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The results of an experimental and analytical

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, X, , at the
O

injection plane may be adjusted arbitrarily and then 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. In

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, XA = 0.5;

Pe = 3.8, X
A = 0.5; Pe = 3.8, XA = 0.7; and Pe = 5.9,
o o

XA = 0.7. The temperature effects associated with flow-

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 function of 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 predicted 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. In the diffusion tube developed

for this investigation, which is shown diagrammatically in
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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:

1. 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
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Gas A & B

f if f ft

Gas A

Gas B
Injection Plane

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

Of 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
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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
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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 X, according to the relationship

J. = :Ea. .X..
. 13 3

Table 2.1. Driving Forces, Fluxes, and Associated
Transport Coefficients

8

(2.1)

Driving
Force Flux

Associated
Transport
Coefficient

1. Velocity
gradient

2. Temperature
gradient

a. momentum

a. energy

b. mass (Soret
effect)

viscosity

thermal conduc-
tivity

coefficient of
thermal diffusion

3. Concentration a. mass molecular diffu-
gradient sion coefficient

b. energy (Dufour coefficient of
effect) thermal diffusion

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

The coupling of flux-force pairs indicated by

equation 2.1 is illustrated in the relationships summarized

in Table 2.1. In 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
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coupled effects, illustrated by fluxes 2b and 3b, 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 a..
13

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:

a13 .. = a3.1 . (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



uniform, the equation for difffusion may be written as

follows (Grew and Ibbs (1952)):

where:

VD - D XAXB DABhA + D
T
/(1nT)]

10

(2.3)

Gas A is the heavier gas.

VD and VD areare the diffusion velocities of gases A
A
and B relative to the mass average velocity of the

gas mixture.

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

D
AB

is the molecular diffusion coefficient (associat-

ed with diffusion resulting from a concentration

gradient). For a binary mixture, DAB DBA.

D
T
is the coefficient of thermal diffusion. The

general convention on sign for this coefficient is

that D
T
is positive if the heavier gas concen-

trates in the colder region.

Both D and D
T

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
\)7D- k7

D
= [X + k (1nT) ] (2.4)

A B
XAXB A T

where kT, the thermal diffusion ratio, is defined as k
T

=

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 -\'7.

D
- VD is is zero. Applying this condition to

A
equation 2.4, the following relationship is obtained

between nonuniformities of composition and nonuniformities

of temperature:

)(2,1 = -kj(lnT) (2.5)

Equation 2.5 may be integrated to yield the following,

assuming kT is a constant (Grew and Ibbs (1952)):

XA - XA

kT ln(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 XB as one factor, and therefore kT is a

strong function of composition. A related quantity which

is a less sensitive function of composition is the thermal

diffusion factor aT, defined by

k
T

CL =
T XAXB

(2.7)

The latter quantity is frequently used rather than

k
T

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 aT.

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 106
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 separation 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, aT, and re-

lated coefficients discussed in section 2.3 of Chapter II.

As discussed in section 2.3, the thermal diffusion

factor, aT, is less sensitive to variations in composition

of a gas mixture than related coefficients appearing in

mathematical formulations of thermal diffusion phenomena.

Consequently, aT has generally been the coefficient chosen

for study in the more recent experimental and theoretical

investigations of such phenomena. The related coefficient

k
T (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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Date Event

1856 The existence of thermal diffusion was discovered in

liquids, 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.

1859 Maxwell published his theory on the distribution of
to

1867 molecular velocities for a uniform gas in equilib-

rium (known as the Maxwellian velocity distribu-

tion). In 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.

1872 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
to

1881 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.



22

1911 Chapman and Enskog, working independently, developed
to

1917 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.

1917 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
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under the influence of a temperature gradient

(the thermal diffusion effect).

1938 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.

1943 Waldmann investigated the diffusion-thermo effect
to

1950 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.

1965 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, aT, 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
T'

may be

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 T1, 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 T2. By replacing kT in equa-

tion 2.5 with the equivalent expression for aT, similar

approaches may be followed for computing aT 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 radioactive 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. In 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)). In 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, aT, 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,

RT, defined as follows (Ibbs and Grew (1931)):

RT k
T
(res)

k
T
(exp)

where k
T (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 RT is that, if the

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 RT may be

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 k
T 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, RT, was found to be

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 R
T 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 a
T 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 aT diminishes with decreas-

ing temperature.

Waldmann also found a change in sign of aT at low

temperatures. Prior to his experiments, a change in sign

of a
T 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 aT 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 aT in the three mixtures mentioned in

the preceding paragraph, but observed no change in sign of

a
T 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 a
T noted by Waldmann (1949) for

argon-carbon dioxide mixtures is anomalous in the sense

that the value of a
T 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, aT, were computed from measure-

ments of the steady state separations, and values of the

binary diffusion coefficient, D
AB' were computed from

measurements of the rate of approach to the steady state.

In the former investigation, measurements were taken using

mixtures of H
2
-00

2
and He -CO2 with 14

CO
2

as the radioactive

tracer. After refining the apparatus, measurements were

taken in the latter investigation using mixtures of He-Ar,

He-00
2'

H
2
-00

2'
and D

2
-00

2
with 14

CO
2
and

37
Ar as the

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 (1/a
T

) 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 additional 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 1/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 a
T

is small when the average temperature of the

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 am,
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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 a
T 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 tube 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.
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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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Figure 4.1. Control Volume and Coordinate System for
Modeling Temperature Fields
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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.
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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.

4.1.1. Energy Equation in Terms of Energy Flux ;

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. The latter approach is followed for

this analysis.



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):

io

DE
= (;:-1)7.)

Dt
(4.1)
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The symbols used in the preceeding equation represent the

following:

E is the internal energy per unit mass.

q is the multicomponent energy flux relative

to the mass average velocity v.

Tr, the pressure tensor, is related to the shear

stress T and the static pressure p by the e-

quation ; = T + pI, where is the unit tensor.

v, the mass average velocity, is defined by the

4 4 4
equation v = v. where vi is the velocity

pi i

of the ith constituent of the fluid relative to

stationary coordinates and pi is the mass con-

centration (mass per unit volume) of constituent

i.

4
3., the mass flux of constituent i of the fluid

relative to the mass average velocity, is defined

by the equation Ii =

gi is an external force per unit mass acting on

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:

a (pE) = - - (;:-Cr\)i)

3t

4-
+ Ej

4- g..
a.

(4.2)

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

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

;:77-1*; = -

Substituting 7i): + p for ; and carrying out the operations

indicated in the preceding equation,

or

4- +--3- + 4- 4- I 4-
ir:Vv = v (0T) + V'(pv)

-4. 4.
- 17.(Vp)

= +

After substituting these terms into equation 4.2 and re-

arranging, the energy equation becomes

4.

a (pE) = 47.(pEv + q + -

at

+ v (vp) + Z3 'g
1 1

(4.3)
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On the basis of the assumptions for this analysis,

equation 4.3 may be simplified as follows:

For steady-state conditions,
at

(PE) = 0

For constant pressure throughout the flow field,

-6 = 0.

Under conditions for which viscous dissipation

is negligible, = 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).)

If the only external force field acting on the

constituents of the gas mixture is gravity,

+ + + + +
3A + 313) g 0

since

JA 1B = PA (;A ;) + p
B
(;

B
;) = 0.

With these simplifications, equation 4.3 reduces to the

following:

+ pEv + p-;) = 0. (4.4)

The second and third terms within the brackets in

equation 4.4 may be combined as follows:

pEv + pv = p(E + 2)3..



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

internal energy per unit mass,

E +
p

= H
p

where H is the enthalpy per unit mass. Further,

or

pH = pAHA + pBHB = CAMAHA + CBMBHB

pH = CAHA +.0 H
B'

where C. 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

or

where

-1%[-ci + (CAHA + CBHB) v I= 0

.;= 0

= q + (C AHA + C H

(4.5)

(4.6)

45
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4.1.2. Multicomponent Energy Flux, q, Relative to Mass
Average Velocity

In equation 4.6, q is the multicomponent energy

flux relative to the mass average velocity v. An equa-

tion for thatthat is applicable for a dilute, nonreacting

binary gas mixture is as follows (Chapman and Cowling

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

= + (n
A
h
A DA + nBhB

DB
)

+ knTXAXE aT (\/
DA - 11

D
).

B (4.7)

Symbols used in equation 4.7 represent the following:

X is the thermal conductivity of the gas mixture.

nA, nB, and n are, respectively, the molecules

per unit volume of gas A, gas B, and the gas

mixture.

hA and h
B are the enthalpies per molecule of

gases A and B.

DA
and

DB are the diffusion velocities of gases

A and B relative to the mass average velocity of

the gas mixture, i.e.,

= v. - v.

XA and X
B are the mole fractions of gases A and B.
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a is 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 in 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:

32

T
la

2
T

+ [ax
- PA CpB

2 ar r pA MA MBart az

+

r\d

MRa
T mRp a

p Vi6 ATvlaT
MAMB

a
r

v -
MB MAMB rjar
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MA
MB M

MaT ) CpB
i(E PB

A MA
v p

Az MB

ti
MRpAa T) I9T

3(a M)
2 M

A id
vz az M

A
14_

hi
[PA vAr ar

a (aTM)
a (a

T p A)

+ v
Az 3z r ar

3(aTpA)
+ v

z 3z
T = 0.

4.1.3.1. Nondimensional Variables

(4.8)

Equation 4.8 may be placed in nondimensional

form by introducing the following variables:

p
= iFt-/ = TIB IU-

Ao IVA°

T-T
V e

IV

z

A0I T
o

In these variables, r and z are coordinates shown in

Figure 4.1; R is the radius of the diffusion tube; pAo

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 vr



and v
z

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 variables,

DT
-T(To(e+1))3 = To 36

ar R aE*

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
6 3

2
6 36 96+ + + + L(6+1) = 0.

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

J = 1 2.1 + 1 + FUA + GU
aE E

1 X
K =

;
+ FVA + GV

a

(p N7I (u a(a M) a(aTM) )
AMA

Ao Ao A A T + V
M._A VA

9;

M(U
a(ctT aA )

+ V a(c41143A))1
-

a /J

(4.9)

49
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where

F = -(p rql R)Ao Ao A

'ImaT

AMA/

( (CpA/MA) - (CpB/MB)

(Cp, M
2

B)
G = - (p (3 11114AoV.AR) uo AaT XMAMB

The coefficients of equation 4.9 may also be written as

follows:

where

J = 1
a

+ 1 + Pe(YUA + ZU)
E E

1 X
K =

3 + Pe(YVA + ZV)

L
Pe PA 1

9(a
T
M)

a (aTIA) )
2ScA A MA

[MB U
+ V

A A 9

mB\u

1 NI( + Vaa3 ))

A A

21-c

[P e
- C,

B
) 11A Mad

A M MA

Z = +
u ?t

1 PCPB 1 A M a
T .

2Sc X ScA A MA MB

(2R)lV
In the preceding equations, Pe = ReSc plop ;

P PA C
C. AB

Sc , , ScA
P

Drl ; pi =
M.

the specific heat per
Pu AB A AB i

unit mass of constituent i; p and pi are, respectively,
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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:

1. For axial symmetry of the temperature

profiles, 2T
= 0 at r = 0. In terms

ar

of nondimensional variables,
9

= 0 at
E

= 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,
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T = T
o

at z > z
u

or 8 = 0 at > cu.

3. 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
0
at r = R

or 8 = 0 at = 1.

b. For an adiabatic wall,

aT = 0 at r = R
ar
eor a=

0 at E = 1.

4. 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.
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Accordingly, the following boundary condition

is a reasonable approximation for conditions

existing at the injection plane:

T = T
o

at x = 0

or 6 = 0 at c = 0.

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.



After replacing the derivatives of the dimension-

less temperature in equation 4.9 with central difference

approximations and then rearranging terms, the equation

for 8 in the form programmed for solution is as follows:

1 j+1,k e
j-1,k

8j
3,k 2 2 2

2
L
j,k (A)

[(A0
2

(AO

e j,k+1 + 8.
+ J.

6j+1,k 6j-1,k

(AO
2 jk

.+
(6j,k+1 6j,k-1)

+ L. .K3,k
2,

(4.10)
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Boundaries for the finite difference scheme are

located at the tube centerline, the tube wall, the gas

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.



55

4.2.1. Use of Experimental Data to Compute Coefficients

Coefficients J, K, and L of equation 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 0.

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



radial direction of M, the mean molecular weight of the

mixture, will be considered. Noting that M = XAMA + XBMB

and that XA + XB = 1 (Bird, et al. (1960)),

and

M = XA (MA - MB) + MB

DM 3M aXA (MA - MB)
3
XA

DE DX
A DE DE
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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,

LXA(j,k)

AE

-2XA(j-2,k)-XA(j-1,k)+XA(j+1,k)+2XA(j+2,k)

10 (0E)

For the wall boundary nodes and those located one

node into the flow field from the boundary,

respectively,

EXA(j,k)

AE

54XA(j,k)-13XA(j-1,k)-40XA(j-2,k)-27XA(j-3,k)+26XA(j-4,k)

70 (AE)
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and

AXA (j,k)

34X
A (j+1,k)-3X

A (j,k)-20XA (j-1,k)-17XA (j-2,k)+6XA (j-3,k)

70 (A)

Similar formulas apply for derivatives in the

axial direction.

