 0.68

0.3 57.7 1.10 41.2 0.78

0.2 62.8 1.19 45.4 0.86

0.1 67.1 1.28 48.9 0.93

Centerline 0.0 70.4 1.24 51.6 0.98
0.1 72.7 1.39 53.3 1.01

0.2 74.1 1.41 54.3 1.03

0.3 74.3 1.42 54.5 1.03

0.4 73.5 1.40 53.7 1.02

0.5 71.3 1.36 52.2 0.99

0.6 68.3 1.30 49.7 0.94

0.7 63.2 1.20 46.0 0.87

0.8 56.4 1.07 40.8 0.77

0.9 48.4 0.92 34.8 0.65

Opposite Wall 1.0 34.6 0.65 24.2 0.45
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Flow conditions: Pe = 1.9, XA = 0.5
o]
Radial Z = 2.2
Location
in Radial Position | Voltage T=-T
Tube & =1r/R uv oc ©
Probe Inlet 1.0 0.8 0.00
0.9 3.5 0.05
0.8 7.3 0.12
0.7 11.5 0.20
0.6 16.1 0.29
0.5 20.6 0.38
0.4 24.7 0.46
0.3 28.5 0.53
0.2 31.7 0.59
0.1 34.3 0.64
Centerline 0.0 36.5 0.69
0.1 37.7 0.71
0.2 38.5 0.72
0.3 38.7 0.73
0.4 38.2 0.72
0.5 37.1 0.70
0.6 35.0 0.66
0.7 32.1 0.60
0.8 28.8 0.54
0.9 24.0 0.44
Opposite Wall 1.0 16.6 0.30
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Radial temperature profiles

Flow conditions: Pe = 3.8, X, = 0.5
NOTES:
1. All temperature data listed below are negative.
2. Date data were taken: June 7.
3. Circumferential position of probe inlet
passages: 0°.
4. Data are plotted in Figure 7.5 (for ¢z = 0.5)
and in Figure 7.7.
Radial z = 0.5 z=0.7
Location
in Radial Position | Voltage T - T, | Voltage T - To
Tube £ = r/R uv °cC v °C
Probe Inlet 1.0 20.0 0.37 19.2 0.35
0.9 41.2 0.78 36.8 0.69
0.8 68.4 1.30 57.5 1.09
0.7 98.2 1.88 81.0 1.55
0.6 126.6 2.43 104.7 2.00
0.5 150.1 2.88 126.0 2.42
0.4 168.7 3.24 140.8 2.70
0.3 182.7 3.51 153.4 2.95
0.2 192.2 3.70 163.8 3.15
0.1 200.0 3.85 171.8 3.30
Centerline 0.0 206.5 3.97 177.2 3.41
0.1 210.7 4.05 180.4 3.47
0.2 213.2 4.10 182.3 3.50
0.3 214.7 4.13 182.5 3.51
0.4 214.3 4.12 181.7 3.49
0.5 212.5 4.09 178.7 3.44
0.6 208.0 4.00 172.3 3.31
0.7 197.3 3.79 163.5 3.14
0.8 179.2 3.44 146.5 2.81
0.9 148.3 2.85 123.6 2.37
Opposite Wall 1.0 103.0 1.97 89.3 1.71
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Flow conditions: Pe = 3.8, XAo = 0.5

Radial z = 0.9 z =1.1
Location
in Radial Position | Voltage T - T, | Voltage T - To
Tube £ =r/R uv °C uv °C
Probe Inlet 1.0 18.7 0.34 15.2 0.27
0.9 31.2 0.58 22.2 0.41
0.8 46.2 0.87 31.5 0.59
0.7 62.2 1.18 42.5 0.80
0.6 78.2 1.49 52.4 0.99
0.5 91.1 1.74 62.1 1.18
0.4 103.5 1.98 69.8 1.33
0.3 113.7 2.18 77.5 1.48
0.2 122.1 2.34 83.4 1.59
0.1 128.0 2.46 88.1 1.68
Centerline 0.0 132.7 2.54 91.5 1.75
0.1 135.9 2.61 93.8 1.79
0.2 137.3 2.63 95.2 1.82
0.3 137.6 2.64 95.4 1.82
0.4 134.5 2.58 93.8 1.79
0.5 132.1 2.53 90.3 1.73
0.6 128.2 2.46 86.9 1.66
0.7 120.5 2.31 82.6 1.58
0.8 109.0 2.09 75.4 1.44
0.9 93.8 1.79 65.0 1.24
Opposite Wall 1.0 69.0 1.31 50.0 0.95
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Flow conditions: Pe = 3.8, XAo = 0,5

Radial z =1.3 z =1.5
Location

in Radial Position | Voltage T - T, Voltage T - T,

Tube £ =1r/R uv °C uv °C
Probe Inlet 1.0 11.3 0.20 8.1 0.14
0.9 16.2 0.29 10.8 0.19

0.8 22.4 0.41 14.4 0.26

0.7 29.1 0.54 18.3 0.33

0.6 35.8 0.67 22.2 0.41

0.5 41.5 0.78 25.7 0.48

0.4 46.4 0.88 29.0 0.54

0.3 51.0 0.97 31.4 0.59

0.2 54.5 1.03 33.5 0.63

0.1 57.2 1.09 35.4 0.66

Centerline 0.0 59.2 1.12 37.0 0.70
0.1 60.8 1.16 37.5 0.70

0.2 61.2 l.16 37.7 0.71

0.3 6l.6 1.17 37.3 0.70

0.4 6l.4 1.17 37.2 0.70

0.5 6l.1 1.16 37.0 0.70

0.6 59.5 1.13 36.5 0.69

0.7 56.5 1.07 36.1 0.68

0.8 51.8 0.98 34.2 0.64

0.9 46.2 0.87 31.9 0.60

Opposite Wall 1.0 37.0 0.70 25.7 0.48
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Radial temperature profiles

Flow conditions: Pe = 3.8, Xa = 0.5

NOTES:
1. All temperature data listed below are negative.
2. Date data were taken: June 30.

3. Circumferential position of probe inlet
passages: 180°.

4. Data for ¢ = 0.5 are plotted in Figure 7.5.

Radial z =0.5 z = 0.7
Location

in Radial Position | Voltage T - T, | Voltage T - T,

Tube £ = r/R uv °C uv °C
Opposite Wall 1.0 108.1 2.07 84.7 1.62
0.9 151.4 2.91 122.7 2.35

0.8 180.1 3.46 148.2 2.85

0.7 195.6 3.76 164.3 3.16

0.6 205.5 3.95 174.0 3.34

0.5 210.4 4.05 180.2 3.46

0.4 211.7 4.07 183.6 3.53

0.3 212.1 4.08 184.7 3.55

0.2 211.0 4.06 183.4 3.52

0.1 208.5 4.01 180.6 3.47

Centerline 0.0 204.8 3.94 177.4 3.41
0.1 198.6 3.82 171.1 3.29

0.2 194.0 3.73 162.2 3.12

0.3 184.2 3.54 154.0 2.96

0.4 170.2 3.27 138.0 2.65

0.5 151.7 2.91 121.2 2.32

0.6 123.9 2.38 102.6 1.96

0.7 95.3 1.82 78.6 1.50

0.8 63.7 1.21 53.2 1.01

0.9 36.5 0.69 31.2 0.58

Probe Inlet 1.0 14.1 0.25 13.9 0.25
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Flow conditions: Pe = 3.8, Xpa = 0.5
Q
Radial t = 0.9
Location
in Radial Position | Voltage T - T,
Tube £ =1r/R uv °cC
Opposite Wall 1.0 64.7 1.23
0.9 91.7 1.75
0.8 108.5 2.08
0.7 121.5 2.33
0.6 129.5 2.48
0.5 134.7 2.58
0.4 137.3 2.63
0.3 138.2 2.65
0.2 137.4 2.64
0.1 135.5 2.60
Centerline 0.0 132.2 2.54
0.1 126.8 2.43
0.2 119.8 2.30
0.3 111.6 2.14
0.4 101.4 1.94
0.5 88.7 1.70
0.6 76.5 1.46
0.7 57.1 1.08
0.8 42.8 0.81
0.9 24.9 0.46
Probe Inlet 1.0 12.7 0.23
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Radial temperature profiles

Flow conditions: Pe = 3.8, XA = 0.7
o)

NOTES:
1. All temperature data listed below are negative.
2. Date data were taken: June 28.

3. Circumferent%al position of probe inlet
passages: 0.

4. Data are plotted in Figure 7.8.

Radial L =0.4 L = 0.6
Location

in Radial Position Voltage T-T Voltage T-T
Tube £ = x/R uv oc © uv oc ©
Probe Inlet 1.0 8.6 0.15 6.5 0.11
0.9 23.3 0.43 17.3 0.32

0.8 43.0 0.81 31.9 0.60

0.7 64.7 1.23 47.9 0.91

0.6 84.3 1.61 63.2 1.20

0.5 100.0 1.91 76.9 1.47

0.4 112.7 2.16 87.5 1.67

0.3 121.4 2.33 96.6 1.85

0.2 128.3 2.46 103.4 1.98

0.1 133.1 2.55 108.5 2.08

Centerline 0.0 136.7 2.62 112.8 2.16
0.1 139.9 2.68 115.2 2.21

0.2 143.5 2.75 117.4 2.25

0.3 143.8 2.76 118.4 2.27

0.4 143.9 2.76 118.0 2.26

0.5 143.1 2.75 115.7 2.22

0.6 139.6 2.68 111.8 2.14

0.7 132.4 2.54 104.8 2.01

0.8 119.1 2.28 94.4 1.80

0.9 96.0 1.84 77.9 1.49

Opposite Wall 1.0 65.8 1.25 52.8 1.00
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Flow conditions: Pe = 3.8, XA = 0.7
(o}
Radial L =0.8 L =1.0
Location

in Radial Position | Voltage T -~ T Voltage T ~ T
Tube £ = r/R uv oc © Hv oc ©
Probe Inlet 1.0 7.1 0.12 2.9 0.04
0.9 15.0 0.27 7.5 0.12