Noting that pA = CA/MA, C = CA + CB, and XA = CA/C

(Bird, et al. (1960)), the term SA = pA/pA0 that appears

in coefficient L of equation 4.9 may be replaced with the

following:

PA
CAMP' ti=

ft, = XA C M C
X.

rio
CA A

The substitution of XA for
SA 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 4.9 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, -G:-(p4V) = 0. If the flow is

axisymmetric, the continuity equation may be written in

cylindrical coordinates as

1 9 Ir(pv
r ) I

-I-

(pv
z

)

= 0.T Dr

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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v v
U = , V = , E = - and =

u
IVAr I 1Vaz

u
i"

the continuity equation becomes

a (vu)
=

(MV)
DE

Integrating the preceding equation between the tube

centerline and any arbitrary radial location Es,

E
s

(EMU) =
(MV)dE

Es aC

Solving for U, the equation in nondimensional form

for the radial velocity component of the mass average

velocity at any position (Es,) in the diffusion flow

field is as follows:

1 f INI(C,OVidE. (4.11)U(Es,0 r
s
m(r r)

'
0

The notation (E,c) 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 X
A'

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
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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 Es:

rs a (MV) dE AE 3
0

o E=0

is-1
+ 2 (E* (MV)1J

+ (
a (MV)1 1
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The derivatives in the preceding equation 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 311 =

pA(;A - In accordance with Fick's first law of dif-

fusion, JA is related to the mass fraction of constituent

A, defined as wA = pA/p, in the following way (Bird,

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

IA = -pDAB/wA'

Considering only the mass flux in the axial direction, and

using the former equation to substitute for IA in the

latter, the following equation is obtained:

awA
pA (vA - vz) =-pDAB 75E

awAWith the use of the relationships M = p/C and =

MAMB aXA
(Bird, et al. (1960), Table 16.1.1), and after

3M2 z

some rearranging, the preceding equation may be rewritten

as follows:

3XAC
2

M M_D
A bi AB17Az = V

z p @z
PA
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Finally, noting that CA = pA/MA, C = p/M, and XA = CA/C,

the equation for the axial velocity component of gas A

relative to stationary coordinates is

1 MB D axAv
Az

= v
z

- XA M az

After incorporating the nondimensional variables

Z
vA7 V

z
2R1VA I,.,

= R., VA = 77, V = , and Pe =
D

° ,the equa-
IV
Ao i

IVAoi
AB

tion in nondimensional form for the axial velocity

component of gas A at any position (,) in the diffusion

flow field is

axMB pit,0
2

.VA (E,0 = V(E,0 x
A
(E,c) m(E,OPe a

(4.12)

As in equation 4.11, the notation (,C) 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 nonreacting mixture is (pAvA) = 0.

If the flow is axisymmetric, the continuity equation in

cylindrical coordinates becomes

T ar
1 a [r(PAvAr)] ) = 0.

The preceding equation may be expressed in terms of

XA rather than pA, noting that pA = 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,0 in the flow field:

1 [XA(,C)VA(,01cIE . (4.13)0A(Es.c) = r r r

's
x
Afs")

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
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Program VELOCITY

Input: V(j,k), Xk(j,k), Pe, Xko,

MA, MB, R, NJ, NK, DR, DZ

Compute: U(j,k), UA(j,k), VA(j,k)

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

Uk(j,k), VA(j,k), Xpi(j,k), Pe, Xko

Figure 4.2. Flow Chart for Program VELOCITY
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Program TFIELD

Input: Pe, XA0, NJ, NK, DR, DZ, EXT,

BCW, ITMAX, U(j,k), V(j,k), UA(j,k),

VA(j,k), XA(j,k)

CALL READY

Input: AA, AB, MA,

C
PB'

pA , R

Compute: aT(j,k), X(j,k), and

coefficients J(j,k), K(j,k), and L(j,k)

of equation 4.9

MB, PA, PB CPA

Compute: e(j,k) using Gauss-Seidel iteration

scheme. Convergence criterion:

DPMAX(j,k) =

P+1
e(j,k) e(j,k)

P+1
(j,k)

< 0.00001

4

CALL OUTPUT

Write Pe, XA40, NJ, NK, DR, DZ, EXT, BCW, DPMAX,

ITNO, 6(j,k), U(j,k), V(j,k), UA(j,k), VA(j,k),

XA(j,k), A(j,k), aT(j,k)

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 temperature 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-
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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
12c = 12 exactly.

3. Complete citations for the references are given in
the bibliography.

Fluid Property
Gas A

Nitrogen
Gas B
Helium Source of Data

Molecular Weight,
gm/mol

28.0134 4.0026 N.B.S. TN 270-3,
January, 1968

Specific Heat,
cal/(gm° K)

0.2485 1.2412 Touloukian and
Makita, 1970

Specific Volume
@ 294.26° K and

761.493 not
needed

N.B.S. TN 129,
January, 1962

1 atm, cm3/gm

Thermal Conduc-
tivity @

6.109
X 10-5

3.540
X 10-4

Touloukian,
Liley, and

294.26° K,
cal/(cm sec °K)

Saxena, 1970

Viscosity @
294.26° K and
1.13 atm,

176.16 197.01 Kestin, Paykoc,
and Sengers,
1971

II poise

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

= gas constant = 1.98717 cal/(mol °K)

0° C = 273.15° K



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:

where

A(j,k)
AA

+
X B

X
B
(3,k) XA (3,k)

1 + epAB XA '
(j k)

1 + (I) BA X
B
(j,k)

1/2 1/4
l065[1 (PA MB

PB MA
c21B 2

1 +
MB

2
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(4.14)

and the expression for cOBA is obtained by interchanging

subscripts in the expression for 4)AB'

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 X
A and X

B
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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1 KIHARA

2 CHAPMAN-COWLING
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POTENTIAL
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0,2

0,1
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MOLE FRACTION OF NITROGEN

Figure 4.4. Composition Dependence of the Thermal Diffu-
sion Factor for Helium-Nitrogen Mixtures*

* Computed by Yang (1966)
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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:

a
T
(j,k) = 0.52030 0.57230 XA (j,k)

+ 0.21043[X
A (j,k)]

2
. (4.15)

This equation fits Yang's results with a coefficient of

determination, R
2

, 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. Flow 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, Xao = 0.5,

Pe = 3.8, = 0.5,

Pe = 3.8, X, = 0.7, and

Pe = 5.9, Xao = 0.7.

For each set of flow conditions, the value of Xlio 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.
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Temperature of each gas entering the

diffusion tube, T
o

: 21.1° C.

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 = Ar/R) and axial = Az/R)

directions. The axial length of the grid system was
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varied as necessary to 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, XA0 = 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
P+1

8 8

P+1
, where 8 is the dimensionless temperature at

8

the node and P is the iteration number) was limited to
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1 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

plane is located at the origin of the axial coordinate,

and this coordinate (; = 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
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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, XA0 = 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, XA0 = 0.5

and Pe = 3.8, XA0 = 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,

XA0 = 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, XA0 = 0.5 and Pe = 3.8, XA0 = 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, XAn = 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-



87

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 plotted 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, XA0 = 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 = 0). This is illustrated in the

radial profile for = 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
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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



91

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. In the
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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



98

Primary Gas

1 Secondary Gas Injection
Tubes (0.079 cm O.D.;
0.028 cm I.D.)

Injection Plane

Diffusion Tube (2.54 cm
O.D.; 1.92 cm I.D.)

Figure 5.4. Schematic Diagram of Diffusion Cell
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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 regulators.

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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Figure 5.6. Schematic Diagram of Flow Circuits for Diffusion Test Facility
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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. All 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 used 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 temperature 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. In

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 only 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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4.00C increase in temperature of the aluminum block holding
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Changing from 25 to 20 ma increased the voltage output by . 6 my
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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 my 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° C 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.

0.025 cm I

0.002 cm iron-constantan leads

I
C

p
%ow 4

te

L0.005 cm thick
stainless steel
sheath

Magnesium oxide
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



119

(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. Included 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

connected directly to the instrumentation. In 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



123

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. In 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 thermocouple 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 quartz 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° C + 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.



126

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 sensors 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
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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 0-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 0-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 0-

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 5.16

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 laboratory 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 cm

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 aT

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 located 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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Figure 6.1. Control Volume for Formulating Equations
Used to Compute Thermal Diffusion Factors
and Molecular Diffusion Coefficients
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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)):

SQ
dt

8W

dt
s (e + 1)p(;.-ri)dA

c.s.

614
D Jr ^,Ejor epdV + 1-1

c. v.

(6.1)

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 cylindrical sur- ume across sur-
face and surface BB face AA

or, in terms of the multicomponent energy flux e, which

includes all contributions to the transport of energy per

unit area,

e
cyldA + Jr eBBdA - jr e dA = 0.AA

C171 BB AA

6.1.1.2. Equation for Multicomponent Energy Flux

As shown in Appendix B (equation B.1), the

(6.2)

multicomponent energy flux e within a dilute, nonreacting,

binary gas mixture may be expressed as follows:



e = + (CAHAvA + CBHBvB)

+ knTXABX_a T (vA - v
B
).
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(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

by k = In addition, n = a, where n and C are, re-

spectively, the number density and the molar density of the

fluid. With these substitutions, equation 6.3 becomes

e = -AT + (CAHAvA + CBHBvB)

+ aTXAXBaT(1, - vB) . (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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DT
e
BB Dx

+ (C
AHAvAx + CBHBv

Bx )

+ CTXAXBa,(v, - v, )] . (6.5)
2-,x ,ox BB

This equation may be integrated term-by-term over surface

BB to obtain an expression for the rate at which energy is

transported over the entire surface. Working first with

the conduction term,

Jr
DT,

A--
3xBB

fR
dA = -2nj X411 rdr.

BB °x BB
(6.6)

The integral of the next two terms grouped together

on the right hand side of equation 6.5 may be expressed as

follows:

f(C
AHAvAx + CBHBv

Bx)dA =1A Ax +
B

11
B B

] A
BB.BB x 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.

NotingthatpiviABB=rili,wherelh.1 is the mass flow

rate of constituent i over surface BB, the preceding equa-

tion may be written as follows:

Jr
.

(C
AHAvAx + CBHBv

Bx
)dA = A HAmA +

BB
PA PB 1 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,

Hi = H
i
/M., where H

i is the enthalpy per unit mass and H.

is the partial molal enthalpy of constituent i. With these

substitutions the preceding equation becomes

Jr (CAHAvAx + CBHBv
Bx )dA =[iA AlBB BB

(6.7)

Proceeding in a similar manner with the last term of

equation 6.5, the following equation is obtained:jr4Iii I .aTXAXB aT
(v
Ax v

Bx )dA =
T RA R

B
a

-1,- A

BB
BB

As noted in section 4.2.1 of Chapter IV, Ci = CX1, where C

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 equation 6.5 may be written in the

following form:

)( CTXAX.._a,(v - v
Bx )dA = 4q2Bi'aT61A1

BB (6.8)1 AxBB A



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:

f e -2f RA rdr HAthA

BB
BBdA

3x

I .

R
+ B

Ta
T A

A
BB
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(6.9)

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 must 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:

f e dA --EftAIIIA]

AA AA
(6.10)

Across the cylindrical surface of the control volume,

energy is assumed to be transported only by conduction.

Accordingly,
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dx (6.11)

R

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

6.1.1.4. Equation for aT

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

aTI dx + _21T rdr
Dx A A

+
A

XB
AiA I

AA
= 0.

BB

This equation may be solved for the thermal diffusion

factor aT. 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 = C AT, the equation

for a
T may be expressed as follows:

[11.A. PA (TAA TBB )
aTI BB

mA
[ IA

BB

DT+ 271-6( dx
ax

rdr)BB

(6.12)

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

becomes

aTIBB

LX
aT

74/+ 2

[

en C (TAA T
BB )A pA

1
dx aT

E=1 Jo aX
EdE)]BB

. (6.13)

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 temperature 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 (c,V coordinate system, with an axial (E = Az/R)

and radial (. = or /R) node spacing of 0.1. Values of the

thermal diffusion factor are computed relative to the (x,E)

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 (,E) coor-

dinates, with the origin (where k = 1) located at the gas B

injection plane. Relative to the (x,0 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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Figure 6.2. Grid System for Computing Thermal Diffusion
Factors and Molecular Diffusion Coefficients
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gas A flows over the cross section. 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 aT

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



153

Program ALPHA

,r//4nput: KASE, KSTRT, KEND, NJ, NK,

CpA, AA,. AB, MA, MB, PA, PB, 2A, p,

Pe, Q R,A' XAo

Compute: Array of thermal conductivities

X(j,k) for j = 1, NJ and k = 1, NK. Also

compute mixed mean values of temperature

TAVG(k) and mole fraction of gas A

XAAVG(k) for k = 1, NK

Compute: Thermal conductivity aT over

flow cross section at every other axial

node between K = KSTRT and K = KEND. Also

compute molecular diffusion coefficient DAB

over flow cross section at every axial node

between these limits

Write: Computed values of aT and DAB and

corresponding values of XAAVG

Figure 6.3. Flow Chart for Program ALPHA
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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
(F (A) + 4F(A+1) + 2F (A +2)

3

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



155
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 ad
= [(Avp)C T]across surface BB l P BB p BB

R

= 27rf I vpC T1 rdr.
BB

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

negligible, this equation may be reduced to the following:

T
BB

27r f
[vT]

BB
rdr.

[ATr] BB °

After substituting nR2
for A

BB and incorporating the

dimensionless variables = r/R and V = v/IV
Ao I, where V

Ao

is the average velocity of gas A over any diffusion tube

cross section located sufficiently far upstream of the

gas B injection plane so that only gas A is present, the

preceding equation becomes

1

T
BB

2 jr
[VT]

BB
EdE.

i/
BB

o
(6.15)

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:

(6.16)
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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:

t
BB = [pT7A1

BB = f [vp]
BB

dA.
BB

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

negligible,

v =
1 fv dA.BB ABB BB BB

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

v/Nol' the preceding equation becomes

1

7)313
2 f VEd.

0

6.1.2.5. Procedure for Estimating Missing Data

(6.17)

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 CA denote the axial posi-

tion of the cross section. In addition, let cu and CD

denote, respectively, the positions of cross sections up-

stream and downstream of CA 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 Tr 1

A1 CL
and that the curve is similar in shape to the measured

temperature profiles, the temperature T; I at any radialAfR
location ER may be estimated using the following equation:

T - TCUCU
T
CA

- T
CU

CL

(6.18)T
CD

- T
CU

T
CD

T
CU
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where all temperatures used to estimate T CA I

r
are

c,R

experimental values. This equation is used to estimate

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 DAB

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):

-
-/)7-

DA D
B

DAAB
n nVXA 4.AB (m_

B
- m

A
)

Vln(p)
XAXB np

P - ].+ k
T
-.1n(T)

PAP B PB)
(6.19)

P

In this equation, VD and -N"DB are the diffusion velocitiesDA

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

D - -\/

DB
AB v XA*

A XAXB

As shown in Appendix B,

DA - \1
DB = vA vB

(6.20)

where vA and v
13

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,

-4-

M(vA - v)
vA vB

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

MM v) = AB Vx
A .MB X

A
(6.21)

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)):

3A PA(vA v)
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This equation may be combined with equation 6.21 to yield

the following equation for IA:

P M- t
A Is vX

A A.IA -DAB XAM

Noting that pA = LAMA, XA = CA/C, and C = p/M (Bird, et al.

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

following form:

M
B V+ X

A .
A

3A -DAB C

M

M (6.22)

For later computational convenience, it is desirable

to relate the molecular diffusion coefficient D
AB to 'ft

A'

the mass flow rate of gas A, rather than to IA. 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:

mA = 13A
x

+ pTIAT7X1

BB
ACS

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

field and w
A'

the mass fraction of gas A, is defined as

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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As noted previously in this section, 2A = CAMA and

CA = CXA. With these relationships and the relationship

wA = 2
A/2, the preceding equation for mA may be written as

follows:

1 1 r<
A

TI
x

1 A
CS[mA 3A CS + MABB

A
BB

(6.23)

Equations 6.22 and 6.23 may be combined to yield the

following equation relating MA and DAB:

[IDAB-a- dRA]
l

BB

A
IA -MAN - dx CS + MA[NAx Acs (6.24)

BB

A similar equation may be written for MB. Noting

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,

D C dR _BA
thB -MAMB 3r d x

B A
CS + M

B
[CX

Bvx 1
ACS= 0.(6.25)

BB BB

Equation 6.25 may be solved for T.rx, and the resulting

expression may be substituted for T7x in equation 6.24. The

equation for Trx is as follows:

[DBA dXB
1,1

xi
BB A R R dx

B BB



dR
B 51d (1-R,) dA

or, noting that DBA = D and
dx dx dx'

I

AB (IRA
v

BB -MA - - dxXBM
BB
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(6.26)

With the use of equation 6.26 and the relationship XAMA +

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

form

DABC
fri

A = -M A
A CS dxX

B
BB

(6.27)

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/(T), where is the

gas constant. With the use of this relationship, equation

6.27 may be rearranged to yield the following:

th
A TXB

DAB( BB pA M

?t

CS A
A

dx
BB

(6.28)

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



DAB'
BB

AWR

pACSMA

T(1 - RA)

dRA

dx BB
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(6.29)

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 composition 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
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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 INTERPRETATION 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

= 0.5,

Pe = 3.8, XA = 0.5,

Pe = 3.8, XA
0

= 0.7,

and Pe = 5.9, XA = 0.7.

For each set of flow conditions, the value of XA is the
0

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° C

+ 0.5o 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/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, XA , set at 0.5) and in Figures
0

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
0

centerline concentration 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 Temperature 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 diameter (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/(cm°K)). 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-
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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 is 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, XA , set at 0.7), the radial temperature profiles
0

for the flow 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 (Stock (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.)
0

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-
c

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 = 5.0. (The coor-

dinate 4 = 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 C = 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.

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
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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
0

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 c = 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
o
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° C 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.1 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.

Nevertheless, corresponding values (which were measured

relative to the common temperature of the two gases enter-

ing the diffusion tube) are in agreement within 0.10 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 between 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

1. Scatter of data obtained in repeated
measurements

2. Estimated errors in calibrations of
thermocouples and associated
instrumentation

3. Heat conduction along stem of thermo-
couple probe, and thermal radiation
between probe and surroundings

+ 0.1
o

C

+ 0.03° C

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 reference 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 heat 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 (-3.96° 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.)
0

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 aT

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 aT 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 aT 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 IV.)

A fluid property not listed in Table 4.1 that must

be known in order to use equation 6.13 for computing

values of a
T 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 IV.

7.2.1.2. Limitations on the Range of Gas Composition
for Which Values of a

T 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 a
T
computed on the basis of data for

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 a
T
plotted in Figure 7.11 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

C (= z/R) = 0.0 and C = 0.3 relative to the helium injec-

tion plane are not considered suitable for use in computing

values of aT.

The effect of the latter restriction may be illus-
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trated by considering the values of a
T

computed on the

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

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

of nitrogen for which values of a
T are plotted for this

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 a
T 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 Values of a
T 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 a
T 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 aT differ by no more than + 10%

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
T
as a function of gas composi-

tion.

7.2.1.4. Estimate of Uncertainty in Values of aT

Values of a
T
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:

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

(estimate is from Table 7.1): 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 aT from data taken under the

flow conditions described in section 7.1. However, the
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effects of these uncertainties on the uncertainty of the

values of a
T 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 values

of a
T 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 aT for noble gas

mixtures containing helium. It is therefore reasonable

to estimate that the uncertainty of the values of aT

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 aT (or
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the related coefficient k ) 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
T
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 a
T
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
T for this mixture is not large (less than 30%) as a

function of pressure up to the maximum pressure, 500 atm,

at which the data were taken. The value of a
T

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 (1962) 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 aT 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 a
T

for a helium-nitrogen mixture

in which the mole fraction of each constituent was 0.5.

The value of aT 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-
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stitutes a definitive standard against which the values of

a
T
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 aT 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 a
T
and the lowest mole fraction of

nitrogen for which values of aT 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 aT 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 a
T 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
T
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 a
T 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 7.11 are theoretical curves

for the variation of a
T
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
T
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 aT yields

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 a
T

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
T
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 aT 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
T
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 aT

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 aT. Rather, the

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
T

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 IV.

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 DAB in accordance with equation 6.29.

Results of the computations are included in Appendix J.

The input data files used in the computations were also

used for computing values of aT, and are tabulated in

Appendix H.

Unlike values of a
T'

which are strongly dependent

on temperature changes associated with diffusion, values

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 aT.

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 DAB
computed from data taken under the

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. Statistical Information for Molecular
Diffusion Coefficients Computed from
Experimental Data Taken Under the Flow
Conditions Described in Section 7.1

NOTES:

221

1. "Sample Size" refers to the number of values

of DAB
computed for a given set of flow conditions.

2. Numbers listed under "XA" are the maximum,

minimum, and average values of the mole fraction

of nitrogen for which corresponding values of DAB

were computed from the experimental data.

Flow Conditions

Pe = 1.9
XAo = 0.5

Pe = 3.8 Pe = 3.8
XAo = 0.5 1 X

Ao
= 0.7

Pe = 5.9
XA = 0.7

0

sample
size 24 11 8 4

D
AB

0.746 0.713 0.712 0.688average
maximum 0.893 0.831 0.730 0.706
minimum 0.674 0.676 0.681 0.677
std. de-
viation

0.064 0.047 0.018 0.013

XA
0.834 0.845 0.892 0.897average

maximum 0.950 0.945 0.947 0.935
minimum 0.612 0.674 0.816 I 0.852
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magnify the effects of such irregularities.

The average value of DAB for each of the four flow

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 DAB as a function of composition

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 D
AB 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 DAB, the central tendency of the results for each

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 Figure 7.12 for the combined

values of D
AB 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 DAB plotted

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 D
AB 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 D
AB 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 o 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:

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 additional 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 = CA + C
B

Pi
C. molar concentration of constituent i,=

"i

C
p specific heat at constant pressure

D
AB molecular diffusion coefficient for system A-B

D
T

coefficient of thermal diffusion

multicomponent energy flux relative to stationary
coordinates

E internal fluid energy

hi enthalpy per molecule of constituent i

H enthalpy of gas mixture

H. partial enthalpy of constituent i

mass flux of constituent i relative to the mass3i

average velocity = pi(;i -

k Boltzmann's constant
D
Tk

T thermal diffusion ratio =
D
AB

m mass flow rate

M number mean molecular weight of gas mixture

= = XAMA + XBMB
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M. molecular weight of constituent i

n molecules of gas mixture per unit volume

ni molecules of constituent i per unit volume

Avogadro's number

p pressure

multicomponent energy flux relative to mass average

velocity v

Qi volume flow rate of constituent i

r radial distance from centerline of diffusion tube

R radius of diffusion tube

gas constant

T gas temperature

v
rU dimensionless radial velocity =

FA
0

mass average velocity = (1/p) (pAvA + pBvB)

vi velocity of constituent i relative to stationary
coordinates

v
zdimensionless axial velocity =

17A
o

D. diffusion velocity of constituent i relative to the

massaveragevelocity=v.-v

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

Xi 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

a
T thermal diffusion factor = k

T
/XAXB

dimensionless density = p/pA
0

dimensionless axial coordinate = z/R

T - T
odimensionless temperature

T

A thermal conductivity

p viscosity

dimensionless radial coordinate = r/R

pi mass concentration of constituent i, = CiMi

p

X

mass density of mixture = pA + pB

dimensionless axial coordinate (= x/R) relative to
a reference plane where only gas A is present in
the diffusion tube (used in Chapter VI)

w mass fraction of constituent i, = pi/p

Overlines

per unit mass

average over flow cross section

Subscripts

A refers to the heavier gas
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B refers to the lighter gas

j,k computational grid indices in the radial and axial
directions

o 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

x axial direction relative to (x,x) coordinates

z axial direction relative to (z,V 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:

where

and

4- -4-

V e = 0

q
.4.

e = + (CAHA + CBHB )v

+ (n
A
h
A DA

+ nBHB
DB

)

(4.5)

(4.6)

+ knTXAXBaT(DA
DB

). (4.7)

After substituting for i 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 4 in equation 4.7 are

substituted into equation 4.6, the nihii in the former
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equation may be combined with the CiHi; in the latter.

1
v, where the

nomenclature is the same as that defined in Chapter IV

and Appendix A,

nAhA
DA

+ nBhB DB+ (C
AHA

+ CBHB )v = CAHA (;
A ;)

+ CBHB (;
B

;) + (CAHA CBHB );

= CAHAvA + CBHBvB.

Noting also that

VDA ;) (-1)B; v÷) A v B

equation 4.6 may be expressed as follows after substituting

for q using the terms given in equation 4.7:

e = + (CAHAvA + CBHBvB)

+ knTXAXBaT(;A - ;13) (B.1)

where vA and v
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
B

in equation B.1 expressed in terms of v

and v
A' The mass average velocity v is related to

velocities vA and v
B

as follows (Bird, et al. (1960)):
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4- 4
pv = pAvA + pBvB.

p
p v A

v -
v.
A .

B p
B PB

Noting that Ci = pi/Mi, where Ci is the molar concentra-

tion of constituent i,

4 C M 4CM A A Av
B

CB
M

v
B CBM

v
B

Noting also that Xi = Ci/C, where Xi is the mole fraction

of constituent i and C is the molar density of the mixture,

4 X M
M v A A vA

v
B XBMB XBMB (B.2)

The first set of terms in brackets on the right

hand side of equation B.1 may be rewritten as follows,

using equation B.2 and the relationship Xi = Ci/C:

m
CAHAvA + CBHBvB = CIXA HA H

3
-A vA
MB

(B.3)

Again, using equation B.2, the difference in veloc-

ities in the last term of equation B.1 may be written as:

- v
M(;A ;)vA

XBMB (B . 4 )



The divergence of equation 3.1 will now be taken

term-by-term. Starting with the first term,

3T
3r\ ar/ r Dr Dz \'`3z/

241

(B.5)

The divergence of the next two terms grouped together

in brackets in equation B.1 is equivalent to the divergence

of equation B.3. Working with the first term on the right

hand side of the latter equation,

P
.*(CXAHA;A ) =

A
HA;A )

v. ( A H,A vAMA

1 /..(pAHA;A ) .

MA
=

When the right hand side of the preceding equation is ex-

panded, the terms include the product of HA and -(pAvA).

In accordance with the continuity equation for constituent A,

-.(pA;A) = 0. Thus,

3H
9H A)

.-(CXAHA;
A v

A)
z,

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:

PA vA 311
A 311

A/(CAHA;A + CB HB;B) =
MA r 3r

+ v
Az

-5-2E-

) (PA (v,
DH

B
+

p v 91-1

+ zv
311

BMB (B.6)
MB

'r 3r + V
Az 3z M

B
r

3r az
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Before taking the divergence of the last term in

equation B.1, several substitutions will be made that will

be convenient for later computations. First, Boltzmann's

constant k is related to the gas constant W and Avogadro's

number by the equation k = (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 =

Finally, CXA = CA = pA/MA, where the nomenclature is as

defined previously. With these substitutions and with the

use of equation B.4, the last term of equation B.1 becomes:

PA M 9ta
T

T(;A - ;)knTX (; ) =
AX BaTA -

MA MB

The divergence of the preceding equation may be

taken as follows:

[-(pAaTTM;A )[IcnTXAXBaT(-NiA ;13)] =
A B

(PAaTTM;)]
(B.7)

In accordance with the continuity equation for constituent A,

= 0. Therefore, the divergence of the first term

within the square brackets on the right hand side of

equation B.7 is

a(a
T
TM) a(a

T
TM)..(PAaTTM;] (B.8).

11) PAvArl Dr I+ PAvAzi az



Noting that M = p/C and that, in accordance with the

continuity equation for the mixture, --(f);) = 0, the

divergence of the second term on the right hand side of

equation B.7 is

*(PAaTTNI) pv (PeTT)
r Dr

3 ( PAa T T)+ p
vz 3z
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(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.10 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 = ?0 and n = C. With these substitutions, equation

B.10 may be written as p = dtT, or C = p/(tT). Making use

of the latter relationship and the relationship M = p/C,

equation B.9 becomes:
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Dam DP,
.(P TM-4) = Mv p T + TA T- r A ar aT pr.

3T1 aa
T

2PAaT ar
+ Mv p T

z A az

apA

21:1Aa-T az
(B.11)

With the aid of equations B.1, B.5 through B.9,
3H

DTB.11, and the ideal gas relationship i C, equa-
r-i

tion 4.5 may be written as follows:

3 03T) A 3T 3 (xaT) PA
Dr 1 3r r 3r 8z1 3z A M

A

+

+

EB)(vA aT aT) PcPB(vr aT
MB r ar Az

+ :2211:B(17Ar

Vr[ (01 Ti
p
A

3z

a(cr)

MB Dr

9(aTTM)\
+

v
Azv

z a

MR 2, a
'A T

DT
+

)

+
MAMB

v
z
(a
T

Dr

T
aP A

+ 20

3r PAT

@a
T I )1 = 0.@z AaT az

pA az

After some additional rearranging, the differential

equation for the temperature distribution in the diffusion

flow field becomes

AD
2
T AD

2
T [DA

c
PA

c
PB

art az
2 (Dr "A M

A

MR
1.1

a T)v,,
-

pCp 2Mkp
Aa T)v

r
1DT

MA m
B

r MB
MAMB ar
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A
1 a x CPB 4, PR,- zaZ PA(

CPA

MA
MB MAMB MB

lap
Aa T)v

z jai' W I
a (aTM)

MAMB / az M
A

M
B [PA EAr a r

a ( a a (a Tp A) a (aTPA)
Dz

)1T = 0. (4.8)+ vA M (7r ar + vz
azz
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Appendix C

COMPUTER PROGRAMS

For Chapter 4:

Program TFIELD

Program VELOCITY

For Chapter 6:

Program ALPHA

Program RADTEMP



C
C

C

C
C

C
C

C
C
C
C

C

C,
C
C

C
C

C
C
C
C

C
C

C
C
C
C

C
C
C
C
C

C

C

C
C
C

C

C

C

C

C
C
C
C
C
C
C
C

C

C
C

C
C
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PROGRAM TFIELD

THIS PROGRAM IS USED TO SOLVE A SECOND ORDER, PARTIAL DIFFERENTIAL
EQUATION FOR THE DImaNSIONLESS TEMPERATURE FIELC, TFETA(J,K),
CORRESPONOING TO GIVEN FLOW CONOITIONS IN A DIFFUSION FIELD
OF A BINARY GASEOUS mIXTLA:.