0.8 25.6 0.48 14.6 0.26

0.7 36.8 0.69 22.5 0.42

0.6 47.8 0.90 30.1 0.56

0.5 58.1 1.10 36.9 0.69

0.4 65.8 1.25 42.6 0.80

0.3 72.9 1.39 47.8 0.90

0.2 78.4 1.50 51.7 0.98

0.1 82.6 1.58 54.7 1.04

Centerline 0.0 85.9 1.64 57.2 1.09
0.1 88.0 1.68 58.6 1.11

0.2 89.3 1.71 59.2 1.12

0.3 89.8 1.72 59.6 1.13

0.4 89.2 1.70 58.9 1.12

0.5 87.2 1.67 57.5 1.09

0.6 83.7 1.60 54.9 1.04

0.7 78.3 1.49 51.1 0.97

0.8 69.9 1.33 45.4 0.86

0.9 58.3 1.11 37.8 0.71

Opposite Wall 1.0 39.7 0.75 25.4 0.47
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Flow conditions: Pe = 3.8, XA = 0.7
o]
Radial = 1.2 z=1.4
Location
in Radial Position | Voltage T=-T Voltage T-T
Tube £ = r/R Uy oc © uv oc ©
Probe Inlet 1.0 0.6 0.00 0.4 0.00
0.9 3.4 0.05 3.3 0.04
0.8 8.1 0.14 6.6 0.11
0.7 13.7 0.24 10.3 0.18
0.6 18.5 0.34 13.8 0.25
0.5 23.5 0.44 16.7 0.30
0.4 26.8 0.50 19.0 0.35
0.3 30.0 0.56 20.9 0.38
0.2 32.7 0.61 22.5 0.42
0.1 34.8 0.65 23.6 0.44
Centerline 0.0 36.5 0.69 24.3 0.45
0.1 37.5 0.70 24.8 0.46
0.2 38.1 0.72 25.1 0.47
0.3 38.8 0.73 25.2 0.47
0.4 38.6 0.73 24.7 0.46
0.5 37.8 0.71 24.2 0.45
0.6 36.3 0.68 23.3 0.43
0.7 33.8 0.63 21.4 0.39
0.8 30.3 0.57 18.8 0.34
0.9 25.4 0.47 15.6 0.28
Opposite Wall 1.0 16.8 0.30 9.7 0.17
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Radial temperature profiles

Flow conditions: Pe = 5.9, XA = 0.7
o}

NOTES:
1. All temperature data listed below are negative.
2. Date data were taken: June 9.

3. Circumferential position of probe inlet
passages: 0.

4. Data are plotted in Figure 7.9.

Radial Z=0.3 z=0.4
Location

in Radial Position | Voltage T - T Voltage T~ T
Tube £ =r/R uv oc © uv °oc ©
Probe Inlet 1.0 5.3 0.08 4.8 0.07
0.9 22.5 0.42 21.7 0.40

0.8 47.6 0.90 44 .4 0.84

0.7 73.0 1.39 67.5 1.28

0.6 96.7 1.85 88.0 1.68

0.5 114.4 2.19 104.0 1.99

0.4 127.5 2.44 114.0 2.18

0.3 136.2 2.61 122.6 2.35

0.2 141.3 2.71 127.4 2.44

0.1 145.5 2.79 131.1 2.51

Centerline 0.0 149.0 2.86 134.3 2.58
0.1 151.3 2.90 135.9 2.61

0.2 152.2 2.92 137.5 2.64

0.3 153.7 2.95 138.6 2.66

0.4 154.6 2.97 139.5 2.68

0.5 156.4 3.00 140.3 2.69

0.6 156.2 3.00 139.7 2.68

0.7 152.0 2.92 136.0 2.61

0.8 140.9 2.70 126.0 2.42

0.9 119.0 2.28 108.1 2.07

Opposite Wall 1.0 73.6 1.40 67.1 1.28
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Flow conditions: Pe = 5.9, XA = 0.7
(@]
Radial L =0.5 L =0.7
Location

in Radial Position | Voltage T - T Voltage T - T
Tube £E=r/R uv oc © uv oc ©
Probe Inlet 1.0 3.7 0.05 1.4 0.01
0.9 16.5 0.30 9.0 0.15

0.8 32.4 0.61 18.8 0.34

0.7 50.7 0.96 28.9 0.54

0.6 66.1 1.26 38.8 0.73

0.5 79.0 1.51 45.9 0.87

0.4 87.9 1.68 50.8 0.96

0.3 95.6 1.83 54.8 1.04

0.2 100.5 1.22 57.6 1.0°

0.1 104.1 1.99 59.5 1.13

Centerline 0.0 107.1 2.05 61.0 1.16
0.1 108.1 2.07 62.2 1.18

0.2 109.2 2.09 62.7 1.1°

0.3 109.8 2.10 63.0 1.20

0.4 110.6 2.12 63.8 1.21

0.5 110.3 2.11 63.7 1.21

0.6 109.6 2.10 63.4 1.21

0.7 106.1 2.03 61.5 1.17

0.8 97.4 1.86 57.6 1.09

0.9 84.9 1.62 50.1 0.95

Opposite wWall 1.0 53.0 1.00 32.4 0.61
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Flow conditions: Pe = 5.9, XA = 0.7
o]
Radial T =0.9
Location
in Radial Position | Voltage T-T
Tube £ =1r/R Hv oc ©
Probe Inlet 1.0 0.1 0.00
0.9 4.0 0.06
0.8 9.3 0.16
0.7 15.2 0.27
0.6 20.5 0.38
0.5 24.5 0.45
0.4 27.2 0.51
0.3 29.2 0.54
0.2 30.5 0.57
0.1 31.3 0.58
Centerline 0.0 31.9 0.60
0.1 32.2 0.60
0.2 32.4 0.61
0.3 32.9 0.62
0.4 33.7 0.63
0.5 33.6 0.63
0.6 33.4 0.63
0.7 33.1 0.62
0.8 31.0 0.58
0.9 27.0 0.50
Opposite Wall 1.0 17.3 0.32
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Appendix G. UNCERTAINTIES IN TEMPERATURE MEASUREMENTS

As discussed in section 7.1.4 of Chapter VII, there
are two types of errors that affect the accuracy of the
temperature data taken under the flow conditions con-
sidered in this investigation. These are (1) random
errors, which may be caused by such factors as inconsis-
tencies in the method of taking data and fluctuations in
the operating conditions, and (2) fixed errors, or system-
atic errors, which are essentially constant for repeated
readings.

Summarized in Table 7.1 of Chapter VII are esti-
mates of uncertainties arising as a result of such errors
in the temperature data taken in this investigation. The
manner in which these uncertainties were estimated is dis-

cussed in detail in the following paragraphs.

G.l. Random Errors

Random errors associated with operation of the diffu-
sion apparatus and the instrumentation with which it is
equipped are small, as indicated by the close agreement
that exists between values of temperature measurements
repeated for each of the four sets of flow conditions under
which data were taken. A worst-case example of the
differences that were found between repeated measurements

of centerline temperature profiles is shown in Figure G.l.
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The two sets of data plotted in that figure are for flow
conditions corresponding to Pe = 1.9, Xp = d.S. To
clearly illustrate the differences between corresponding
measurements, the scale to which the temperature coordinate
is drawn in Figure G.1l is 2.5 times larger than that used
in Figures 7.1 through 7.9 of Chapter VII.

After data were taken in the first of the two runs
for which results are plotted in Figure G.1l, a time period
of over three weeks elapsed before the second run was per-
formed. In addition, for the second run the diffusion tube
thermocouple probes were inserted into the flow field from
a circumferential position that differed by 180° from that
used for the first run. Nevertheless, corresponding values
of the two sets of data (which were measured relative to the
common temperature of the two gases entering the diffusion
tube) are in agreement within 0.1°C.

Centerline temperature measurements from runs
repeated for all four flow conditions considered in this
investigation are included in Appendix F. With the excep-
tion of the two sets of data plotted in Figure G.1l for
Pe =1.9, XAO = O.S; repeated measurements are in agreement
within approximately 0.05°C. This agreement holds even for
results (such as those tabulated in Appendix F for
Pe = 3.8, XAO = 0.5) of runs repeated after time intervals
as long or longer than the interval between the two runs

for which data are plotted in Figure G.1.
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On the basis of the very close agreement between
values of repeated temperature measurements for the other
flow conditions, the differences between the two profiles
plotted in Figure G.l1l for Pe = 1.9, XAo = 0.5 are larger
than those that would be expected from random errors. A
mistake in setting the test conditions or taking the data
for one profile or the other might have been a factor con-
tributing to the differences between the profiles plotted
in that figure. For example, the diffusion tube probes
might have been incorrectly positioned in one or both runs
so that the temperatures measured were not those along the
centerline of the flow field.

Included in Appendix F is a third set of measure-
ments taken for Pe = 1.9, XAO = 0.5 as a recheck on the two
profiles plotted in Figure G.l. The results of this third
run agree within 0.05°C with the data points identified by
circles plotted in Figure G.l. This confirms that there is
nothing peculiar about the operating characteristics of the
apparatus that precludes obtaining temperature data with
very close repeatability for flow conditions corresponding
to Peclet numbers.as low as 1.9.

The close agreement between values of repeated tem-
perature measurements for all four flcw conditions under
which data were taken confirms that the diffusion apparatus
and instrumentation used in this experimental investigation

can be operated with a high degree of precision. Even the
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worst-case differences between repeated measurements (those
between the profiles plotted in Figure G.l) are quite small
considering all of the variables that can affect the meas-

urements.

G.2. Fixed Errors

Errors inherent in measuring temperatures with a
probe inserted into a flow field include those resulting
from (1) conduction of heat along the probe stem and
(2) energy exchange by thermal radiation between the probe
and its surroundings, Since temperatures measured in the
diffusion flow fields considered in this investigation
differ by no more than 4°C from the temperature of the sur-
rounding solid surfaces, the former source of error is more
significant than the latter as shown later in this section.

The difference between the true fluid temperature at
a point in a flow field and the temperature measured at
that point with a probe inserted transversely into the flow
field may be estimated by modeling the probe as a fin
attached to the wall of the flow channel. This approach is
taken in the following paragraphs. First, the errors are
estimated on the assumption that those due to radiation
heat transfer are negligible, and then the maximum addi-
tional error resulting from radiation heat transfer is con-

sidered.
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G.2.1l. Conduction Errors

Equations applicable for use in estimating errors
resulting from heat conduction along a temperature probe
modeled as a fin are readily available in the literature
(e.g. Welty, et al. (1969)). 1In the formulation of such
equations the fluid temperature and the convective heat
transfer coefficient are generally assumed to be invariant
along the length of the fin, and the thermal conductivity
of the fin is generally assumed to be constant. For a fin
that is thin relative to its length, the temperature at any
cross section is assumed to be uniform.

To arrive at a specific equation for a given fin
configuration, two boundary conditions must be specified.
One boundary condition follows from the assumption that the
temperature at the base of the fin is the same as the wall
temperature. Any of several boundary conditions may be
applicable at the probe tip, depending on the specific fin
configuration; for a probe that is thin relative to its
length, it is reasonable to assume that heat transfer
through the probe tip is negligible and that therefore the
temperature gradient at the probe tip is zero.