OEFINITICNS OF FROGRAM VARIABLES

TWO-DIMENSIONAL ARRAYS USED IN THE COMPUTATIONS --

ALPHA(J,K)
C(J,K)
Ci(J,K)
C2(J,K)
C3(J,K)

LA4(J,K)
THETA(J,K)

U(J,K)

V(J,K)

UA(J,K)

VA(J,K)

XA(J,K)

THERMAL CIFFUSICN FACTOR, DIMENSIONLESS.
COEFFICIENTS IN EQUATION FCR THETA, DIMENSIONLESS.

2 2 * *

$ s x t

$ t s $

THERMAL CCNCUCTIVITY OF GAS MIXTURE, CAL/(CM SEC K).
TEMPERATURE OF GAS MIXTURE, CIMENSICNLESS.
MASS AVERAGE VELOCITY OF GAS MIXTURE IN RADIAL
OIRECTICN, CIMENSICNLESS.
MASS AVERAGE VELOCITY OF GAS MIXTURE IN AXIAL
DIRECTION, CIMENSICNLESS.
VELOCITY CF GAS A IN RAOIAL DIRECTION RELATIVE
TO STATIONARY COORDINATES, DIMENSIONLESS.
VELOCITY OF GAS A IN AXIAL DIRECTION RELATIVE
TO STATIONARY COORCINATES, CIMENSICNLESS.
MOLE FRACTION OF GAS A, DIMENSIONLESS.

OTHER VARIABLES --

3CW

CPA
CP3
JAB
OPMAX

OR
OZ
EXT

ITMAX

ITN )

KASE
LAMA
LAMS
MA

13
MUA
MU3
4J
4K

SIGNAL FCR BOUNDARY CONDITION TO BE IMPOSED AT
TUBE WALL.

BCW = 0 -- ADIABATIC WALL
6CW = 1 -- ISOTHERMAL WALL

SPECIFIC HEAT OF GAS A, CAL/(G K).
SPECIFIC HEAT OF GAS e, CAL/(G K).
MOLECULAR DIFFUSION COEFFICIENT, CM"2/SEC.
MAXIMUM RELATIVE ERROR IN THETA FOLLOWING EACH
ITERATION.
RACIAL NUDE SPACING, DIMENSIONLESS.
AXIAL NCCE SPACING, DIMENSIONLESS.
LIEBMANN EXTRAPCLATION FACTOR, USED IN ITERATIVE
CALCULATIONS OF THETA(J,K).
MAXIMUM NUMBER CF ITERATIONS ALLOWED FOR CALCULATING
THETA(J,K) .
NUMBER CF ITERATIONS COMPLETED FOR CALCULATING
THETA(J,K).
IDENTIFICATION NUMBER FOR CASE UNOEX CCNSIOERATION.
THERMAL CONCUCTIVITY CF GAS Al CAL/(CM SEC K).
THERMAL CONDUCTIVITY OF GAS E, CAL/(CM SEC K).
MOLECULAR WEIGHT OF GAS A, GIG-MOLE.
MOLECULAR WEIGHT OF GAS e, G/G-MCLE.
VISCOSITY OF GAS A, G/(CM SEC).
VISCOSITY CF GAS 9, G/(CM SEC).
NUMBER CF GRID POINTS, R-OIRECTION.
NUMBER CF GRID POINTS, Z- OIRECTICN.
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C %AU) NUMBERING FCR OUTPUT HEADINGS ON LINE PRINTER.
C NTTY SIGNAL FCR TELETYPE OR BATCH FROGRAN' CCNTROL.
C NTTY = 0 -- BATCH CPLRATICN
C NTTY = 1 -- TELETYPE CONTROL
C NURUN SIGNAL FCR CCNTINLEC ITERATION FROM EXISTING FILE.
C PP. MASS PECLET NUMBER (24R+VINF/DAB).
C PHIAB CONSTANT USED IN CALCULATICN OF LAM(J,K).
C PHIEIA CONSTANT USED IN CALCULATICN OF LAM(J,K).
C RAO INSIDE RADIUS OF DIFFUSION TUBE, CM.
C ROAR UNIVERSAL GAS CONSTANT, CAL /(G MCLE K).
C RHOA DENSITY GF GAS A AT ENTRA(sCE TO CIFFUSION TU2E, G/CC.
C VINE AVERAGE VELCCITY, CM/SEC, CF GAS A FAR UPSTREAM OF
C THE GAS E INJECTION PLANE.
C XAO MOLE FRACTICN OF GAS A AT THE GAS B INJECTION PLANE.
C XI RADIAL CCOROINATE, OIMENSICNLESS.

COMMON C(14,631.C1(14.E3),C2(14,63),C3(14.63)
COMMON THETA(14.63),L(14,63).4(14,63)
COMMON UA(14.63).VA(14,63).XA(14,63)
COMMON IN.ITNO,JI,J2,K1.K2,KASE0J,NKINCOElyNC0E2,NTTY
COMMON SCW.OPMAXICR,DZ.EXT.OUTIP-.4INF,XAO
COMMON LAM(/4,63).ALFHA(14.63)

1 FORM4T(10I5)
2 FORMAT(7F10.5)
3 FORMAT(t0 FOR ITERATICN2II4It MAX. RELATIVE ERROR INt/
it THETA ISt,E14.7.t AT NCDEt,2(I4))

4 FORM4T(t0 RELATIVE ERROR IN THETA LESS THAN .00001 ATt/
It ITERATION NUMBERt.I4)
INTEGER BOW, OUT
REAL LAM
IN = 40
OUT = 41
READ(IN11) KASE,NURLNINJ.NK.2CN.ITMAXOTTY
WRITE(61.1). KASE,NURUN,NJOK,8CWIITMAXOTTY
EAO(IN.2) EXT,DROZ,FE0A0
WRITE(61.2) EXTORICZ,PE,XAO
REAO(5) U.V0A,VA,XA
J1 = NJ -1
J2 = NJ -2
Ki =

K2 = 4K-2
3R2 = OR'OR
3Z2 = 0202
CALL READY
CALL OUTPUT(/)
IF(NURUN.E0.0) GO TO 20
REA0(6) ITNO,HETA
GO I) 40

C SET TEMP:RATURE FIELO NITHIN BCLNOARIES TO ZERO
20 00 25 J = 3,J2

90 25 K = 3,K2
THETA(J,K) = 0.

25 CONTINUE
C SET 33UN0ARIFS HAVING CCNSTANT TEMPERATLRES TC SPECIFIED VALUES

CO 30 J = 21J1
THETA(J.2) = 0.
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THETA(J.K1)= O.
30 CONTINUE

/F(9CW.E0.0) GO TO 35
00 35 K = 3.K2
THETA(Ji.K)= O.

35 CONTINUE
C PERFORM THE ITEFATIVE CALCULATIONS FOR THE TEMPERATURE FIELD

ITNO = 0

KOUNT = 0

NUM = 0
40 ITNO = ITN0+1

JPMAX = 0.
C SET TEMPLRATUkz: FIELD AT WALL BOUNDARY FOP THIS ITERATION IF
C ADIA3ATLC BOUNDARY CONDITION IS SPECIFIED

IF(BCW.E0.1) GO TO 45
00 45 K = 3.K2
THETA(NJ.K)= THETA(J2,K)

45 CONTINUE
C SET TEMPERATU..r. FIELD AT CENTERLINE BOUNOARY FOR THIS ITERATION

30 50 K = 3,K2
THETA(1.K) = THETA(3,K)

50 CONTINUE
C COMPUTE THE TL1FERATUFE FIELD FCR THIS ITERATION

IF(9CW.t0.0) LIMJ = J1
IF(9CW.E0.1) LIMJ = J2
00 60 J = 2,LIMJ
00 60 K = 30(2
THETA° = THETA(J,K)
TEMPI. = (THETA(J+1.K)+THETA(Ji,K))/CR2
TEMP2 = (THETA(J,K+1)4THETA(J.K1))/C72
TEMPS = C2(J,K)*(1HETA(J+1,K).THETA(J1,K))/OR
TCMP4 = C3(J,K)*(THETA(J,K+1)THETA(J.K...1))/02
THETA(J,K) = Cl(J,K)*(TE?'Fl+TLIMP24.TEMF3+TEMP4+C(J,K))
THEJA(J,K) = THETA04E)(T*(TNETA(J,K)-.TW_TA0)
OEL = A35((THETA(J,K)...THETA0)/THETA(J,K))
IF(JEL.LT.OPMAX) GO TC 60
OPMAX = DEL
NO0E1
NO0E2 = K

60 CONTINUE
NRITE(6) ITNO,THETA
REWINO 6
IF(M.31(/TNO,10).NE.0) GO TO 65
IF(ATTY.E0.0) GO TO 65
WRITE(61,3) ITN0.0PNAX.NOCE1,NGCE2

65 IF(ITNO.GE.ITMAX) GO TO 80
IF(OPMAX.GT.0.00001) CO TO 40
IF(KOUNT.GT.0) GO TO 70
IF(NTTY.C.Q.1) WRITE(61,4) ITNO
WRITT(JUT.4) ITNO
KOUNT = ITNO

70 NUM = NUM+i
IF(AUM.LT.4) GO TO 40
ITEST = KOUNT+3
IF(ITNJ.:LO.ITEST) GO TO SO
KOUNT = 0



NUM = 0

GO TO 40
80 IF(NTTY.:-.0.0) GO TO 90

'WRIT = TTYIN(4HADDI,4HTIONg4HAL Il4HTERA14HTIONg4HS = )

IF(MORIT.E0.0) GO TO 90
ITMAX = ITMAX+MORIT
EXT = TTYIN(4HTYPEg4H VALg4HUE 0,414 EXI4HTRAPp4H. FA,
14HCTORg4H FORp4H 1400,4M. IT,4HLR. )

GO TO 40
90 CALL OUTPUT(2)

STOP
ENO

C
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SUBROUTINE READY
C SETS UP CONSTANTS NECESSARY FOR FERFORMING flit. ITERATIVE
C CALCULATIONS, USING AS INPUT KNCNN VALUES OF UA(J,K), VA(J,K),
C ANO XA(J,K).

COMMON C(14,63),C1(14,63),C2(14,63),C3(14g63)
COMMON THETA(14,53),U(14,63),V(14,63)
COMMON UA(14963),VA(14g63)1XA(14163)
COMMON IN,ITN0g,11,J2,K1,K2,KASE,NJINK,NODE1INCOE2gNITY
COMION 5CWOPMAXgCCIOZ,EXTIOUTIPLgVINFIXAO
COMMON LAM(14,63)gALFHA(14,63)

1 FORMAT(6F12.8)
INTEGER 3CW,OUT
REAL LA1gLAMA,LAMagMAgMB,MUA,MUB
REAO(I4g1) LAMAgLAM3,MA,M3IMUA,MUEI
WRITE(51,1) LAMAgLAM3,4A,M3,MUA,MUB
REAO(INg1) CPAgCP3,RACgRFOAgVINF
WRITE(61,1) CPA,CP3pRAOIRHOAIVINF
R3AR = 1.98717

C CALCULATE THCPMAL DIFFUSION FACTORS ALPHA(J,K). ECUATION FITS
C POINTS CALCULATED FRCM CHAPMANCUWLING EXF".SIX MODEL.

00 10 J = 1gJ1
00 10 K = 1,NK
TEMP = XA(J,K)

C ALPHA(),K) = 0.52030-.0.57230eTENF+0.21043*TEMF-"2
ALPHA(J,K) = 0.70544...1.37174TEMF+1.34254TEMP"2m0.52108*TEMP43

10 CONTINUE
C CALCULATE THERMAL CONCUCTIVITILS LAM(J,K)

PHIA3 = 1.0654'(1.+SCRT(MUA/MUB)*SORT(SCRT(ME/MA)))"2
1 /(SCRT(8.)*SCRT(1.+MA/MB))
PHI3A = 1.065*(1.1-SCRT(mUSimuA)*SORT(SORTIMA/M8)))**2

1 /(50RT(a.)45CiT(1.+M5 /MA))
00 20 J = 1,J1
DO 20 K = 1,NK
TEMP = XA(J,K)
LAM(JgK) = (TEIP LAMA)/(TEMP4.(1.-.TEMF)3FHIAB)+((1....TEMF)*LAMB)

1 /((1.TENP)+TEMPePHI8A)
20 CONTINUE

C SET JP CONSTANTS TO 3E USEJ IN CALCULATING COEFFICIENTS FOR THE
C DIFFERENTIAL EQUATICN FOR THETA(J,K)

CONST/ = R3AR/(MA4MB)
CONST2 = :0-10A*VINF*RAO

= MA -M3
C

OMASX
CALCULATE COEFFICIENTS C(J,K). DERIVATIVES OF XA(J,K) ARE



C COMPJTEJ USING FIVE-PCINT FORMULAS.
00 25 K = 3,K2
C(2,K) = 0.

25 CONTINUE
00 35 J = 3,J1
00 35 K = 30(2

C DALPHX = -0.57230+0.4208E*XAAJ,K)
O4LPHX = -1.3717+2,68504TEMF-1.56324*TEMP"2
IF(J2-J) 26,27,28

26 OXAR = ( 54.* XA( J ,K)- 13. *XA(J- 1,K)- 40. *XA(J -2,K)

1 -27.*XA(,4-3,K)+26.*XA(J-4,K))/(70.4TR)
GO TO 30

27 OXAR = (6.*XA(J-3,K)-17.*XA(J-2,K)-20XA(J-1,K)
1 -3.*XA(J,K)+34.*XA(J+1,K))/(700'0R)
GO TO 30

28 OXAR = (-2.*XA(J-2,K)-XA(J-1,K)+XA(44-1,K)
1 42.*XA(J+2,K))/(10,40R)

30 IF(K.GT.3) GO TO 32
1)(AZ = (-34.4XA(J,K-1)+3-.4XA(J,K)+20.*XA(J,K4.1)

4.17.*XA(J,K+2)-6.*XA(J,Kf3))/(70.+02)
GO TO 33

32 OXAZ
1

33 TEMPI
TEMPI
TEMP3
TEMP4
TEMP5
TEMP6
TEMPT
TEMP8
TEMP9
TEMP10
C(J,K)

1

2

35 CONTINUE

= (-2.*XA(.1,K-2)-XA(J,K-1)+XA(J,K+1)
+2.'XA(J,K+2))/(10.#0Z)

= XA(J,K)/LAM(J,K)
= ALPHA(J,K)40MASX+OXAR
= (XA(J,K)4(MA-ME)+Ma)*OALPHX*CXAR
= ALFHA(J,K)*CMASX*6XAZ
= (XA(J,K)*(MA-Me)+M6)*OALPHX*CXAZ
= (XA(J,K)*(MA-49)+M6)/LAM(J,K)
= ALPMA(J,K)*CXAR
= XA(J,K)*CALFHX*OXAR
= ALPHA(J,K)*CXAZ
= XA(J,K)*CALFHX*OXAZ
= -CCNST14CONET2*(TEMP1*(UA(.,K)*(TEMP2+TEMP3)

+VA(J,K)*(TtMP4+Tt:MF-5))-TLMPE*(U(J,K)*(TEMP7
+TEMP8)+L(J,K)*(TONP9+%MP10)))

251

C CALCULATE COEFFICIENTS C1(J,K)
00 40 J = 2,J1
)0 40 K = 3,K2
C1(J,K) = i./(2./GR+42+2.YCZ*42-C(J,K))

40 CONTINUE
C CALCULATE COFFICIENTS C2(J,K) Also C3(J,K)

90 60 J = 2,J1
00 60 K = 30(2
TEMPI. = XA(J,K)*(MA-m8)4M8
TEMP2 = XAtJ,K1*((CFA-CP9)+CONST1*TEMP1eALPMA(J,K))/LAM(J,K)
TEMP3 = XA(J,K)+11.-XA(J,K))*Me/mA
TEMP4 = (TEMP3*CF3-2.*CGNST1*XA(J,K)*TEMF1*ALPhA(J,K))

1 /LAM(J,K)
RJ = j
XI = (RJ-2.)4CR
IF(J2-J) 45,48,50

45 TE4F45 = (1./LAM(J,K))*((54.*LAM(J1K)-13.*LAM(J-11K)
1 -40.4.LAM(J-2,K)-27.*LAM(J-3,K)+26.+LAM(J-4,K))
2 /(70.*04))+1./XI-CCNST2*(TEMF2-*UA(J,K)+TEMP4U(J,K))
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GO TO 52
48 TEMPS = (1./LAM(J,K))*((34.*LAM(J+1,K)3.*LAM(J,K)

1 -.20.*LAM(4.1,K).17.*LAM(Jm2,K)+6.*LAM(Jm3,K))
2 /(70.*OR))+1./XICChST2*(TEMP2*UA(J,K)+TEMP4*U(J,K))
GO TO 52

50 TEMPS = (1./LAM(J,K))*((.2.+LAM(J2,K)LAM(J1,K)
+LAm(Ji-1,K)+2.'LA4(J 4.2,K))/(10.*OR))+1./XI

2 -.CONST2*(TEMP2*UA(J,K)+TGMF44U(J,K))
52 IF(K.GT.3) GO TO 55

TEMPO = (1./LAM(j,K))*((34.4LAM(J,K1)+3.*LAM(J,K)
1.20.*LAM(J,K+1)+17.*LA4(J,K+2)6.*LAM(J,K43))

2 /(70.4'0Z))CONST2*(TEMP2*VA(J,K)+TEMP4*V(J,K))
GO TO 57

55 TEMPO = (1./LAM(J,K))*((2.4.LAM(J,K2)-LAM(J,Km1)
1 +LAM(J,K+1)+2.*LAM(J,K+2))/(10.*0Z))
2 -..CONST2*(TEMP2VA(J,K)+TEMF44(J,K))

57 C2(J,K) = TEMPS /2.
C3(J,K) = TEMP6/2.

60 CONTINUE
RETURN
ENO

C

SUBRJUTINF OUTPUT(MCOE)
C OUTS SELECTLO RESULTS TO TELETYPE AND LINE PRINTER

COMMON C(14,63),C1(14,E3),C2(14,63),C3(14,63)
COMMON THETA(14,63),'U(14,63),V(14,63)
COMMON UA(14,63),VA(14,63),XA(14,63)
COMMON IN,ITNO,J11J21K1,K2,KASE,NJ,NKINOOE1,NOOE2OTTY
COMMON eCW,OPMAX,CR,OZ,EXT,OUT,PE,VINFOAO
COMMON LAM(14,63),ALFMA(14,63)
DIMEASION NUR(20)
FORMAT(:S:,

1/21 INPUT FOR CASE NUMiER 21'3)
2 FORMAT(* -*,

1/2 MASS PECLET NUM8ER t,F10.4
2/2 MOLE FkACTION CF GAS A A7 INJECTION PLANE . 2,F10.4
3/2 REFEPLNCL. VELOCITY OF GAS A, CM/SEC 2,F10.4
4/2 (UMeE;; OF GRID POINTS (r-.-CIRECTICN) *,I5
5/2 Aum9ET, OF GRID FCINTS (Z-OIRECTICN) tvI5
6/t 4DOE THICKNESS IN R.01R:ICTICN, DR t$F10.4
7/2 NODE THICKNESS IN Z-DIRECTIGN, OZ 2,F10.4
8/2 LIE3MANN t:XTRAFOLATION FACTOR *,F10.4
9/: 90uNDARY CONCITICN AT TUeE WALL*,
A/2 (0 = ADIABATIC, 1 = ISOTHERMAL) 2,I5
e///)

3 FORMAT(*- RESULTS FOR ITERATION NUMeER2,I5/
1/2 MAXIMUM RELATIVE ERROR IN THETA IS2,E12.3,
2/2 AT NODE 2,12,0,1E)

4 FORIAT(21 0ImENSICNLESS TEmFERATURE FOR ITERATION NUM6ER21I5)
5 FOfiMAT(21 RAO/AL MASS AVG, VELOCITY L(J,K), 0ImENSICNLESS$)
6 FORI4T($1 AXIAL MASS AvG. VELCCITY V(J,K), DIMENSIONLESS:)
7 FORMAT(21 OIM_NSICNLESj HURIZCNTAL VLLOCITY, UA(J,K)2)
8 FORMAT(21 OIMLNSIONLE.iS VLRTICAL VELCCITY, VA(J,K)$)
9 FOR,MAT(Al mOLE FRACTICN OF GAS A, XA(J,K)2)

10 RORIAT(ti THERMAL OIFFUSIGN FACTOR, ALRHA(J,K))
11 FORMAT(s1 THERMAL CCNCLCTIVITY, LAM(J,K), CAL/(CM SEC K)2)
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12 FORMAT(t0 J = t,10(18,4X))
13 FORMAT(t K = 1,12,2)(910(E12.3))
14 FORMAT(t t,E12.41

INTEGER gCW, OUT
REAL LAM
IF(MJJE.GT.i) GO TO 20
IF(NTTY.E.Q.0) GO TO 15
WRITE(61,1) KASE
WRIrE(61,2) PE,XAO,VINF0J,NK,OR,OZ,EXT,SCW

15 WRITE(OUT,1) KASE
WRITE(OUT,2) FE,XAO,VINF,NJOK,CR,CZ,EXT,ECW
GO TO 125

20 WRITE(61,14) (THETA(2,K),K = 5,15)
CO 25 M = 10J
10R(1) = m

25 CONTINUE
WrUTE(OUT,3) ITNU,OPMAX,NO0E100CE2
KOUNT = 0

30 KOUNT = KOUNT41
42 = 0

35 Ni = N241
N2 = N14.9
IF(N2.GT.NJ) N2 = NJ
IF(KOUNT.E0.8) GO TO 110
IF(KJUNT-.2)40,50,58

40 WRITE(OUT14) ITNO
WRITE(OUT,12) (NOR(J),J = N1,N2)
00 45 K = 1,NK
WRITE(OUT,13) K,(THETA(J,K),J = N1,N2)

45 CONTINUE
GO TO 120

50 WRIT::(OUT,5)
WRITE(OUT,12) (NOR(J),J = /102)
70 55 K = 1,NK
WRITH(OUT,13) K,(U(J,K),J = N1,N2)

55 CONTINUE
GO TO 120

58 IF(KOUNT4)60,70,78
60 WRITE(OUT,6)

WRITE(OUT,12) (NOR(J),J = 1102)
00 65 K = iINK
WRITE(OUT,13) K,(V(J,K),J = N1,N2)

65 CONTINUE
GO TO 120

70 WRITE(OUT,7)
WRIT:(JUT112) (NOR(J),J = N1,N2)
00 75 K = 1,NK
WRITZ(jUT,13) K,(UA(J,K),J = N1,N2)

75 CONTINUE
GO TO 120

78 IF(KOUNT6)80,90,100
80 WRITE(OUT,8)

WRITE(OJT,12) (NOR(J),J = N102)
00 85 K = 1,NK
WRITE(OUT,13) K,(VA(J,K),J = N102)

85 CONTINUE
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GO TO 120
90 MRITE(OUT,9)

WRITE(OUT,12) (NOR(J),J = N102)
00 95 K = 1,NK
WRITE(OUT,13) Kp(XA(J,K),J = N1,N2)

95 CONTINUE
GO TO 120

100 W<ITZ(OUT910)
WRITE(OUT112) (NOR(J),J = N102)
00 105 K = 1,NK
WRITE(JUT,13) KOALPHA(J,K),J = N11N2)

105 CONTINUE
GO TO 120

110 WRITE(OUT,11)
WRITE(OUT,12) (NOR(J),J = N1,N2)
DO 115 K = 11NK
WRITE(OUT,13) KOLAM(J,K),J = N1,N2)

115 corarNuE
120 IF(N2.N'E.NJ) GO TO 35

IF(KOUNT.LT.B) GO TO 30
125 RETURN

ENO
C

FUNCTION MOO (P1, M)
C RFTU-ENS ZERO WHENEVER N IS EVENLY OIVISI9LE BY M

MOO = N(N/M)*M
RETURN
ENO
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PROGRAM VELOCITY
C USING AS INPUT KNONN WILLES CF THE AXIAL CCMFCNENTS OF TFE MASS
C AVERAGE VELOCITY FIELC, THIS FPCGRAM COMPLIES RACIAL COMFONENTS
C OF THE VELOCITY FIELC, ANC RADIAL AND AXIAL CCMPCNENTS OF THE
C VELOCITY FIELD OF GAS A.
C

C ARRAYS USED IN COMPUTATIONS
C

C 04%((J,K) DEPIYATIW hi; TO CIHENSIOSIESS AXIAL CCORDINATE
C OF M(J)K)*V(..;)K).
C OXVA(J)K) DERIVATIVE hi; TC DIMENSIONLESS AXIAL COORDINATE
C OF XA(J,K)*14(J,X).
C M(J,K) MOLECULAR hEIGHT CF GAS MIXTLRE, G/GPCLE.
C U(J,K) MASS AYERACE VELOCITY Cr GAS MIXTURE IN RAOIAL
C DIRECTICN, CIMENSICNLESS.
C V(J,K) MASS AVERAGE VELCCITY OF GAS MIXTURE IN AXIAL
C DIFECTICN, CIMENSICNLESS.
C UA(J,K) VELOCITY OF GAS A IN RADIAL CIRECTICN RELATIVE
C TO STATICNARY CCORCINATES) CIMENSICNLESS.
C VA(J,K) VELOCITY CF GAS A IN AXIAL CIRECTICN RELATIVE
C TO STATICNARY CCCFCINATES) CIMENSICNLESS.
C
C OTHER VARIABLES
C
C OR RADIAL NCOE SPACING, CIMENSICNLESS.
C OZ AXIAL NCCE SPACING, OIMENSIOLESS.
C MA MOLECULAR WEIGHT CF GAS A, G/G -MCLE.
C MB MOLECULAR NEIGH. OF GAS El G/C-MCLE.
C NJ NUMBER CF GRIC POINTS, R-OIRCCT/CN.
C NK NUMBER CF CRIC FCINTS, Z-CIRECTICN.
C PE MASS PECLET NLMEER (2RVINF/CAB),
C RAO INSIDE RACILS OF DIFFUSION TL9E) OIMENSIONLESS.
C VINF AVERAGE VELCCITY, Ch/SEC, CF GAS A FAR UPSTREAM OF
C THE GAS E INJECTICN PLANE.
C

OIME1SION U(14.63),V(14)63)1UA(14.63)04(14.62)0A(14.63)
NMENSION OMV(14.E3).CXVA(14)E3)0(14.63)

1 FORMAT(SI5)
2 FOR1AT(7F10.4)
3 FORMAT(11F6.0)

REAL M,MA,MB
REA0(10,1) NJ)NK
WRITE(61)1)NJ)NK
REA0(10)2) ORIOZ.MA)MEIFE)RAO.VINF
HRITE(6112)0RIOZIMA)mE.FE)RAC.VINF
J/ = NJ-1
J2 = NJ-2
K1 = NK -1
K2 = NK -2
K3 = NK -3
REA9(10.3) (XA (J)K) )..1=2,41) ,K=2,K1)
WRITE(61,3)XA(J1,Ki)

C SET XA(J,K) FOR GRIC FCINTS OUTSIDE PHYSICAL ECUNOARIES
90 5 J = 21.11
XA(J)1) = XA(J,3)
XA(JOK) = XA(J,K2)
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5 CONTINUE
00 8 K = 104K
XA(1,K) = XA(3,K)
XA(NJ,K) = XA(J2,K)

8 CONTINUE
REAO(10,3) M(J,K),J=2,J1),X=2,K1)
WRITE(61,3)V(J1,K1)

C INCORPORATE MINUS SIGN TC REFLECT CIRECTICN CF FLOW
C W/R TO AXIAL COCROINATE.