For each of the four flow conditions under which data
were taken, an equation formulated on the basis of the pre-
ceding assumptions was used to estimate the thermocouple

conduction error at the axial position within the diffusion
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tube where the centerline temperature passes through a
minimum. Both the minimum temperature in a diffusion flow
field and the axial position where it occurs vary as a
function of the flow conditions, as discussed in section
7.1.1 of Chapter VII. The equation used to estimate con-
duction errors, and the results computed for the four flow
conditions, are included in Table G.l together with a sketch
of the probe configuration modeled.

The above mentioned approach for estimating errors
yields results that are only rough approximations of the
actual errors for the flow conditions considered in this
investigation, because the assumptions of constant fluid
temperature and constant heat transfer coefficient along
the probe surface do not hold for these flow conditions.
Accounting for variations in these latter variables as a
function of radial position in the diffusion tube would
result in substantially increasing the complexity of the
error analysis. Although radial variations in these latter
variables were neglected in computing the error estimates
listed in Table G.l, the results nevertheless provide a
useful indication of the magnitudes of the errors.

Heat transfer coefficients used in estimating the
conduction errors listed in Table G.l were computed with the

following correlation from McAdams (1954) :

o |

D 0.52

o

Nu. =

D = 0.32 + O.43(ReD)

>

f
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Table G.1l. Estimated Thermocouple Probe Conduction Errors
for Minimum Centerline Temperature Measurements
for Four Flow Conditions

Configuration Modeled

/
g h'\\ ‘[T(X) Ty Boundary Conditions:
Y
y ’ J l. T = Tw at x =0
=~ -
/7 L ’l 2. a‘§=0atX=L
/]
/]
/ ¥
Tube
Wall
Applicable equation (Welty, et al. (1969)):
T - T
g _ cosh[m(L-x)] _}/hP
T =T cosh mL where m KA
w g
, . (1) (2)
Axial Position
_ (T -T) (T -T ) (2)}-(1),
Flow ;C :TZ/R) of “Tpin © “Tpin © (1)
Condition CL "o'max measured, °C corrected, °C %
Pe = 1.9, 0.8 ~-2.26 -2.39 5.8
XA0=O'5
Pe = 3.8, 0.5 -3.96 -4.15 4.8
XAO = 0.5
Pe = 3.8, 0.4 -2.58 -2.73 5.8
X = 0.7
Ao 0
Pe 5.9, 0.25 -2.93 -3.09 5.5
XAo = 0.7

NOTE: T,, the reference temperature of the gases entering

the diffusion tube, is 21.1°C.
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where Nu, is the Nusselt number and Rep is the Reynolds
number for flow over the probe, Af is the thermal conduc-
tivity of the fluid, D is the probe diameter, and Ec is the
average convective heat transfer coefficient. According to
McAdams, this correlation is applicable for cylinders in
cross flow under flow conditions for which ReD is as low as
0.1. (Values of ReD for flow over the probes used in this
investigation varied in the range from 0.2 to 0.5.) Since
the preceding correlation is for experimental data taken in
air as the flowing fluid, its applicability is restricted
to fluids for which the Prandtl numbers are close to the
Prandtl number of air.

Values of Af computed from equation 4.14 of Chapter
IV were used in the computations of Ec' With equation 4.14
the variation of Af as a function of gas composition can be
taken into consideration.

Another variable that affects the magnitude of the
thermocouple conduction error is the thermal conductivity
of the probe assembly. The value of this latter variable
was computed on the basis of the probe structure shown in
cross section in Figure 5.12 of Chapter V. ForAthe compos-
ite structure, the thermal conductivity is approximately
0.10 watts/(cm °C).

Referring to Table G.1l, the thermocouple conduction

error is estimated to be less than 0.2° C for the minimum

temperature measured in the diffusion tube under each set
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of flow conditions for which data were taken. In no case
considered in this table is the estimated conduction error
greater than 5.8% of the difference between the minimum
temperature measured for a given set of flow conditions and
the reference temperature of the two gases entering the
diffusion tube.

Shown in Figure G.2 is a centerline temperature pro-

file plotted through as-measured data points for flow con-

ditions corresponding to Pe = 3.8, on 0.5. This profile
is a duplicate of the temperature profile plotted in Figure
7.2 of Chapter VII. Also shown in Figure G.2 is a tempera-
ture profile obtained by adding correction factors for
thermocouple conduction errors to the values of the as-
measured data plotted in that figure. The errors were com~
puted in the same manner used to compute those listed in
Table G.1l. To facilitate comparisons of the as-measured
and corrected data, the values plotted in Figure G.2 are
listed in Table G.2. The differences between the as-meas-—
ured and corrected temperature profiles plotted in Figure
G.2 are typical of those for the other three sets of flow
conditions under which data were taken.

As shown in Figure G.2, the thermocouple conduction
errors vary with the measured values of the centerline tem-
peratures for which they were computed. The error that is

largest in magnitude occurs for the minimum temperature

measured along the diffusion tube centerline. As the
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Table G.2. Estimated Thermocouple Probe Conduction Errors
for Centerline Temperatures Measured for
Pe = 3.8, XAO = 0.5

(1) (2)

(T -1 ) (Tep=To! Conduction

Axial CL "o corrected for Error |(l)—(2)l

Position measured, conduction = (1)-(2), (0

r = z/R °C error, °C °C %
0.1 ~-1.64 -1.68 0.04 2.4
0.2 -2.64 -2.72 0.08 3.0
0.3 -3.46 -3.60 0.14 4.0
0.4 -3.89 -4.05 0.16 4.1
0.5 -3.96 ~-4.14 0.19 4.8
0.6 =-3.77 -3.96 0.19 5.0
0.7 ~-3.42 -3.61 0.19 5.6
0.8 -2.99 -3.17 0.18 6.0
0.9 -2.55 -2.71 0.16 6.3
1.0 -2.12 -2.26 0.14 6.6
1.1 =-1.75 -1.87 0.12 6.9
1.2 -1.41 -1.50 0.09 6.4
1.3 -1.13 -1.21 0.08 7.1
1.4 -0.92 -0.98 0.06 6.5
1.5 -0.73 -0.78 0,05 6.8
1.6 -0.58 -0.62 0.04 6.9
1.7 -0.46 -0.49 0.03 6.5
1.8 -0.37 -0.39 0.02 5.4
1.9 -0.28 -0.30 0.02 7.1
2.0 -0.22 -0.23 0.01 4.5

NOTE: Tg, the reference temperature of the gases
entering the diffusion tube, is 21.1°C.
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centerline temperature approaches the reference temperature
of the two gases entering the diffusion tube, the thermo-
couple conduction error goes to zero.

Due to the thermocouple conduction errors discussed
above, the accuracy of the data for the larger temperature
effects measured in this investigation is lower than the
precision with which the data were measured. For example,
the thermocouple conduction errors are nearly 0.2O C for the
minimum values of the temperatures measured under the four
flow conditions, as shown in Table G.1l, but repeated values

of these measurements differ by less than 0.1°C.

G.2.2. Thermal Radiation Errors

Energy exchange by thermal radiation between a
thermocouple probe and its surroundings is an additional
source of error in measurements taken with the probe. The
effect of this source of error on a given temperature meas-
urement may be estimated by accounting for thermal radia-
tion in an energy balance on the probe used to take the
measurement,

An energy balance was performed to obtain an estimate
of the thermal radiation error for the largest difference
(=3.96°C) recorded between the temperature at a point in a
diffusion flow field and the reference temperature of the

gases entering the diffusion tube. For this temperature
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difference, which occurs along the diffusion tube center-

line at an axial location of g = 0.5 in the flow field
corresponding to Pe = 3.8, XAo = 0.5, the estimated thermal
radiation error is approximately 0.05° Cc. This estimate is

conservative in the sense that the probe emissivity was
assumed to be 0.2, while the actual emissivity is likely to
be less than 0.1 because the stainless steel surfaces of the
diffusion tube thermocouple probes were polished to minimize
their emissivity.

As noted in Table G.l, the estimated conduction error
in the temperature measurement referred to above is 0.19° C.
The magnitude of this error is nearly four times as large
as that of the estimated radiation error for the same tem~
perature measurement.

Errors due to thermal radiation have also been esti-
mated for other temperatures measured under the flow con-
ditions considered in this investigation. All such errors
are smaller in magnitude than the thermal radiation error
discussed above for Pe = 3.8, XAO = 0.5. In addition, the
magnitude of the radiation error for a given temperature
measurement is in no case larger than 27% of the magnitude
of the conduction error for the same temperature measure-

ment.
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G.2.3. Calibration Errors

Another source of error that affects the uncertainty
of temperature measurements taken in this investigation is
that associated with the calibration of the instrumentation
used to measure outputs from the diffusion tube thermo-
couple assemblies. With the calibrations discussed in
section 5.2.5 of Chapter V, the contribution of this source
of error to the uncertainty of the temperature measurements

is considered to be no more than + 0.03°C.
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Appendix H. CONCENTRATION, VELOCITY, AND TEMPERATURE DATA

NOTES:

USED IN COMPUTATIONS OF THERMAL DIFFUSION
FACTORS AND MOLECULAR DIFFUSION COEFFICIENTS

1. The data in this appendix are grouped according
to the flow conditions under which they were measured.

These flow conditions are:

Pe = 1.9’ XAO = 0.5,

Pe = 3.8, X, = 0.5,

o)

Pe = 3'8, XAO = 0.7’

and Pe = 5,9, Xp = 0.7.
o

2. Values tabulated for velocity and concentration
distributions are based on data taken by Stock (1972),
and were supplied by him for use in this investiga-
tion.

3. Axial positions are those upstream of and
relative to the helium injection plane. Radial
positions are those relative to the diffusion tube

centerline,
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Flow conditions: Pe = 1.9, Xp = 0,5

Temperatures in diffusion flow field, (T - TO), °C

where Ty is the reference temperature of the gases entering
the diffusion tube.

To = 21.11°C R=0.96 cm
NOTE: All values listed below are negative except those

designated by a plus sign.

Axial
Posi~
tion, Radial Position, & = r/R

z/R 0.0 0.1 0.2 0.3 0.4 Q.5 0.6 0.7 0.8 0.9 1.0

0.0 +.40 +.40 +.39 +.37 +.35 +.32 +.29 +.25 +.21 +.17 +.11
0.1 .13 .13 .13 .12 11 .10 .09 .07 .06 .04 .02
0.2 .71 .70 .68 .65 .61 .56 .50 .42 .35 .26 .16
0.3 1.24 1.23 1.20 1.16 1.10 1.01 .92 .80 .67 .54 .36
0.4 1.67 1.66 1.62 1.56 1.47 1.36 1.23 1.07 .89 .70 .46
0. 1.97 1.96 1.92 1.85 1.74 1.62 1.45 1.26 1.03 .81 .53

2.16 2.14 2.10 2.03 1.92 1.78 1.60 1.38 1.13 .88 .57
2.25 2.23 2.19 2.12 2.01 1.85 1.67 1.45 1.18 .92 .59
2.26 2.24 2.20 2.13 2.02 1.87 1.68 1.46 1.19 .92 .59
2.21 2.20 2.15 2.08 1.97 1.83 1.64 1.42 1.16 .90 .58
2.13 2.11 2.07 2.00 1.89 1.75 1.57 1.36 1.11 .87 .56
2.01 2.00 1.96 1.89 1.78 1.65 1.48 1.28 1.05 .82 .54
1.89 1.88 1.84 1.77 1.67 1.55 1.39 1.21 .99 .78 .51
1.75 1.75 1.71 1.65 1.55 1.44 1.29 1.12 .93 .72 .48
l.63 1.62 1.58 1.52 1.44 1.33 1.20 1.04 .87 .68 .45
1.48 1.47 1.44 1.39 1.31 1.21 1.09 .96 . .80 .63 .42
1.35 1.34 1.31 1.27 1.20 1.11 1.00 .88 .74 .59 .40
1.24 1.23 1.21 1.16 1.10 1.01 .92 .80 .67 .54 .36
1.13 1l.12 1.10 1.05 .99 .92 .83 .72 .60 .48 .32
1.03 1.02 1.00 .96 .90 .83 .75 .65 .54 .43 .28
.94 .93 .91 .87 .82 .75 .68 .59 .48 .38 .25
.87 .86 .83 .80 .75 .69 .62 .53 -44 .34 .22
.78 .77 .75 .72 .67 .62 .55 .47 .39 .30 .18
.70 .69 .68 .65 .60 .55 .49 .41 .34 .26 .15
.61 .61 .59 .56 .53 .48 .43 .36 .30 .22 .13
.55 .54 .53 .51 .47 .43 .38 .32 .27 .20 .12
.49 .48 .47 .45 .42 .38 .34 .28 .23 .17 .10
.42 .42 .41 .39 .36 .33 .29 .25 .20 .15 .09
.39 .38 .37 .36 .33 .30 .27 .22 .18 .14 .08
.35 .35 .34 .32 .30 .27 .24 .20 .17 .12 .07

.
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Flow conditions: Pe = 1.9, Xp = 0.5

Axial

Posi-

tion, Radial Position, & = r/R
C =

z/R 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
3.0 .32 .32 .31 .29 .27 .25 .22 .18 .15 .11 .06
3.1 .30 .29 .29 .27 .25 .23 .20 .17 .14 .10 .06
3.2 .26 .26 .25 .24 .22 .20 .18 .15 .12 .09 .05
3.3 .23 .23 .22 .21 .20 .18 .16 .13 .11 .08 .04
3.4 .20 .20 .19 .18 .17 .15 .13 .11 .09 .06 .03
3.5 .16 .16 .16 .15 .14 .13 .11 .09 .07 .05 .02
3.6 .14 .14 .13 .13 .12 .11 .09 .08 .06 .04 .02
3.7 .11 .11 .11 .10 .10 .09 .07 .06 .05 .03 .01
3.8 .08 .08 .08 .07 .07 .06 .05 .04 .03 .02 .00
3.9 .05 .05 .05 .05 .04 .04 .03 .02 .02 .01 - .00
4.0 .03 .03 .03 .02 .02 .02 .01 .01 .00 .00 .00
4.1 .01 .01 .01 .01 .00 .00 .00 .00 .00 .00 .00
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Flow conditions: Pe = 1.9, X = 0.5
Ao

Mole fractions of nitrogen in diffusion flow field (based on
data from Stock (1972))

R =10.96 cm
Axial
Posi-
tion, Radial Position, £ = r/R

z/R 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

.500 .500 .500 .500 .500 .500 .500 .500 .500 .500 .500
.554 .551 .547 .545 .541 .545 .545 .545 .545 .545 .545
.597 .592 .587 .585 .583 .583 .581 .580 .580 .580 .580
.623 .615 .613 .619 .620 .620 .610 .610 .610 .610 .615
.651 .650 .650 .651 .650 .645 .645 .645 .644 .645 .648
.685 .680 .680 .680 .680 .680 .680 .680 .678 .680 .680
.714 .711 .708 .707 .707 .707 .707 .708 .708 .707 .705
.735 .734 .733 .733 .733 .733 .733 .733 .732 .732 .731
.756 .756 .757 .757 .757 .757 .757 .757 .756 .756 .755
.779 .779 .780 .780 .780 .780 .780 .780 .779 .779 .778
.799 .799 .800 .800 .800 .800 .800 .800 .800 .799 .799
.816 .816 .817 .817 .817 .817 .817 .817 .817 .8l6 .8l6
.831 .831 .832 .832 .832 .832 .832 .832 .832 .831 .831
.843 .843 .844 .844 .844 .844 .844 .843 .843 .843 .842
.853 .853 .853 .853 .853 .853 .853 .852 .852 .852 .851
.865 .865 .865 .865 .865 .865 .865 .864 .864 .864 .863
.876 .876 .876 .876 .876 .876 .876 .875 .875 .875 .874
.887 .888 .888 .888 .883 .888 .888 .887 .887 .886 .885
.897 .898 .898 .898 .898 .898 .898 .897 .897 .896 .895
.906 .907 .907 .907 .907 .907 .907 .905 .906 .905 .S904
.915 .915 .915 .915 .915 .915 .915 .914 .914 .914 .913
.923 .923 .923 .923 .923 .923 .923 .922 .922 .922 .921
.930 .930 .931 .931 .931 .931 .931 .931 .930 .930 .929
.934 .935 .935 .935 .935 .934 .934 .934 .934 .934 .933
.940 .940 .940 .940 .940 .940 .940 .939 .939 .939 .939
.945 .945 .945 .945 .945 .945 .945 .944 .945 .944 .9%44
.949 .950 .950 .950 .950 .950 .950 .949 .949 .949 .948
.953 .954 .954 .954 .954 .954 .954 .953 .953 .953 .953
.957 .958 .958 .958 .958 .958 .958 .957 .957 .957 .957
961 .961 .962 .962 .961 .961 .961 .961 .961 .961 .960
.964 ,965 .965 .965 .965 .964 .964 .964 .964 .964 .964
.967 .968 .968 .968 .968 .967 .967 .9587 .967 .967 .967
.970 .970 .971 .g%70 .970 .970 .970 .970 .970 .970 .969
.972 .973 .973 .973 .973 .973 .973 .972 .972 .972 .972
.975 .975 .975 .975 .975 .975 .975 .974 .975 .975 .974
.977 .977 .977 .977 .977 .977 .977 .%77 .977 .977 .976

M WNFOWVWONOOUBWNMNHFHFOWVWODNOOULEB WNFOWOVWDJIOWUNdWNKFO
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Flow conditions: Pe = 1.9, X = 0.5
Ao

Axial

Posi-

tion, Radial Position, £ = r/R

;:

z/R 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
3.6 .979 .979 .979 .979 .979 .979 .979 .978 .979 .979 .978
3.7 .980 .981 .981 .981 .981 .981 .981 .980 .981 .981 .980
3.8 .982 .982 .983 .983 .982 .982 .982 .982 .982 .982 .982
3.9 .984 .984 .984 .984 .984 .984 .984 .983 .984 .984 .983
4.0 .985 .985 .985 .985 .985 .985 .985 .985 .985 .985 .985
4.1 .986 .986 .987 .987 .986 .986 .986 .986 .986 .986 .986
4.2 .987 .988 .988 .988 .988 .987 .987 .987 .987 .987 .987
4.3 .988 .989 .989 .989 .989 .988 .988 .988 .988 .988 .988
4.4 .989 .990 .990 .990 .990 .989 .989 .989 .989 .989 .989
4.5 .990 .990 .991 .991 .990 .990 .990 .990 .990 .990 .990
4.6 .991 .991 .991 .991 .991 .991 .991 .991 .991 .991 .991
4.7 .992 .992 .992 .992 .992 .992 .992 .992 .992 .992 .992
4.8 .992 .993 .993 .993 .993 .993 .993 .992 .993 .993 .992
4.9 .993 .993 .993 .993 .993 .993 .993 .993 .993 .993 .993
5.0 .994 .994 .994 .994 .994 .994 .994 .994 .994 .994 .994
5.1 .994 .994 .994 .994 .994 .994 .994 .994 .994 .994 .994
5.2 .995 .995 .995 .995 .995 .995 .995 .995 .995 .995 .995
5.3 .995 .995 .995 .995 .995 .995 .995 .995 .995 .995 .995
5.4 .996 .996 .996 .996 .996 .996 .996 .995 .996 .996 .995
5.5 .996 .996 .996 .996 .996 .996 .996 .996 .996 .996 .996
5.6 .996 .996 .996 .996 .996 .996 .996 .996 .996 .996 .996
5.7 .997 .997 .997 .997 .997 .997 .997 .996 .997 .997 .997
5.8 .997 .997 .997 .997 .997 .997 .997 .997 .997 .997 .997
5.9 .997 .997 .997 .997 .997 .997 .997 .997 .997 .997 .997
6.0 .997 .997 .997 .997 .997 .997 .997 .997 .997 .997 .997
6.1 .998 .998 .998 .998 .998 .998 .998 .998 .998 .998 .998
6.2 .998 .998 .998 .998 .998 .998 .998 .998 .998 .998 .998
6.3 .998 .998 .998 .998 .998 .998 .998 .998 .998 .998 .998
6.4 .998 .998 .998 .998 .998 .998 .998 .998 .998 .998 .998
6.5 .998 .998 .998 .998 .998 .998 .998 .998 .998 .998 .998
6.6 .998 .,998 .999 .999 .,998 .998 .998 .998 .998 .998 .998
6.7 .999 .999 .999 .,999 .999 .999 .,999 .999 .999 .999 .999
6.8 .999 .,999 ,999 .999 .999 .999 .999 .999 .999 .999 .999
6.9 .999 .999 .,999 .999 .,999 .999 .999 .999 .999 .999 .999
7.0 .999 .999 .999 .999 .999 .999 .999 .999 .999 .999 .999
7.1 .999 .999 .999 .999 .999 .999 .999 .999 .999 .999 .999
7.2 .999 .999 .999 .999 .999 .999 .999 .999 .999 .999 .999
7.3 .999 .999 .,999 .999 .999 .999 .999 .999 .999 .,999 .999
7.4 .999 .999 .,999 .999 .,999 .999 .999 .999 .999 .999 .999
7.5 .999 .999 .999 .999 .999 .999 .999 .999 .999 .999 .999
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Radial Position, £ = r/R

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

.999 .999 .999 .999 .999 .999 .999 .999 .999 .999 .999
.999 .999 .999 .999 .999 .999 .999 .999 .999 .999 .999
.999 .999 .999 .999 .999 .999 .999 .999 .999 .999 .999
1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000C 1.000 1.000
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Flow conditions: Pe = 1.9, X = 0.5

Dimensionless mass average axial velocities in diffusion
flow field (based on data from Stock (1972))

- v(g,2)

7
AO

Values tabulated: V(&,Z)

where ﬁAo is the mass average velocity of nitrogen
over flow cross sections far upstream of the helium
injection plane.

|Va.| = 0.606 cm/sec for flow conditions under
which the data listed below were taken.