CO 10 J = 2,J1
00 10 K = 20(1
V(J,K) = V(J,K)

10 CONTINUE
C COMPUTE MOLECULAR WEIGHT CF GAS MIXTURE.

00 20 J = 2,J1
CO 20 K = 2,K1
M(J,K) = XA(J,K)4(MAHB)+MB

20 CONTINUE
C COMPUTE OMV(J,K), USING FIVE...FCINT FORMLLAS

00 30 J = 2,J1
OMV(J,2) = (54.4M(..,2)4V(,02)+13.*V(J,3)4V(J,3).40.*M(J,4)

1 4/(J,4),27.4H(J,5)*V(J,5).-26.4M(J,E)*V(J,6))/(70.'02)
CMV(J,3) = (...24.*Mi.;,2)*V(si,2)4-3."(J,2)1V(J,3)*20.*M(J,4)

1 *V(.114)+17.*H(J,5)4V(J,5)...E.*M(J,E)4V(J,6))/(70.*CZ)
OMV(J,K2) = (34.*M(J,K1)*V(4,K1)3.*M(J,K2)*V(J,K2)

1 20.*M( J,K2)4V(J,K3)17.*H(JINO..4)*V(J,NK4)
2 +6.+M(1,NK.5)4V(J,NK-..5)1/(78.*OZ)
OMV(J,Ki) = O.
00 30 K = 400
OMV(J,K) = N2e*M(J,K.2)4V(J,K...2)M(j1K1)*V(J,K1)+M(J,K1.1)

I *V(J,K41)+2.4M(J,K42)4VU,K+2))/I10.*CZ)
30 CONTINUE

C COMPUTE RAOIAL COMFCNENTS CF PASS AVERAGE VELCCITY FIELD, USING
C TRAPEZOID RULE.

00 40 K = 2,K1
U(2,K) = 0.
U(3tK) = (OR/2.)*OR*OMV(3,K)/(OR*M(31K))

40 CONTINUE
00 50 J = 41.11
RJ =

SUM = 0.
N =
00 45 L =
RL = L
SUM = SUMM(RL2.)*CR4CPV(L,K)

45 CONTINUE
00 50 K = 2,K1
U(J,K) = ..(0R/2.)4(2.*SUM4.(RJ2.)+0R+CMV(J,K))/((RJ`.2.)

1 *OR*M(.1,10)
50 CONTINUE

C COMPUTE AXIAL CCMFONENTS CF VZLCCITY FIELC FOR GAS A.
00 60 J = 2,J1
4A(.1,2) = V(J,2).(2.1ME/tXA(J,2)*M(J,2)*PE))

4( 54.*XA(J,2) +13.MJ,3) +40.*)(i)(Jt4)
2 +27.*XAC.,5)26.4X4(J,6))/(70.+C2)
VA(J,3) = V(J13).(2.+ME/(XA(J,3);M(J,3).*FE))
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1 *(-34.4XA(J,2)+3.41XA(J,3)+20.*XA(J14)
2 +17.*XA(J,5)-6.4XA(J,E))/(70.40Z)
VA(J,K2) = V(j,K2)..(2.+ME/(XAtJ,K2)*M(J,K2)*PE))

1 *(34.4X4(.0(1)..3.*XA(J,K2)-20.*XA(J,K3)
2 -17.4XA(.,NX-4)+6.*XA(J,N10.5))/(70.402)
0(.1,1(1) = V(J,K1)
00 60 K = 4,10
VA(J,K) = V(J,K)-(2.41PE/(XA(J,K)*M(J,K)*PE))

1 *(-2.*XA(..1_,X-2)...XA(J,K..1)+XA(J,K+1)+2.4XA(J.K+2))
2 /(10.*CZ)

60 CONTINUE
C COMPUTE OXVA(J,K), LSINC FIVE-FCINT FORMULAS

DO 65 J = 2,J1
OXVA(J,2) = (-54.*X0(.1,2)414A(J,2)+13.'XA(.;,3)*VA(J.3)

1 440.4XA(J,4)*YA(J,4)+27.*YAtJ,5)*VA(J,5)
2 -26.*XALIE)*VA(J16))/(70.4CZ)
OXVA(,),3) = (-34.41)10(J,2)*VA(J12)+3.*XA(..;,3)4VA(J13)

1 +20.4XA(,4)4vA(J,4)+17.3XA(J,5)4VA(J,5)
2 -6.4XA(J,E)4%A(J,6))/(70.4CZ)
OXVA(J,K2) = (34.*X4(j,K1)*VA(4,K1)..,3.A(J,K2)414A(J,K2)

1 -20.*XA(.111(2)*VA(.1,K3).-17.4XA(J,NK-4)*YA(JINK..4)
2 +6.*XA(J,NK-5)*VA(J,NK-5))/(70.*CZ)
OXVA(J,K1) = 0.
00 65 K = 4,10
OXVA(J,K) = (-2.4.XA(4,K...2)*VA(J,K-2)-Xf(J,10..1)411A(J,K-1)

1 +xA(j,K+1)*VA(J,K+1)+2.41XA(J,K+2)*VA(J,K+2))/(10.*02)
65 CONTINUE

C COMPUTE RADIAL CCMFCNENTS CF VELCCITY FIE1C FCP CAS 4, USING
C TRAPEZOID RULE.

00 70 K = 211(1
UA(J,K) = 0.
UA(J,K) = -(0R/2.)*CF*CXVA(3,K)/(0R4XA(3,K))

70 CONTINUE
00 80 J = 4,41
RJ = j
SUM = 0.
N = J-1
00 75 L = 39N
RL = L
SUM = SUM4(R1204CR*CXVA(L,K)

75 CONTINUE
00 80 K = 2,K1
UA(J,K) = -(DR/2.)4(2.4SUM+(RJ-2.)*CR4CXVA(J,K))/((RJ-2.)

+DR3XA(J,K))
80 CONTINUE

NRITE(5) U.V,UA,VA,XA
STOP
ENO
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PROGRAM ALPHA
C

C THIS PROGRAM COMPUTES THERMAL CIFFUSICN FACTORS EASED ON AN ENERGY
C BALANCE FOR A CCNTRCL VCLLME IN A CIFFUSICN FIELD CF A BINARY
C GASEOUS MIXTURE. ALSO CCMPUTEC IN THIS PROGRAM ARE MOLECULAR
C DIFFUSION COEFFICIENTS EASEC CN A MASS BALANCE FCR THE CONTROL
C VOLUME. THE DIFFUSICN FIELD IS SUCH THAT THERE IS NO NET AXIAL
C FLOW OF GAS B.
C
C ARRAYS USED IN COMPUTATICNS --
C
C F(J) ARRAY CF VALLES CF FUNCTICN TC BE INTEGRATEC WHEN
C CALLING SUERCUTINE SIMP.
C FR(M) ARRAY CF VALLES OF FLNCTICN TC BE INTEGRATED WHEN
C COMPUTING ENERGY TRANSFER EY CCNCUCTICN ACRCSS
C CYLINDRICAL SURFACE OF CCNTRCL VOLUME.
C LAM(J,K) THERMAL CCNCLCTIVITY CF GAS rIXTLRE AT NCDE (J,K),
C CAL/(CM SEC K).
C T(J,K) TEMPERATURE CF GAS MIXTURE AT NOCE (J,K), MEASUREC
C IN MICRCYOLTS.
C TAVG(K) BULK (MIXING-CLF) TEMPERATURE CF GAS MIXTURE AT
C AXIAL NCCE K, CEGREES KELVIN.
C V(J,K) MASS AVERAGE VELCCITY CF GAS MIXTURE IN AXIAL
C DIRECTICN AT NODE (J,K), DIMENSIONLESS.
C XAAVG(K) BULK (MIXING-CUP) CChCENTRATICN CF GAS MIXTURE AT
C AXIAL NCCE K, CIMENSICNLESS.
C
C OTHER VARIABLES --
C
C ACS CROSS SECTIONAL AREA OF DIFFUSION TUBE, CM*42.
C ALPH THERMAL CIFFUSICN FACTOR, CIMENSICNLESS.
C CPA SPECIFIC HEAT CF GAS A, CAL/(G K).
C DAB MOLECULAR DIFFUSION COEFFICIENT, CMI-"Z/SEC.
C OXI RADIAL NCOE SPACING, CIMENSICNLESS.
C DZETA AXIAL NCCE SPACING, DIMENSIChLESS.
C JMAX

KASE
NUMBER CF NODES IN RACIAL CIRECTICN.

C IDENTIFICATICh NUMBER FOR CATA INPUT TC PROGRAM.
C "KENO AXIAL NCCE LFSTREAP OF INJECTORS WHERE SCLUTICN
C FOR ALPHA ENDS.
C KOUNT VARIABLE USED TO DETERMINE INCREMENT IN AXIAL
C DIRECTICN CVER WHICH INTEGRATION IS TC BE PERFORMED.
C KSTRT AXIAL NCCE UPSTREAM OF INJECTORS WHERE SOLUTION
C FOR ALPHA BEGINS.
C LAMA THERMAL CONDUCTIVITY OF GAS A, CAL/(CM SEC K).
C LAMB THERMAL CCNDLCTIVITY CF GAS E, CAL/(CM SEC K).
C MA MOLECULAR WEIGHT CF GAS A, G/G-MCLE.
C MB MOLECULAR WEIGHT CF GAS 8, G/G -MCLE.
C MOOTA MASS FLOW RATE OF GAS A, G/SEO.
C MUA VISCOSITY CF GAS Al G/(CM SEC).
C MOB VISCOSITY CF GAS Ef G/(CM SEC).
C NJ NUMBER CF GRIC POINTS, RADIAL DIPECTICN.
C NK NUMBER CF GRID FCINTS, AXIAL CIRECTICN.
C NRUN SIGNAL TC INCICATE WHETHER OR NOT DATA FOR
C AODITICNCL CASES FCLLCWS THE DATA TC BE ENTERED.
C NSUB SIGNAL TC INDICATE WHETHER OR NCT DATA TO BE
C ENTERED IS FOR A SUECASE CF THE CASE JUST RUN.
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C NTTY SIGNAL 7C INCICATE IF SELECTEC INFCFmATION IS TO EE
C PRINTEC CN TELETYPE (0 - NC, 1 - YES).
C P PRESSURE IN CIFFUSICN TueE, ATM.
C PE MASS PECLET NLMEER, (24.RAC*vINF/CA5).
C OA VOLUME FLON RATE GF GAS A AT ENTRANCE TO
C DIFFUSION TLEC, CC/SEC.
C RAO INSIDE RADIUS OF CIFFUSICN TUE,E, CM.
C RBAR UNIVERSAL GCS CCNSTANT. UNITS ARE AS FOLLOINSi
C FOR CCMFLTING ALFH CAL/(G-('CLE K).
C FCR CCMFLTING Gte - (ATm CC)/(G-MOLE K).
C RHOA DENSITY CF GAS A AT ENTRANCE 70 CIFFUSION TLEE, G/CC.
C TKREF REFERENCE TEHFilRATLRE OF GASES ENTERING
C DIFFUSICN TLEE, CEGREES K.
C VAVG AVERAGE VALLE CF V(u,K) CVER CROSS SECTION CF
C OIFFUSICN TLEE AT AXIAL LCCATICN K. OIMENSICNLESS.
C XAO MOLE FRACTICN OF GAS A AT GAS 8 INJECTION PLANE.
C

COMMON OXI,OZETA,F(14),JMAX
OIMENSION FR(83).LJIM(14,83),7(14,83),TAVG(83),V(14983)
OIMENSION XA(14,82),YAAvG(e3)
REAL LAMILAMA,LAME,MA,MEIMCOTA,MUA,MUE

1 FORMAT(10I5)
2 FORMAT(6E12.5)
3 FORmAT(11F6.3)
4 FORMAT(11F7.0)
5 FORMAT(*S*,

1/*1*,13X,*OUTPUT FCR CASE NLMEER *9'5,
2/$ *113X,YHASS PECLET NLPEER 31F7.1,
3/$ $.13X.$MOLE FRACTICN CF N2 AT HE INJECTICN PLANE -*,F7.1)

6 FORMAT(S-$.25X.IUFSTREAM$'3X.iCYLINCRICAL$040X.$1E0F. AT AXIAL*,
1/26X,*SURFACE*,6X,$ELRFACE2.7X.$.- - - CChNETREAM SLRFACE w$1
26X.*POSITION Kp$,3X$MCLE F;AC.$,SX,:TFERMAL$,/20.2CAL/SEC2.6X,
3*CAL/SEC*,19X1*CAL/S5C*117x,;!CEGREES K*,EX,*NITRCGEN*,Sx,
4*OIFF. FAC.3,/*0*,10)1,*A)IAL NCCE*,EX,:CCKIJA*,ex,*CCNCR*,8X,
5*CONO3*,8X1$00NVE$18Xt$CIFF5$,E),$TAVG$'9X,tXt-AVG$.7X.$ALFHA..q$,
E //)

7 FORMAT($ $.12)(,$K = III293X,6(51:.4),E13.3,E12.2)
8 FORMAT(t0 K = $,T2OXI*YA-AvG = = $,E13.4)
9 FORMAT(*14,13X,YMOLECLLAR CIFFLSICN COEFFICIENTS*,

i/F-F.13X,*AxIAL NOOE$17X,$TAVG,11X,SCX2*.10X,:XCNAVG*,9X,
2$0A9.0T$'6X92DAS, 1 ATM$1/$ $'28)9:CEGREES Kt,35X,*(2/SEC$,
36X,:t14.*2/SEC*//)

10 FORMATtx t,15X,s1( = *,I2,3X,2(E14.4),E14.3,2(E14.2))
11 FORMAT(*1*,17X,SOCNETANTE ENTERED FRCM PEACER FILE*,

1/*-*,17X,*KFNO*,5x,*RSTRT*,7X,*NK*,7X,*NTTY*,
2/*0*,10X,4(I10),
3/*G*116x,:CPA*,1111X,*LAPIA*,10X,*LAN!St,11),*mAt,12)(,*me*,/1)(piRMOA*,
4/$0*.10X,6(F14.5),
5/$0$,/6X,SMUA$1,11X,tMLE$'11X,$P$113X,SFEty/2X,:0A2912X,$)A0$9
6/$0$110X.6(E14.5))

12 RORMAT(*/$,13X,*MOLE FRACTICNS CF GAS A IN FLCW FIELO$//)
FORMAT(t $19X111(F8.3))
FORMAT(212,13X.*MASS AVERAGE AXIAL VELOCITIES$//)

15 FORMAT($1$.13X,2TEMFEFATLRE ARRAY LSEC IN FROGRAM1*,
1* IN 4IOROVOLTSt//)

16 FORMAT(* *,9X,1i(F9.1))
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17 FORMAT(t1*,13X,tARRAY CF THERMAL CONDUCTIVITIES COMPUTED IN *,
l*PROGRAM, CAL/(CMSEC()$//)

18 FORMAT(2 :,6X,11(E11.2))
REA0(40,1) NRUN

19 REAO(40,1) KASEIKENC,KETRTIKKONTTY
REA0(40,2) CPA,LAMA,LAMEIMAghE,RHOA
READ(40,2) MUA,MLE,FIFE,CAOAO
NJ = 11
JMAX = 11
3EA0(40,3) (()(A(J,K),J=1,14.1),K=1,NK)
REA0(4013) ((/(J,K),j=10.1),K=1,NK)

20 REA0(40,4) ((T(J,K),J=1,JMAX),K=1,KSTRT)
WRITE(61,1) KASE,KENC,KETRT1hK,NTTY
WRITS(61,2) CPA,LAMA,LAME,Mt,MB,RHCA
NR/TE(61,2) MUA,MLE,F,PE,CAIXAO

C CHANGE SIGN OF TEMPERATURE REACIIGS TC AGREE $+ITF REFERENCE
C SYSTEM FOR THIS PRCGRAM

00 21 J = 1,JMAX
00 21 K = 1,KSTRT
T(J,K) = -T(J,K)
IF(T(J,K).E0.-0.) T(J,K) = 0.