R =0.96 cm
Axial

Posi-
tion, Radial Position, & = r/R

=
.
o

z/R 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

.215 .380 .479 .628 .826 1.124 1.405 2.298 3.355 3.554
.298 .463 .512 .678 .843 1.140 1.405 2.149 3.058 3.223
.397 .512 .562 .661 .860 1.140 1.405 1.983 2.645 2.810
.463 .545 .628 .694 .876 1.140 1.388 1.950 2.562 2.612
.545 .612 .661 .744 .893 1.140 1.388 1.818 2.314 2.446
.628 .645 .694 .793 .909 1.140 1.388 1.785 2.149 2.231
.678 .678 .744 .810 .926 1.140 1.388 1.736 1.983 2.066
.744 .711 .760 .810 .942 1.140 1.372 1.719 1l.868 1.901
.777 .760 .793 .810 .959 1.140 1.372 1.702 1.785 1.702
.810 .793 .810 .826 .975 1.157 1.355 1.653 1.736 1.620
.843 .843 .826 .860 .992 1.157 1.355 1.603 1.686 1.488
.866 .869 .856 .886 1.005 1.157 1.355 1.587 1.646 1.405
-889 .896 .886 .912 1.018 1.157 1.355 1.570 1.607 1.322
.912 .922 .916 .939 1.031 1.157 1.355 1.554 1.567 1.240
.936 .949 .945 .965 1.045 1.157 1.355 1.537 1.527 1.157
-959 .975 .975 .992 1.058 1.157 1.355 1.521 1.488 1.074
.975 1.002 .995 1.021 1.074 1.157 1.349 1.488 1.455 1.041
-992 1.028 1.015 1.051 1.091 1.157 1.342 1.455 1.421 1.008
1.008 1.055 1.035 1.081 1.107 1.157 1.336 1.421 1.388 .975
1.025 1.081 1.055 1.111 1.124 1.157 1.329 1.388 1.355 .942
1.041 1.107 1.074 1.140 1.140 1.157 1.322 1.355 1.322 .909
1.064 1.124 1.094 1.154 1.160 1.183 1.322 1.349 1.306 .886
1.088 1.140 1.114 1.167 1.180 1.210 1.322 1.342 1.289 .863
1.111 1.157 1.134 1.180 1.200 1.236 1.322 1.336 1.273 .840

e ¢ & ¢ a2 2 e L]
LWNNPFRPOVWOoONOODULIBLWNFOWVWODYNOOWULITWwNDEFEO

NNMNMMNMMNRPHEPMEPRFRPRERPPFPFRPPPPPOOOOOOOO0OO0OO
N
OO0 000000000000 0OO0OO0ODO0OO0OOOOOO OO



329

Flow conditions: Pe = 1.9, XA = 0.5
o]

Axial

Posi-

tion, Radial Position, & = r/R
c =
z/R 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
2.4 1.134 1.174 1.154 1.193 1.220 1.263 1.322 1.329 1.256 .8l17 0
2.5 1.157 1.190 1.174 1.207 1.240 1.289 1.322 .1322 1.240 .793 0
2.6 1.200 1.223 1.203 1.230 1.256 1.296 1.322 1.316 1.223 .767 0
2.7 1.243 1.256 1.233 1.253 1.273 1.302 1.322 1.309 1.207 .740 0
2.8 1.286 1.289 1.263 1.276 1.289 1.309 1.322 1.302 1.190 .714 0
2.9 1.329 1.322 1.293 1.299 1.306 1.316 1.322 1.296 1.174 .688 0
3.0 1.372 1.355 1.322 1.322 1.322 1.322 1.322 1.289 1.157 .661 0
3.1 1.421 1.382 1.355 1.345 1.339 1.332 1.322 1.269 1.124 .635 0
3.2 1.471 1.408 1.388 1.369 1.355 1.342 1.322 1.250 1.091 .608 0
3.3 1.521 1.435 1.421 1.392 1.372 1.352 1.322 1.230 1.058 .582 0
3.4 1.570 1.461 1.455 1.415 1.388 1.362 1.322 1.210 1.025 .555 0
3.5 1.620 1.488 1.488 1.438 1.405 1.372 1.322 1.190 .992 .528 0
3.6 1.633 1.521 1.511 1.464 1.421 1.379 1.316 1.174 .975 .522 0
3.7 1.646 1.554 1.534 1.491 1.438 1.385 1.309 1.157 .959 .516 0
3.8 1.660 1.587 1.557 1.517 1.455 1.392 1.302 1.140 .942 .509 0
3.9 1.673 1.620 1.580 1.544 1.471 1.398 1.296 1.124 .926 .502 0
4.0 1.686 1.653 1.603 1.570 1.488 1.405 1.289 1.107 .909 .496 0
4.1 1.729 1.693 1.646 1.587 1.504 1.425 1.288 1.089 .893 .473 0
4.2 1.772 1.732 1.689 1.603 1.521 1.443 1.286 1.073 .876 .450 0
4.3 1.815 1.772 1.732 1.620 1.537 1.463 1.283 1.055 .860 .426 0
4.4 1.858 1.812 1.775 1.636 1.554 1.481 1.281 1.038 .843 .403 0
4.5 1.901 1.851 1.818 1.653 1.570 1.501 1.279 1.020 .826 .380 0
4.6 1.921 1.878 1.838 1.686 1.592 1.501 1.279 1.020 .805 .380 0
4.7 1.940 1.902 1.860 1.719 1.613 1.501 1.279 1.020 .783 .380 0
4.8 1.960 1.929 1.879 1.754 1.636 1.501 1.279 1.020 .764 .380 0
4.9 1.980 1.954 1.901 1.787 1.658 1.501 1.279 1.020 .742 .380 o]
5.0 2.000 1.980 1.921 1.820 1.679 1.501 1.279 1.020 .721 .380 0
5.1 2.000 1.980 1.921 1.820 1.679 1.501 1.279 1.020 .721 .380 0
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Flow conditions: Pe = 3.8, Xp = 0.5

Temperatures in diffusion flow field, (T - TO), °C

where T, is the reference temperature of the gases entering
the diffusion tube.

To = 21.11°C R=0.96 cm

NOTE: All values listed below are negative.

Axial
Posi~
tion, Radial Position, & = r/R
C:
z/R 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

.59 .58 .56 .54 .52 .50 .46 .43 .38 .33 .26
1.64 1.63 1.60 1.55 1.47 1.37 1.25 1.12 .97 .79 .58
2.64 2.63 2.58 2.50 2.37 2.23 2.05 1.81 1.55 1.25 .85
3.46 3.44 3.38 3.29 3.16 2.98 2.71 2.39 2.02 1.59 1.04
3.89 3.86 3.81 3.73 3.59 3.40 3.13 2.76 2.32 1.78 1.12
3.96 3.94 3.89 3.81 3.67 3.48 3.21 2.83 2.38 1.81 1.14
3.77 3.75 3.69 3.61 3.47 3.28 3.01 2.66 2.24 1.72 1.10
3.42 3.40 3.34 3.24 3.11 2.94 2.67 2.35 1.99 1.57 1.03
2.99 2.97 2.92 2.83 2.70 2.55 2.33 2.06 1l.75 1.39 .93
2.55 2.54 2.49 2.41 2.28 2.14 1.98 1.75 1.50 1.21 .83
2.12 2.11 2.07 2.00 1.90 1.77 1.63 1.45 1.25 1.01 .71
1.75 1.74 1.71 1.65 1.56 1.45 1.33 1.19 1.03 .84 .61l
1.41 1.40 1.37 1.33 1.27 1.19 1.09 .98 .85 .70 .52
1.14 1.13 1.11 1l.08 1.03 .98 91 .81 .71 .60 .45

.92 .91 .89 .87 .83 .79 .73 .66 .58 .50 .38

.73 .72 .70 .68 .65 .62 .58 .53 .47 .41 .32

.58 .57 .56 .54 .52 .49 .46 .42 .38 .33 .25

.46 .46 .45 .43 .41 .32 .36 .34 .30 .26 .20

.37 .36 .35 .34 .33 31 .29 .26 .23 .20 .16

.28 .28 .27 .26 .25 .24 .22 .20 .18 .16 .12

.22 .21 .21 .20 .19 .18 .17 .15 .14 .12 .09

.16 .16 .16 .15 .14 .14 .13 .12 .10 .09 .06

.12 .11 .11 .11 .10 .10 .09 .08 .07 .06 .04

.08 .08 .07 .07 .07 .06 .06 .05 .04 .04 .02

.04 .04 .04 .04 .04 .03 .03 .03 .02 .02 .01

.01 .01 .01 .01 .01 .01 .00 .00 .00 .00 .00

NMNNOMDNMNMMNOMNMNHFFHFPFPRHREPEPRPEHEPRPOOOOOOOOORO
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Flow conditions: Pe = 3.8, Xp = 0.5
0
Mole fractions of nitrogen in diffusion flow field (based on
data from Stock (1972))
R =0.96 cm

Axial

Posi-

tion, Radial Position, £ = r/R

C =

z/R 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0.0 .500 .500 .500 .500 .500 .500 .500 .500 .500 .500 .500
0.1 .595 .585 .554 .554 .558 .549 .542 .526 .509 .531 .546
0.2 .652 .643 .628 .628 .628 .621 .615 .606 .597 .607 .6l1l4
0.3 .699 .693 .688 .688 .687 .683 .678 .673 .668 .670 .671
0.4 .736 .735 .734 .734 .735 .735 .731 .727 .722 .720 .717
0.5 L7755  .776 .776 776 .778 .779 .777 .774 .769 .766 .762
0.6 .815 .815 .815 .815 .816 .816 .816 .814 .810 .808 .806
0.7 .845 .845 .845 .845 .846 .846 .846 .845 .842 .840 .839
0.8 .869 .869 .869 .869 .869 .869 .868 .867 .866 .865 .864
0.9 .891 .891 .891 .891 .891 .891 .890 .889 .888 .887 .887
1.0 .911 .911 .911 .911 .%10 .910 .909 .908 .907 .906 .905
1.1 927 .927 .927 .927 .925 .925 .924 .923 .922 .921 .920
1.2 .939 .939 .939 .939 .938 .938 .937 .936 .935 .934 .933
1.3 .948 .948 .948 .948 .946 .946 .945 .944 .943 .942 .941
1.4 .954 .954 .953 .953 .952 .952 .951 .950 .949 .948 .947
1.5 .962 .962 .961 .961 .960 .960 .960 .959 .958 .957 .956
1.6 .969 .969 .968 .968 .967 .967 .967 .966 .965 .964 .963
1.7 .975 .975 .974 .974 .973 .973 .973 .972 .971 .970 .969
1.8 .979 .979 .978 .978 .977 .977 .977 .976 .975 .974 .974
1.9 .983 .983 .982 .982 .981 .981 .981 .980 .979 .978 .978
2.0 .985 .985 .985 .985 .984 .984 .984 .983 .982 .982 .98l
2.1 .988 .988 .987 .987 .986 .986 .986 .986 .985 .984 .984
2.2 .990 .990 .989 .989 .989 .989 .988 .988 .987 .987 .987
2.3 .991 .991 .991 .991 .990 .990 .990 .990 .989 .989 .989
2.4 .993 .993 .992 .992 .992 .992 .992 .991 .991 .991 .990
2.5 .994 .994 .994 .994 .993 .993 .993 .993 .992 .992 .992
2.6 .995 .995 .99% .,995 .994 .994 .994 .994 .994 .993 .993
2.7 .996 .996 .996 .996 .995 .995 .,995 .995 .995 .994 .994
2.8 .997 .997 .996 .996 .996 .996 .996 .996 .995 .995 .995
2.9 .997 .997 .997 .997 .997 .997 .997 .996 .996 .996 .996
3.0 .998 .998 .997 .997 .997 .997 .997 .997 .997 .997 .996
3.1 .998 .998 .998 .998 .998 .998 .998 .997 .997 .997 .997
3.2 .998 .998 .998 .998 .998 .998 .998 .998 .998 .998 .997
3.3 .999 .999 .,998 .998 .998 .998 .998 .998 .998 .998 .998
3.4 .999 .999 .999 .999 .999 .999 .999 .998 .998 .998 .998
3.5 .999 .999 .999 .999 .999 .999 .999 .999 .999 .998 .998



332

conditions: Pe = 3.8, XA = 0.5
(o)

Radial Position, § = r/R

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

.999 .999 .999 .999 .999 .999 .999 .999 .999 .999 .999
.999 .999 .999 .999 .999 .999 .999 .999 .999 .999 .999
.999 .999 .999 .999 .999 .999 .999 .999 .999 .999 .999
1.000 1.000 .999 .999 .999 .999 .999 .999 .999 .999 .999
1.000 1.000 1.000 1.000 .999 .999 .999 .999 .999 .999 .999
1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 .999 .999 .999
1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000



Flow conditions:

Dimensionless mass average axial velocities in diffusion

Pe = 3.8, Xp = 0.5
O

flow field (based on data from Stock (1972))

Values tabulated:

where V

over flow

V(E,5) =

Va
(@]

v(E,T)

333

is the mass average velocity of nitrogen

cross sections far upstream of the helium

injection plane.
|Va,| = 1.186 cm/sec for flow conditions under
which the data listed below were taken.
R =0.96 cm
Axial
Posi-
tion, Radial Position, £ = r/R
=
z/R 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0.0 .371 .440 .338 .531 .692 1.172 1.500 2.850 3.200 3.090 0
0.1 .441 .470 .430 .566 .715 1.093 1.500 2.610 3.074 2.749 0
0.2 .506 .506 .514 .607 .742 1.045 1.500 2.250 2.570 2.420 0
0.3 .573 .548 .590 .632 .775 1.079 1.500 1.980 2.179 2.104 0
0.4 .624 .598 .657 .708 .809 1.045 1.500 1.800 1.900 1.800 0
0.5 .677 .654 .716 .768 .849 1.093 1.500 1.710 1.734 1.509 0
0.6 .725 .716 .767 .834 .893 1.172 1.500 1.710 1.680 1.230 0
0.7 .782 .775 .825 .878 .932 1.197 1.488 1.672 1.592 1.072 O
0.8 .843 .834 .885 .910 .969 1.197 1.467 1.640 1.520 1.000 0
0.9 -896 .884 .944 961 1.007 1.216 1.456 1.594 1.429 .889 0
1.0 .944 .927 1.003 1.020 1.045 1.239 1.450 1.540 1.330 .780 0
1.1 .999 .982 1.060 1.066 1.085 1.250 1.440 1.504 1.266 .743 0
1.2 1.054 1.039 1.114 1.115 1.128 1.268 1.433 1.472 1.213 .717 0
1.3 1.109 1.100 1.165 1.167 1.174 1.292 1.431 1.444 1.171 .703 0
1.4 1.163 1.163 1.214 1.222 1.222 1.323 1.433 1.420 1.140 .700. 0O
1.5 1.213 1.211 1.260 1.264 1.258 1.326 1.428 1.371 1.083 .656 0
1.6 1.264 1.264 1.306 1.306 1.298 1.340 1.424 1.323 1.028 .611 0
1.7 1.313 1.325 1.355 1.349 1.347 1.369 1.421 1.272 .969 .560 0
1.8 1.3651.382 1.399 1.391 1.391 1.399 1.416 1.231 .922 .521 0
1.9 1.419 1.435 1.439 1.433 1.431 1.428 1.409 1.200 .886 .494 0
2.0 1.475 1.483 1.475 1.475 1.467 1.458 1.399 1.180 .860 .480 0
2.1 1.526 1.530 1.511 1.514 1.501 1.484 1.391 1.157 .832 .462 0
2.2 1.576 1.574 1.545 1.551 1.533 1.508 1.382 1.137 .808 .447 0
2.3 1.622 1.616 1.577 1.585 1.562 1.529 1.375 1.118 .786 .432 0
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Flow conditions: Pe = 3.8, XA = 0.5
(@]

Axial

Posi-

tion, Radial Position, § = r/R
z_'. =
z/R 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
2.4 1.666 1.656 1.608 1.617 1.589 1.548 1.367 1.100 .765 .419 0]
2.5 1.707 1.694 1.638 1.647 1.614 1.565 1.359 1.084 .747 .407 0
2.6 1.745 1.729 1.666 1.675 1.636 1.579 1.352 1.070 .730 .396 0
2.7 1.781 1.762 1.693 1.700 1.655 1.591 1.346 1.056 .716 .387 0
2.8 1.814 1.792 1.718 1.723 1.673 1.600 1.339 1.044 .703 .379 0
2.9 1.845 1.821 1.743 1.744 1.688 1.607 1.333 1.034 .692 .371 0
3.0 1.872 1.846 1.765 1.763 1.700 1.611 1.327 1.025 .684 .366 0
3.1 1.897 1.870 1.786 1.780 1.710 1.613 1.321 1.017 .677 .361 0
3.2 1.920 1.891 1.806 1.794 1.718 1.613 1.316 1.011 .673 .357 0
3.3 1.939 1.911 1.824 1.806 1.723 1.610 1.311 1.007 .670 .355 0
3.4 1.956 1.927 1.841 1.815 1.726 1.605 1.306 1.003 .669 .354 0
3.5 1.971 1.942 1.857 1.823 1.727 1.597 1.301 1.001 .671 .354 0
3.6 1.982 1.954 1.871 1.828 1.725 1.587 1.297 1.001 .674 .355 0
3.7 1.991 1.964 1.884 1.831 1.721 1.574 1.293 1.002 .679 .358 0
3.8 1.997 1.971 1.895 1.831 1.714 1.559 1.289 1.004 .686 .362 0
3.9 2.001 1.976 1.905 1.830 1.705 1.542 1.286 1.008 .696 .367 0
4.0 2.000 1.980 1.920 1.820 1.680 1.500 1.280 1.020 .720 .380 0
4.1 2.000 1.980 1.920 1.820 1.680 1.500 1.280 1.020 .720 .380 0
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Flow conditions: Pe = 3.8, XAo = 0.7

Temperatures in diffusion flow field, (T - TO), °C

where T, is the reference temperature of the gases entering
the diffusion tube.

TO = 21.11°C R =0.96 cm

NOTE: All values listed below are negative.

Axial
Posi-
tion, Radial Position, £ = r/R
C:
z/R 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

.59 .59 .57 .55 .52 .49 .44 .38 .30 .22 .12
1.54 1.53 1.50 1.46 1.39 1.30 1.17 1.02 .84 .64 .40
2.17 2.15 2.12 2.07 1.98 1.85 1.68 1.46 1.21 .90 .55
2.50 2.50 2.48 2.42 2.33 2.20 2.02 1.77 1l.46 1.07 .66
2.58 2.57 2.56 2.49 2.41 2.28 2.10 1.84 1.51 1.1l1 .68
2.45 2.44 2.42 2.36 2.27 2.14 1.96 1.72 1.42 1.04 .64
2.19 2.17 2.15 2.09 2.00 1.87 1.70 1.49 1.23 .92 .56
1.90 1.8 1.86 1.8l 1.72 1.61 1l.46 1.28 1.05 .79 .49
1.60 1.59 1.56 1.52 1.44 1.35 1.22 1.07 .88 .67 .42
1.34 1.33 1.30 1.26 1.20 1l.12 1.01 .88 .72 .54 .34
1.10 1.08 1.06 1.03 .97 -90 .81 .70 .57 .42 .26

.88 .87 .85 .83 .78 .73 .65 .56 .45 .34 .20

.68 .68 .66 .64 .61 .57 .51 .44 .35 .26 .15

.54 .53 .52 .50 .48 .45 .40 .34 .27 .20 .10

.42 .42 .41 .39 .37 .35 31 .26 .21 .15 .07

.31 .31 .30 .29 .27 .25 .23 .19 .15 .11 .05

.22 .22 .22 .21 .20 .18 .17 .14 11 .07 .03

.16 .16 .15 .15 .14 .13 .11 .09 .07 .05 .02

.10 .10 .10 .09 .09 .08 .07 .06 .04 .03 .00

.05 .05 .05 .05 .05 .04 .04 .03 .02 .01 .00

.02 .02 .02 .02 .01 .01 .01 .00 .00 .00 .00
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Flow conditions: Pe = 3.8, Xp = 0.7
o)

Mole fractions of nitrogen in diffusion flow field (based on
data from Stock (1972))