21 CONTINUE
C INCORPORATE CONSTANTS, ANC SET INITIAL VALLES FCR VARIABLES USED
C LATER IN PROGRAM

PI = 3.1415927
RAO = 0.96
ACS = PI4RAC4RA0
UXI = 0.1
OZETA = 0.1
KOUNT = 0

MOOTA = OA*RHOA
RBAR = 1.98717
TKREF = 294.26

C PRINT HEAOINGS FOR CLIFUT
NRITE(41,5) KASE,FE,XAC
NRITE(41,6)

C CALCULATE THERMAL CONEUCTIVITIES LAM(J,K)
FH/A8 = 1.065(1.+SCRT(PLA/mU8)*SCRT(SORT(NE/NA)))442

1 /(SORT(8.)SCRT(1.+MA/M8))
PHIBA = 1.065*(1.+SCRT(PUEYNUA)4SCRT(SORT(MA/NE)))"2

/(SORT(8.)SCRT(1.+NB/MA))
00 22 J = 1,NJ
00 22 K = 1,NK
TEMP = XA(J,K)
LAM(J,K) = (TEMPLAPA)/(TENP+(1.-TENF)*FHIAE)+((1.TEMF)4LAMB)

1 /((1.-.TEMF)+TEMF4PHIBA)
22 CONTINUE

C COMPUTE AVERAGE VALUES CF XA ANC I OVER CRCSS SECTICN AT EACH
C AXIAL LOCATION K, LIEIGHTEC ACCCROING TO VELCCITY PRCFILE

00 35 K = 1,NK
C COMPUTE AVERAGE VELCCITY CVER CRCSS SECTICN

00 23 J = 1,JMAX
PINT = J -1
XI = RINT*OXI
F(J) = V(J,K)+XI

23 CONTINUE
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CALL SIMP(ZINTG)
VAVG = 2.*ZINTG

C COMPUTE AVERAGE VALUE OF XA
00 28 J = 1,JMAX
RINT = J -1
XI = RINT*OXI
F(J) = V(J.K)*XA(J.K)*XI

2e CONTINUE
CALL SIMP(ZINTG)
XAAVG(K) = 2.*ZINTG/VAVO

C COMPUTE TAVG IN TERMS OF MICROVOLTS
IF(K-KSTRT) 32,32,30

30 TAVG(K) = TKREF
GO TO 35

32 00 33 J = 1.JMAX
RINT = J-1
XI = RINT*OXI
F(J) = V(J.K)*T(J1K)*XI

33 CONTINUE
CALL SIMP(ZINTG)
TVOLT = 2.*ZINTO/VAVE

C CONVERT TO TAVG IN TERMS CF DEGREES KELVIN. NOTE - REGRESSION OF
C CALIBRATION DATA FCR ThERMCCCUPLE PROBES YIELCEC THE FOLLONING
C EQUATION -- (T- TREF),C = 0.014E72+0.019330*(V.MICRCVOLTS)

TAVG(K) = 0.015672+0.614330*TVOLT+TKREF
IF(TAVGIK).GT.TKREF.ANC.K.GT.5) IM(() = TKREF

35 CONTINUE
C COMPUTE ENERGY TRANSFER ACROSS UPSTREAM SLRFACE CF CCNTRCL VOLUME

CONVA = HOCTA*CFA*TKREF
C COMPUTE ENERGY TRANSFER EY CONDUCTION ACRCSS CYLINCRICAL SURFACE
C OF CONTROL VOLUME

CONOR = 0.
KSTOP = KEND+2

38 KOUNT = KOUNTti
ML = 2*KOUNT-1
MM = ML+1
MU = ML+2

= JMAX
CO 40 M = ML,MU
K = KSTRT+1-M
OTR = (0.01933C/(70.*OXI))*(54.*T(J,K)-13.*T(J-1.K)

1 ....40.*T(J2,K)'.2741*T(J3,K)+26.11*T(J.41,K))
FR(M) = '.LAM(J,K)*CTR

40 CONTINUE
C PERFORM INTEGRATION OVER CYLINCRICAL SURFACE CF CONTROL VOLUME
C USING SIMPSONS RULE
C INTEGRAL FR(X)OX = 04/3404(FR(FL)+4.+FR(MP)+FR(MU))

RINTG = (OZETA/3.)*(FR(NL)+4.*FR(hM)+FR(MU))
C USE RESULT OF INTEGRATION TO CCMFUTE ENERGY TRANSFER BY CONOUCTICN

CONO = 2.*PI*RAC*FINTO
CONOR = COND+CONCR

C COMPUTE ENERGY TRANSFER ACROSS 0OWNSTREAP SURFACE CF CONTROL VCLLME
= KSTRT +1 -MU

C ENERGY TRANSFER BY CCNOUCTICN ACROSS OCNNSTREAM SURFACE CF
C CONTROL VOLUME

CO 50 J = 1.JMAX
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RINT =

XI = RINT*OXI
C COMPUTE TEMPERATURE GRACIENT USING A FIYEFCINT FORMULA

IF(K.LT.3) GO TO 45
OTZ = (0.01933C/(10.40ZETA))4(2.*T(J,K+2)...T(J.K41)

1 +T(J,K1)+2.*T(40(2))
GO TO 48

45 IF(K.LT.2) GO TO 46
DTZ = (0.019336/(70.*OZETA))4(6.4T(J,K+3)17.*T(J,K+2)

1 20.4.7(J,K41)3.*T(J.K)+34.*T(J.K1))
GO TO 48

4E OTZ = (0.019320/(70002ETA))*(54.*T(J.K)13.*T(J,K+1)
1 .40.*T(J,K+2).27.*T(J,K+2)+26.*T(J.K+4))

48 F(J) = ..LAM(J,K)*07Z*XI
50 CONTINUE

CALL SIMP(ZINTG)
C USE RESULT OF INTECRATICS TC CCMFUTE ENERGY TRANSFER BY CONOUCTICN

CONO3 = 2.3PI*RAC*ZINTG
C ENERGY TRANSFER EY CChVECTICh ACROSS CChNSTREAM SURFACE

CONV3 = MOOTA*CFA'TAYG(K)
C ENERGY TRANSFER BY CIFFLSICh.THERMC ACRCSS CChNSTREAM SURFACE

COEFB = (MOOTA*REARTAVG(K)*(1.XAAVC(K)))/MA
C COMPUTE THERMAL DIFFLSICN FACTOR BASED Ch ENERGY BALANCE FOR
C CONTROL VOLUME

ALPH = (CONVACCNCR(CONCE4CCNVE))/CCEFE
IF(ALPH.E0.2.0F..ALFH.LT.C.) ALFH = O.

OIFF3 = ALFH*COEFE
C PRINT RESULTS

hiR/TE(41,7) K.CONYA,CCNCR,CCNOB,CCNVB.CIFFE,TAYG(K),
1 XAAVG(K),ALFH
IF(NTTY.E0.0) GO TO 60
IF(M00(KOUNT,2).NE.0) GC TO 60
HRITE(61.8) KOAAVG(K),ALFH

60 IF(KKSTOP) 65,38,38
C
C COMPUTE MOLECULAR CIFFUSICN COEFFICIENT AT EACH AXIAL NOCE IN THE
C CIFFUSION FIELD

65 MEND = KSTRT
NRITE(41.9)
RBAR = 82.0559

C COMPUTE DAB
00 100 M = 1,MENO
K = KSTRTflM

C COMPUTE AXIAL CCNCENTFATICh GRACIENT FOR GAS A USING A
C FIVE -POINT FORMULA

IF(K.LT.3) GO TO 85
0)(2 = (1./(1C.'0ZETA))*(;.*XAAVC(K+2).XAAVG(K+1)

1 +XAAVG(K1)420XAAVG(K.2))
GO TO 90

85 IF(K.LT.2) GO TO 87
OXZ = (1./(70.4CZETA))*(E.*XAAVG(K+3)17.+XAAVG(K42)

1 ..20.*XAAVG(K41)30+XAAYG(K)+34.*XAAVG(K1))
GO TO 90

87 OXZ = (1./(70.*OZETA))*(54.*XAAVG(K)...13.iXAAYG(K+1)
...40.*XAALG(K+2)27.4XAAVG(K+3)+26.4XAAVG(Ki4))

C COMPUTE DAB FOR CCNCITIChE ESTABLISHED IN CIFFUSICN TUBE,
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C IN METERS SQUARED FER SECCNO
90 OAS = ((MOCTA4REAR*RAOTAVG(K)4(1..XAAVG(K)))

1 /(F*ACS*FA'CXZ))4.0001
IF(OXI.E0.0.0P.CAS.LT.0.) OAE = 0.

C CORRECT DAB TO ATMCSFFERIC PRESSURE, USING FACTOR
C (86 CM HG)/(76 CM HG)

OABC = 86.*0A5/76.
C PRINT RESULTS

WRITE(41110) KITAIJC(K),DYZOAAVG(K),DAS,DASC
100 CONTINUE

WRITE(41,11) KENO,KSTFT,NKINTTY,CFA,LAMAILP'E,MA,NE,RHOA,
1 MUAO!US,F,FE,CA1XAC
WRITE(41,12)
WRITE(41,13) ((XA(.100,j=1,NA,K=1,NK)
WRITE(41,14)
WRITE(41,13) ((V(J,K),J=10J),K=11NK)
WRITE(41,15)
WRITE(41,16) ((T(J,K),J=1,JOAX),K=1,KSTRT)
WRITE(41,17)
WRITE(41,18) ((LAM(J,X),J=1,NJ),K=1,NK)
IF(NRUN.E0.0) GC TO 110
REAO(40,1) NRUN,NSLE
IF(NSUB) 19,19,102

102 READ(40,1) KASE
GO TO 20

110 STOP
ENO

C
SUBROUTINE SIMP(ZINTG)

C PERFORMS INTEGRATIONS USING SIhFSCNS RULE FCR GIVEN SETS OF
C INPUT DATA
C INTEGRAL F(X)OX = (P/2.)4IF(A)+4F(A+1)+2F(442)+...+4F(AfN.1)+F(B))

COMMON OXI,OZETA,F(14),JMAX
SUM/ = F(1)+F(JMAN)

C COMPUTE 4.*(F(A+1)+F(A43)fs,OF(A+N1))
J1 = JMAX -1
SUMO = 0.
CO 20 J = 2,J1,2
SUM4 = SUM4+F(J)

20 CONTINUE
SUM4 = 4.*SUM4

C COMPUTE 2.'(F(A4.2)+F(A+4)....+F(A+N.2))
J2 = JMAX -2
SUM2 = 0

00 25 J = 39.12,2
SUM2 = SUM2+F(J)

25 CONTINUE
SUM2 = 2.*SUM2

C COMBINE ABOVE RESULTS TC CETAIN VALUE CF INTEGRAL
ZINTG = (OXI/30)*(SLM1+SLM2+SUM4)
RETURN
ENO

FUNCTION HOO(N,M)
C RETURNS ZERO WHENEVER N IS EVENLY DIVISIBLE SY M

MOO = N(N/M)sh
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qETURN
ENO
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PROGRAM RADTEMP
C USING AS INPUT EXPERIMENTAL CATA FCR THE AXIAL TEMPERATURE FRCFILE
C ON THE IIFFUSION TUBE CENTERLINE TOGETHER KITH DATA FCR RADIAL

TEMPERATURE PROFILES, THIS FFOGRAm PRECICIS TEMPERATURES BY
C INTERPOLATION AT GRIC FCINTS WHERE EXPERIMENTAL MEASUREMENTS
C WERE NOT TAKEN.
C

C ARRAYS USED IN COMFLTATICNS --
C
C T(J,K) ARRAY CF TEMPERATURES IN FLCh FIELD. T(1,K) VALUES
C ARE THCSE mEASLREC CN CIFFLSICN TUBE CENTERLINE.
C TR(J,L1 RADIAL TEmFERATURES BASEC CN EXPERIMENTAL DATA.
C
C OTHER VARIABLES --
C
C JMAX NUMBER CF NCLES IN RADIAL CIFECTION.
C KASE IDENTIFICATICN NUMBER FCP INFLT CATO.
C KFILE SIGNAL TC INDICATE WHETHER CF NOT RESULTS ARE TO BE
C STCREC IN A FILE.
C KF/LF = 0 -- NC FILE.
C KFILE = 1 -- STORE CN FILE ECUIFFEC TO LUN 43.
C KMAX VALUE CF K UPSTREAM OF THE HELIUM INJECTION PLANE
C AT WHICH mEASUREC TEMFERATURE FIELD ENDS.
C KPUN SIGNAL 7C INCICATE WHETHER CR NCI RESULTS ARE TO BE
C PUNCHED CN CARDS.
C KFLN = 0 -- NO CARDS.
C KFLN = 1 -- PUNCH CARDS (ECUIP LUN 42 TC FUNCH).
C LMAX INDICATES NLMBEF CF ExPEPImENTALLY CETERMINEO RADIAL
C TEMPERATURE PROFILES AVAILABLE FCR INTERPOLATION.
C PE MASS FECLET NUmEER FOR FLCh IN CIFFLSICN TUEE.
C TREF TEMPERATURE CF GASES ENTERING CIFFUSICN TUBE.
C XAO MOLE FRACTICN CF NITRCGEN AT HELIUM INJECTICN PLANE.
C

DIMENSION NOR(14),T(14,03),TEMP(14,02),TR(14,03)
FORMAT(5I5)

2 FORmAT(11F7.1)
3 FORMAT(21x,13X,20UTPLT FCR CASE NUMBER 2,15,

2,13X,2MASS FECLET NUMBER 2,F7.1,
2/2 2,13X,xMoLD FRACTICN CF N2 AT HE INJECTICN PLANE - $,F7.1)