R =0.96 cm
Axial
Posi-
tion, Radial Position, & = r/R

z/R 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

.698 .698 .698 .698 .698 .698 .698 .698 .698 .698 .698
.755 .752 .750 .749 .749 .746 .745 .741 .740 .740 .741
.800 .795 .793 .792 .791 .788 .786 .780 .778 .778 .779
.827 .824 .824 .823 .823 .822 .820 .8l16 .813 .813 .814
.852 .851 .851 .851 .851 .851 .849 .846 .844 .843 .843
.875 .875 .875 .875 .875 .874 .872 .871 .870 .868 .866
.893 .893 .893 .893 .893 .893 .893 .892 .890 .887 .886
.910 .90 .910 .910 .910 .910 .911 .910 .908 .905 .905
.927 .926 .926 .926 .926 .926 .926 .925 .924 .923 .922
.940 .939 .939 .939 .939 .939 .938 .937 .937 .936 .935
.949 .949 .949 .949 .948 .948 .948 .947 .946 .945 .944
.957 .957 .957 .957 .956 .956 .956 .956 .954 .953 .952
.964 .964 .964 .964 .963 .963 .964 .963 .962 .960 .960
.969 .970 .970 .970 .969 .969 .969 .969 .968 .966 .966
.974 .974 .974 .974 .974 .974 .974 .974 .973 .972 .972
.979 .979 .979 .979 .978 .978 .978 .978 .977 .976 .976
.984 .984 .983 .983 .982 .982 .982 .981 .981 .980 .979
.987 .987 .986 .985 .985 .985 .985 .983 .984 .983 .982
.987 .987 .987 .986 .986 .986 .986 .985 .985 .984 .984
.989 .989 .989 .988 .988 .988 .988 .987 .987 .986 .986
991 .991 .991 .991 .991 .991 .991 .990 .990 .989 .989
.993 .993 .993 .992 .992 .992 .992 .991 .991 .991 .991
.994 .994 .994 .993 .993 .993 .993 .993 .993 .992 .992
.995 .995 .995 .995 .994 .994 .994 .994 .994 .993 .993
.996 .996 .996 .995 .995 .995 .995 .995 .995 .994 .994
.997 .997 .996 .996 .996 .996 .996 .996 .996 .995 .995
.997 .997 .997 .997 .997 .997 .997 .996 .996 .996 .996
.998 .998 .997 .997 .997 .997 .997 .997 .997 .997 .996
.998 .998 .998 .998 .998 .998 .998 .997 .997 .997 .997
.998 .998 .998 .998 .998 .998 .998 .998 .998 .998 .997
.999 .999 .999 .998 .998 .998 .998 .998 .998 .998 .998
.999 .999 .999 .999 .999 .999 .999 .998 .998 .998 .998
.999 .999 .,999 .999 .999 .999 .999 .999 .999 .998 .998
.999 .993 .999 .999 .999 .999 .999 .999 .999 .999 .999
.999 .,999 .999 .999 .999 .999 .999 .999 .999 .999 .999
.999 .999 .999 .999 .999 .999 .999 .999 .999 .999 .999
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Flow conditions: Pe = 3.8, Xp = 0.7
o

Axial

Posi-

tion, Radial Position, § = r/R
Z; =
z/R 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
3.6 11.000 1.000 .999 .999 .999 .999 .999 .999 .999 .999 .999
3:7 {1.000 1.000 1.000 1.000 .999 .999 .999 .999 .999 .999 .999
3.8 | 1.000 1.000 1.000 1.000 1.000 1.000 1.000 .999 .999 .999 .999
3.911.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000



338

Flow conditions: Pe = 3.8, X = 0.7

Dimensionless mass average axial velocities in diffusion
flow field (based on data from Stock (1972))

Values tabulated: V(&,z) = XéErC)
\Y

A
o

where GAO is the mass average velocity of nitrogen
over flow cross sections far upstream of the helium
injection plane.

|Vao| = 1.186 cm/sec for flow conditions under
which the data listed below were taken.

R =0.96 cm
Axial
Posi-

tion, Radial Position, £ = r/R

z/R 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

=
.
o

0.0 -321 .377 .409 .425 .498 .658 1.003 1.920 2.180 2.220
0.1 -425 .433 .490 .490 .578 .722 1.027 1.722 2.040 2.100
0. -498 .506 .562 .570 .650 .787 1.043 1.557 1.940 2.000
0. -562 .562 .642 .642 .714 .819 1.059 1.429 1.837 1.862

-642 .642 .714 .714 .770 .875 1.075 1.338 1.670 1.660

.722 .722 .787 .787 .819 .915 1.091 1.317 1.578 1.529

.803 .803 .827 .851 .883 .971 1.116 1.296 1.490 1.406

-875 .875 .883 .915 .947 1.027 1.140 1.276 1.408 1.289

.939 .931 .947 .979 1.011 1.059 1.156 1.257 1.330 1.179
1.011 .971 .987 1.035 1.059 1.108 1.172 1.239 1.256 1.077
1.051 1.027 1.051 1.083 1.116 1.140 1.196 1.221 1.188 .981
1.124 1.100 1.108 1.140 1.164 1.188 1.204 1.205 1.124 .893
1.180 1.172 1.164 1.204 1.204 1.212 1.220 1.188 1.064 .812
1.220 1.220 1.212 1.236 1.236 1.252 1.228 1.173 1.008 .738
1.284 1.276 1.268 1.284 1.284 1.276 1.252 1.159 .956 .672
1.348 1.308 1.300 1.340 1.340 1.308 1.276 1.145 .909 .613
1.396 1.364 1.356 1.364 1.380 1.348 1.284 1.131 .867 .561
1.445 1.429 1.388 1.429 1.413 1.372 1.300 1.119 .831 .515
1.493 1.453 1.445 1.445 1.445 1.404 1.324 1.107 .799 .476
1.533 1.509 1.477 1.501 1.461 1.437 1.348 1.096 .772 .444
1.573 1.533 1.509 1.525 1.509 1.445 1.356 1.086 .751 .418
1.685 1.589 1.549 1.549 1.525 1.469 1.372 1.076 .735 .399
1.669 1.637 1.589 1.589 1.557 1.493 1.388 1.067 .725 .386
1.685 1.677 1.613 1.605 1.589 1.500 1.404 1.059 .720 .380

O O OO0
¢ e e e e & 0
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Flow conditions: Pe = 3.8, XA = 0.7
o
Axial
Posi-
tion, Radial Position, £ = r/R
C:

z/R 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

=
.
o

2.4 1.709 1.701 1.653 1.621 1.605 1.500 1.437 1.051 .720 .380 0
2.5 1.734 1.726 1.685 1.653 1.621 1.500 1.445 1.043 .720 .380 0]
2.6 1.758 1.758 1.717 1.685 1.637 1.500 1.453 1.043 .720 .380 0
2.7 1.774 1.774 1.742 1.701 1.653 1.500 1.469 1.035 .720 .380 0]
2.8 1.790 1.782 1.758 1.734 1.669 1.500 1.501 1.035 .720 .380 0
2.9 1.806 1.798 1.766 1.750 1.669 1.500 1.517 1.035 .720 .380 0
3.0 1.814 1.814 1.782 1.766 1.680 1.500 1.525 1.027 .720 .380 0
3.1 1.830 1.838 1.790 1.774 1.680 1.500 1.541 1.027 .720 .380 0
3.2 1.846 1.854 1.814 1.782 1.680 1.500 1.589 1.020 .720 .380 0
3.3 1.862 1.862 1.830 1.798 1.680 1.500 1.597 1.020 .720 .380 0
3.4 1.886 1.886 1.846 1.806 1.680 1.500 1.605 1.020 .720 .380 0]
3.5 1.910 1.910 1.854 1.814 1.680 1.500 1.605 1.020 .720 .380 0]
3.6 1.918 1.918 1.862 1.820 1.680 1.500 1.605 1.020 .720 .380 0
3.7 1.934 1.926 1.894 1.820 1.680 1.500 1.597 1.020 .720 .380 0
3.8 1.958 1.934 1.902 1.820 1.680 1.500 1.589 1.020 .720 .380 0]
3.9 1.974 1.950 1.910 1.820 1.680 1.500 1.581 1.020 .720 .380 0]
4.0 1.982 1.958 1.910 1.820 1.680 1.500 1.565 1.020 .720 .380 0
4.1 1.990 1.966 1.920 1.820 1.680 1.500 1.541 1.020 .720 .380 0
4.2 1.990 1.980 1.920 1.820 1.680 1.500 1.525 1.020 .720 .380 0
4.3 2.000 1.980 1.920 1.820 1.680 1.500 1.509 1.020 .720 .380 0]
4.4 2.000 1.980 1.920 1.820 1.680 1.500 1.461 1.020 .720 .380 0]
4.5 2.000 1.980 1.920 1.820 1.680 1.5C0 1.437 1.020 .720 .380 0]
4.6 2.000 1.980 1.920 1.820 1.680 1.500 1.396 1.020 .720 .380 0
4.7 2.000 1.980 1.920 1.820 1.680 1.500 1.372 1.020 .720 .380 0
4.8 2.000 1.980 1.920 1.820 1.680 1.500 1.356 1.020 .720 .380 0]
4.9 2.000 1.980 1.920 1.820 1.680 1.500 1.348 1.020 .720 .380 0
5.0 2.000 1.980 1.920 1.820 1.680 1.500 1.324 1.020 .720 .380 0]
5.1 2.000 1.980 1.920 1.820 1.680 1.500 1.308 1.020 .720 .380 0]
5.2 2.000 1.980 1.920 1.820 1.680 1.500 1.292 1.020 .720 .380 0]
5.3 2.000 1.980 1.920 1.820 1.680 1.500 1.284 1.020 .720 .380 0
5.4 2.000 1.980 1.920 1.820 1.680 1.500 1.280 1.020 .720 .380 0
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Flow conditions: Pe = 5.9, XAo = 0.7

Temperatures in diffusion flow field, (T - TO), °C

where T, is the reference temperature of the gases entering
the diffusion tube.

TO = 21.11°C R = 0.96 cm

NOTE: All values listed below are negative.

Axial
Posi-
tion, Radial Position, & = r/R
c:
z/R 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

1.37 1.36 1.34 1.31 1.27 1.21 1.12 .99 .82 .62 .32
2.36 2.34 2.32 2.28 2.21 2.12 1.97 1.76 1.46 1.11 .60
2.86 2.85 2.82 2.78 2.71 2.60 2.42 2.15 1.80 1.35 .74
2.89 2.88 2.84 2.81 2.73 2.62 2.45 2.17 1.82 1.36 .75
2.54 2.52 2.50 2.47 2.39 2.31 2.14 1.92 1l.60 1.21 .66
2.05 2.03 2.00 1.96 1.90 1.81 1.68 1.49 1.23 .93 .50
1.57 1.55 1.54 1.50 1.45 1.39 1.29 1.14 .94 .71 .37
1.12 1.12 1.11 1.08 1.05 1.00 .93 .81 .68 .51 .26
.80 .79 .78 .77 .75 .71 .66 .57 .47 .34 .15
.54 .54 .53 .53 .51 .49 .45 -39 31 .22 .07
.37 .37 .36 .35 .35 .33 .30 .26 .20 .14 .04
.22 .22 .22 .22 .21 .20 .18 .16 .12 .08 .02
.12 .12 1.2 1.2 .11 A1 .10 .08 .06 .04 .00
.05 .05 .05 .05 .05 .04 .04 .03 .02 .01 .00
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Flow conditions: Pe = 5.9, Xpa = 0.7
o)

Mole fractions of nitrogen in diffusion flow field (based on
data from Stock (1972))

R = 0.96 cm
Axial
Posi-
tion, Radial Position, & = r/R

z/R 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

.700 .700 .700 .700 .700 .700 .700 .700 .700 .700 .700
.78 .771 .765 .763 .764 ,762 .756 .748 .740 .742 .752
-839 .828 .821 .818 .819 .816 .808 .799 .789 .790 .799
.874 .870 .868 .866 .866 .863 .857 .852 .846 .843 .842
.903 .903 .902 .900 .897 .894 .891 .886 .881 .878 .877
.927 .928 .928 .926 .922 .919 .918 .913 .909 .907 .905
.945 .945 .945 .943 .941 .939 .937 .934 .931 .929 .927
.960 .960 .959 .958 .956 .955 .953 .951 .948 .947 .944
971 .970 .969 .968 .967 .966 .965 .963 .961 .959 .957
.979 .978 .977 .976 .975 .975 .974 .972 .971 .969 .967
.984 .983 .983 .982 .981 .980 .979 .978 .977 .975 .974
.989 .988 .989 .988 .987 .986 .985 .984 .983 .981 .981
.993 .993 .993 .992 .991 .990 .989 .989 .989 .987 .987
.997 .996 .997 .996 .995 .994 .993 .993 .993 .991 .991
.999 .999 .999 .999 .998 .997 .996 .996 .996 .995 .995
.999 .999 .999 .999 .999 .999 .998 .998 .998 .997 .997
.999 .999 .999 .999 .999 .999 .999 .999 .999 .998 .998
-999 .999 .999 .999 .999 .999 .999 .999 .999 .998 .998
.999 .999 .999 .999 .999 .999 .999 .999 .998 .998 .999
.999 .999 .999 .999 .999 .999 .999 .999 .999 .999 .999
1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 .999 .999 .999
1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
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Flow conditions:

Dimensionless mass average axial velocities in diffusion

Pe

= 5.9, Xy = 0.7
AO

flow field (based on data from Stock (1972))

Values tabulated:

V(g,z)

VAO

_ v(g,z)
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where GAO is the mass average velocity of nitrogen
over flow cross sections far upstream of the helium
injection plane.

|Vag| = 1.863 cm/sec for flow conditions under

which the data listed below were taken.

R =0.96 cm

Axial

Posi-

tion, Radial Position, & = r/R
C:
z/R 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0.0 .295 .365 .429 .429 .429 .564 1.020 1.879 2.415 2.523 0
0.1 .403 .483 .564 .564 .564 .778 1.057 1.664 2.067 2.120 0
0.2 .537 .590 .671 .682 .698 .886 1.084 1.422 1.852 1.932 0
0.3 .698 .751 .805 .805 .832 .966 1l.111 1.369 1l.664 1.610 0
0.4 .859 .870 .913 .918 .955 1.047 1.138 1.315 1.476 1.396 0
0.5 .993 1.004 1.031 1.036 1.063 1.095 1.154 1.261 1.288 1.192 0
0.6 1.127 1.127 1.138 1.143 1.1i54 1.159 1.170 1.208 1.181 1.047 0
0.7 1.235 1.235 1.235 1.235 1.235 1.208 1.197 1.170 1.074 .913 0
0.8 1.342 1.363 1.326 1.320 1.315 1.278 1.218 1.138 1.020 .805 0
0.9 1.422 1.422 1.422 1.422 1.369 1.315 1.245 1.111 .955 .709 0
1.0 1.503 1.519 1.503 1.476 1.422 1.353 1.261 1.100 .913 .671 0
1.1 1.578 1.593 1.565 1.532 1.471 1.391 1.280 1.084 .870 .603 0]
1.2 1.644 1.656 1.617 1.579 1.510 1.426 1.297 1.074 .837 .549 0
1.3 1.700 1.710 1.658 1.614 1.543 1.456 1.313 1.068 .816 .506 0
1.4 1.749 1.754 1.688 1.639 1.567 1.481 1.328 1.068 .811 .475 0
1.5 1.787 1.787 1.707 1.653 1.583 1.503 1.342 1.074 .805 .456 0
1.6 1.824 1.815 1.734 1.678 1.604 1.508 1.352 1.069 .790 .433 0
1.7 1.855 1.833 1.757 1.700 1.621 1.517 1.359 1.C66 .777 .415 0
1.8 1.878 1.843 1.775 1.718 1.634 1.523 1.364 1.063 .767 .405 0
1.9 1.895 1.844 1.789 1.733 1.643 1.524 1.368 1.060 .758 .404 0]
2.0 1.906 1.836 1.798 1.744 1.648 1.530 1.369 1.057 .751 .403 0
2.1 1.910 1.843 1.812 1.755 1.657 1.535 1.371 1.053 .749 .396 0
2.2 1.914 1.849 1.824 1.763 1.665 1.541 1.372 1.048 .747 .392 0
2.3 1.917 1.855 1.835 1.768 1.671 1.546 1.372 1.042 .745 .390 0



Flow conditions:

Pe = 5.9, XAO = 0.7
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Axial

Posi-

tion, Radial Position, £ = r/R
C =

z/R 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
2.4 1.919 1.858 1.843 1.770 1.675 1.553 1.374 1.035 .743 .389 0
2.5 1.922 1.863 1.852 1.771 1.680 1.557 1.369 1.031 .741 .386 0
2.6 1.924 1.867 1.859 1.779 1.684 1.559 1.361 1.027 .738 .384 0
2.7 1.926 1.870 1.866 1.786 1.687 1.560 1.351 1.024 .734 .383 0
2.8 1.929 1.873 1.871 1.795 1.689 1.560 1.338 1.022 .729 .382 0
2.9 1.931 1.877 1.875 1.805 1.690 1.559 1.323 1.021 .725 .381 0
3.0 1.932 1.879 1.879 1.814 1.691 1.557 1.304 1.020 .720 .381 0
3.1 1.938 1.884 1.887 1.814 1.691 1.551 1.299 1.020 .720 .381 0
3.2 1.943 1.889 1.896 1.814 1.691 1.546 1.294 1.020 .720 .381 0
3.3 1.948 1.895 1.904 1.814 1.691 1.541 1.288 1.020 .720 .381 0
3.4 1.954 1.900 1.904 1.814 1.691 1.535 1.288 1.020 .720 .38l 0
3.5 1.959 1.906 1.905 1.814 1.691 1.530 1.288 1.020 .720 .380 0
3.6 1.967 1.921 1.906 1.816 1.689 1.524 1.288 1.020 .720 .380 0
3.7 1.974 1.936 1.908 1.817 1.687 1.516 1.288 1.020 .720 .380 0
3.8 1.982 1.951 1.908 1.818 1.684 1.511 1.288 1.020 .720 .380 0
3.9 1.989 1.966 1.914 1.819 1.682 1.506 1.288 1.020 .720 .380 0
4.0 2.000 1.980 1.920 1.820 1.680 1.500 1.280 1.020 .720 .380 0
4.1 2.000 1.980 1.920 1.820 1.680 1.500 1.280 1.020 .720 .380 0
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Appendix J. MOLECULAR DIFFUSION COEFFICIENTS AND THERMAL
DIFFUSION FACTORS COMPUTED FROM DATA
TABULATED IN APPENDIX H

NOTE: All computed values listed in this appendix are
average values over diffusion tube cross sections
at axial locations upstream of and relative to
the helium injection plane.

Flow conditions: Pe = 1.9, XA = 0.5
(@]

Axial

Posi- _

téoE, DAB’ 1l atm
z/R XA E} °K m2/sec X 104 aT
0.3 .612 293.53 .764
0.4 .645 293.27 .724 .232
0.5 .680 293.09 .691
0.6 .707 292.96 .697 .232
0.7 .732 292.89 .704
0.8 .756 292.86 .689 .224
0.9 .780 292.88 .683
1.0 .800 292.93 .700 .218
1.1 .817 292.99 .753
1.2 .832 293.06 .836 .209
1.3 .843 293.13 .886
1.4 .852 293.20 .893 .192
1.5 .864 293.28 .804
1.6 .875 293.36 .727 .180
1.7 .887 293.43 .705
1.8 .897 293.51 .697 .173
1.9 .906 293.58 .704
2.0 .914 293.64 .674 .166
2.1 .922 293.69 .701
2.2 .931 293.76 .737 .158
2.3 .934 293.81 .814
2.4 .940 293.87 .829
2.5 .945 293.90 .750
2.6 .950 293.95 .739



Molecular diffusion coefficients and thermal diffusion
factors

345

Flow conditions: Pe = 3.8, XA 0.5
o)

Axial

Posi~ _

téog, _ DAB’ 1l atm
z/R xA 5) °K m2/sec X lO4 o"T
0.3 .674 292.04 .692
0.4 .726 291.69 .691 .221
0.5 .772 291.57 .682
0.6 .813 291.66 .676 .222
0.7 .844 291.90 .692
0.8 .867 292.18 .717 .203
0.9 .889 292.46 .706
1.0 .908 292.75 .678 .189
1.1 .924 293.01 .705
1.2 .936 293.23 .773 177
1.3 .945 293.40 .831

Flow conditions: Pe = 3.8, XA 0.7

o)

Axial

Posi- _

téog, _ DAB’ 1l atm
z/R XA T, °K m2/sec X lO4 %
0.3 .816 292.67 .730

0.4 .846 292.58 .721 .209
0.5 .871 292.66 .722

0.6 .890 292.84 .719 .187
0.7 .908 293.01 .702

0.8 .925 293.20 .681 .176
0.9 .938 293.37 .692
1.0 .947 293.54 .729
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Molecular diffusion coefficients and thermal diffusion
factors

Flow conditions: Pe = 5.9, XA = 0.7
o
Axial
Posi- _
téog, _ DAB' 1l atm
z/R XA E} °K m2/sec b'4 104 %
0.3 .852 292.26 .706
0.4 . 886 292.45 .679 .204
0.5 .914 292.81 .690
0.6 .935 293.12 .677 .182