4 FORmAT(212,10x,2TEmFERATLRE (T-TREF) IN MICRCvOLTS2//)
5 FORMAT(212,10X,2TEmFERATLRE (1-TREF) IN DECREES KELVIN2//)
6 FoRmAI(212,10X,20ImENSICNLES5 TEMPERATURE, (T-TREF)/TREF://)
7 FORMAT(: 2,0)(12J = 2,11(IE,5x))
A. FORMAT(: :,4X,$)( = $,12,2x,litF8.1,3X))
9 FORMAT(: $94X,YK = 2,12,2X,11(F9.5,2X))

10 FORMAT(* *,4X,$K = *,1212)1111(E11.3))
JMAX =

READ(40,1) KASE,KFILE,KmAx,KFLN,LMAX
READ(40,2) PE,XAO
REAO(40,2) UTP(JIL),J=1,JPAX),L=1,LmAX)
READ(40.2) (T(1,K),K=1,KmAX)
00 40 K = 1,KMAX
KNEG = 0
IF(T(1,K)) 11,35,12

11 KNEG = K
T(1,K) = -Tti,K)
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C FIND VALUES OF TR(1,L) TC EE LSED NFEN INTERPCLATING TO FIND
C RADIAL TEMPERATURE FRCFILE CCRFESPCNOING TC T(11K)

12 00 18 L = 1,LMAX
IF(T(1,1()TP(1,L)) 14,16,18

14 KOUNT = L
GO TO 20

16 KOUNT = L
GO TO 30

18 CONTINUE
KOUNT = LMAX

C CALCULATIONS FOR RACIAL TEMPERATURE FRCFILE WFEN T(1,K) IS NOT
C EQUAL TO A GIVEN VALLE CF TR(1,L)

20 LL = KOUNT-1
LU = KOUNT
RATIO = (T(11,K)TP(1,LL))/(TR(11LU)...TR(1,LL))
00 25 J = 21JMAX
T(J,K) = TR(JILL)RATICI(TR(J,LU)...TR(J,LL))

25 CONTINUE
GO TO 37

C RADIAL TEMPERATURE FRCFILE FNEN T(1,K) HAS THE SAME VALUE
C AS TR(1,L)

30 00 33 J = 2,JMAX
L = KOUNT
T(J,K) = TR(J,L)

33 CONTINUE
GO TO 37

35 00 36 J = 2,JMAX
T(J,K) = O.

36 CONTINUE
GO TO 40

37 IF(KNEG,E0.0) GC TO 40
DO 38 J = 1,JMAX
T(J,KNEG) = - T(J,KNEC)

38 CONTINUE
40 CONTINUE

C PRINT OUT RESULTS
WRITS(4113) KASE,FEIXAC
00 50 J = 1,JMAX
NOR(J) =

50 CONTINUE
C PRINT OUT TEMPERATURES IN TERMS CF MICRCVCLTS

hRITE(41,4)
WRITE(41,7) (NOR(J),J=1,JMAX)
DO 70 K = 1,KMAX
00 65 J = 1,JMAX
TEMP(J) = - T(J,K)
IF(T(J,K).EO.0.) TEMF(J) = T(J,K)

65- CONTINUE
WRITE(41,8) Kg(TEMP(J),J=1,JMAX)

70 CONTINUE
C PRINT OUT TEMPEFATURES IN TERMS CF (T -TREF)

WRITE(41,5)
WRITE(41,7) (NCR(J),J=1,JMA))
00 80 K = 1,KMAX
DO 75 J = 1,JMAX
TEMP(J) = 0.019652...0.01E33041(J,K)
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IF(TEMP(J).GT.OrANO.K.GT.5) TEMP(J) = O.
75 CONTINUE

WRITE(41,9) KOTEMF(j),J=1,JMAX)
80 CONTINUE

C PRINT OUT TEMPERATURES IN TERMS CF (1.TREF)/TREF
WRITE(41.6)
WRITE(41,7) INCR(J),..:=1,JMA))
00 90 K = 1,KMAX
00 85 J = 1,jMAX
TEMP(J) = (0.019E52..O.C19230*T(J,K))/244.26
IF(TEMP(J).GT.O.ANO.K.GT.5) TEMF(J) = O.

85 CONTINUE
WRITE(41,10) KI(TEMF(U),J=lpuMAX)

90 CONTINUE
C PRINT OUT TEMPERATURES Ch CAFOS IN TERMS CF MICRCVCLTS,
C IF KPUN = 1

IF(KPUN.E0.0) GC TC 100
WRITS(42,2)((T(J.K).J=1,JMAX),K=1,KMAX)

C STORE RESULTS ON A FILE, IF KFILE = 1
100 IF(KFILE.E0.0) GO TC 110

WRITE(43,2)((T(J,K),J=1,JMAX),K=1.KMAX)
110 STOP

ENO
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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, XA
0

= 0.5

Pe = 3.8, XA = 0.5

Pe = 3.8, XA
`10

0.7

Pe = 5.9, XA
0

= 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, To = 294.26° K

(21.11° C).

5. For values computed on the basis of an isother-

mal wall boundary condition,

T
wall = T.
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Computed centerline temperature profiles

Flow conditions: Pe = 1.9, XA = 0.5
0

NOTES:

- T
'

1. 8 =
T
-----0 - T - T

o = (T
o
) (0) = (294.26)(8).T

o

2. All temperature values listed below are negative

in sign.

3. The data listed below are plotted in Figure 4.5.

Axial
Posi-
tion,

C

z/R

Isothermal Wall

T - T
°C

Adiabatic Wall

T - T
8

°C

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
1.6 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



Flow Conditions: Pe = 1.9, XA = 0.5

Axial
Posi-
tion,

=
z/R

Isothermal Wall

e
T - T

°C °

Adiabatic Wall

T - T
°C

2.8

2.9

3.0

3.1
3.2

3.3

3.4
3.5

3.6

3.7
3.8
3.9

4.0

4.1
4.2

4.3

4.4
4.5
4.6
4.7

4.8
4.9

5.0

5.1
5.2
5.3
5.4
5.5
5.6
5.7

2.067E-03 0.608
1.885 0.555
1.718 0.506
1.566 0.461
1.429 0.420
1.307 0.385
1.197 0.352
1.096 0.323
1.002 0.295
9.150E-04 0.269
8.348 0.246
7.628 0.224
6.971 0.205
6.326 0.186
5.701 0.168
5.108 0.150
4.601 0.135
4.191 0.123
3.821 0.112
3.454 0.102
3.096 0.091
2.765 0.081
2.484 0.073

3.100E-03 0.912
2.802 0.825
2.531 0.745
2.287 0.673
2.068 0.609
1.873 0.551
1.698 0.500
1.538 0.453
1.392 0.410
1.259 0.370
1.137 0.335
1.027 0.302
9.273E-04 0.273
8.322 0.245
7.424 0.218
6.588 0.194
5.867 0.173
5.267 0.155
4.732 0.139
4.219 0.124
3.735 0.110
3.293 0.097
2.917 0.086
2.570 0.076
2.235 0.066
1.915 0.056
1.617 0.048
1.373 0.040
1.136 0.033
9.295E-05 0.027

270
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Computed centerline temperature profiles

Flow conditions: Pe = 3.8, XA = 0.5
0

NOTES:

1.
T - T

'
8 = ----o T - To = (T0)(0) = (294.26)(8).T

o

2. All temperature values listed below are negative
in sign.

3. The data listed below are plotted in Figure 4.6.

Axial
Posi-

tion,

=
z/R

Isothermal Wall

T - T
e

°C 0

Adiabatic Wall

T - T
8

°C 0

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



Flow conditions: Pe = 3.8, XA = 0.5
o

Axial
Posi-
tion,

4 =
z/R

Isothermal Wall

T - T
e

°C 0

Adiabatic Wall

T - T
e

°C
0

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
0

NOTES:

1. e =
T - T

o. T - To = (T0) (0) = (294.26)(0).T '

o

2. All temperature values listed below are negative
in sign.

3. The data listed below are plotted in Figure 4.7.

Axial
Posi-
tion,

=
z/R

Isothermal Wall

T - T
°C

o

Adiabatic Wall

T - T
e

°C

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 0.161 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



Flow conditions: Pe = 3.8, XA = 0.7
o

Axial
Posi-
tion,

=
z/R

Isothermal Wall

0
T - T

°C
o

Adiabatic Wall

e
T - T

°C
o

2.9

3.0

1.041E-04
8.619E-05

0.031
0.025

1.078E-04
8.899E-05

0.032
0.026
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Computed centerline temperature profiles

Flow conditions: Pe = 5.9, XA = 0.7
O

NOTES:

-
1. 0 =

T
T

T
T _ To = (T0)(0) = (294.26)(6).

0

2. All temperature values listed below are negative
in sign.

3. The data listed below are plotted in Figure 4.8.

Axial
Posi-
tion,

C=
z/R

Isothermal Wall

T - T
0

°C

Adiabatic Wall

T - T
0

°C
o

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, X, = 0.5
4-10

NOTES:

1. e =
T-----oT ; T - T

o
= (T0) (0) = (294.26)(8).T

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.

Radial
Position

= r/R

= 0.6

T - T
°C

= 1.0

T - T
o

oc

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



Radial
Position

= r/R

C = 1.4

T - To
oc

C = 1.8

T - T
°C

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.



Calibration of Nitrogen Flowmeter

Flowmeter type:

Manufacturer
Tube
Float

Calibration instrument:

Calibration conditions:

Schuttle and Koerling
1/8 - 15 - G - 5
BP 4 black glass

bubble flowmeter used in
conjunction with a stopwatch

Laboratory temperature: 21° C + 0.5° C
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
rage at
21 C, 86 cm Hg

20.156 - 21.310X + 16.943X 2

0.797X3 cubic centimeters/minute
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where X is the nitrogen flowmeter reading. This equation,

which fits the calibration data with a coefficient of

determination, R
2

, of 0.9997, is applicable over a range

of flowmeter readings between 0.9 and 9.3.



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

21° C + 0.5° C

10 cm Hg gage

35
o

C

20 ma
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Gas flow rate

Calibration data

Calibra- Plotter
tion Gas reading

%N
2

%He cm
Atten-
uation

1.0 cc/min

Voltage
my

att 100

Corresponding
results from
Stock (1972)*

100 0 0.0 5 0.00 0.00

75 25 24.3 10 2.43 2.43

50 50 11.1 50 5.55 5.55

25 75 20.3 50 10.15 10.20

0 100 17.3 100 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.



Regression equation for data obtained in this

recalibration:

XA = 0.98855 - 0.099379V + 0.0024561V 2

where
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XA = mole fraction of nitrogen

and V = voltage output at attenuation 100.

This equation fits the calibration data with a coefficient

of correlation, R 2
, 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 (21° 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:

(T - To), °C = 0.019672 + 0.019330V

where T is the temperature of the diffusion tube sensing
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junction, To js the temperature of the reference junction

(21° 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, R
2

, 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 "hoejunctions, 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° C and 24.5° C is as

follows:

T, 0C = 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
MEASURED IN DIFFUSION FLOW FIELDS

NOTES:

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, XA0 = 0.5,

Pe = 3.8, XA0 = 0.5,

Pe =

and Pe =

3.8,

5.9,

XA0 =

XA =

0.7,

0.7.

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, T0, 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, XA0 = 0.5

NOTE: All temperature data listed below are negative except
those designated by a plus sign.

Axial
Pos i-

tion,

=
z/R

June 11
8 = 0°

Voltage, T - To,
pv °C

July 6
8 = 0°

Average
Voltage, T - To' T - To

pv °C Fig. 7.1

0.05
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

1.1
1.2

1.3
1.4
1.5
1.6
1.7

1.8
1.9

2.0
2.1
2.2
2.3
2.4
2.5

2.6
2.7
2.8

2.9

3.0

3.1

3.2

3.3

+11.6

3.3

34.0
62.0
84.5

100.0
110.3
114.8
115.4
112.7
108.0
102.1
95.5
88.6
81.7
75.0

68.5
62.7
57.2
52.2

47.9
43.6
39.8
35.6
31.1
27.6
23.4
20.4

18.7
17.1
15.5

13.9

12.4

10.9

+0.24
0.04
0.64
1.18
1.61

1.91
2.11
2.20
2.21
2.16
2.07

1.95
1.83
1.69

1.56
1.43
1.30
1.19

1.09
0.99
0.91
0.82
0.75
0.67
0.58
0.51
0.43
0.38
0.34
0.31
0.28
0.25
0.22
0.19

+4.7 +0.11 +0.18
12.4 0.22 0.13
41.7 0.79 0.72
68.6 1.31 1.25
90.0 1.72 1.67

105.6 2.02 1.97
115.0 2.20 2.16
119.9 2.30 2.25
120.1 2.30 2.26
118.1 2.26 2.21
114.0 2.18 2.13
108.1 2.07 2.01
101.6 1.94 1.89
95.1 1.82 1.76
88.5 1.69 1.63
80.2 1.53 1.48
73.3 1.40 1.35
68.0 1.30 1.25
62.1 1.18 1.14
56.6 1.07 1.03
51.8 0.98 0.95
47.9 0.91 0.87
42.8 0.81 0.78
39.2 0.74 0.71
34.6 0.65 0.62
31.7 0.59 0.55
29.1 0.54 0.49
25.5 0.47 0.43
23.5 0.44 0.39
21.4 0.39 0.35
19.7 0.36 0.32
18.8 0.34 0.30
16.8 0.30 0.26
15.0 0.27 0.23
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Flow conditions: Pe = 1.9, XA0 = 0.5

Axial
Posi-
tion,

=
z/R

June 11
e oo

Voltage,
uv

T - T ,

°C
o

July 6
8 =0°

Voltage,
pv

T - T
o

,

°c

Average
T - To

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
Posi-
tion,

=
z/R

July
6 =

Voltage,

uv

2

180°

T - T
o

,

°C

Axial
Posi-
tion,

=
z/R

July 2

Voltage,

uv

cont.

T - T

°C
o

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 1.90 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, X, = 0.5
0

NOTE: All temperature data listed below are negative.

Axial
Posi-
tion,

=
z/R

June 7
=0°

Voltage, T - To,

liv °C

July 6
=0°

Voltage, T - To
pv °C

Average
T - To

Fig. 7.2
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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 3.78 195.1 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



Centerline temperature profiles

Flow conditions: Pe = 3.8, XA0 = 0.7

NOTE: All temperature data listed below are negative.

Axial
Posi-
tion,

=
z/R

June 8
8 = 0°

Voltage, T - To
pv °C

June 28
= 0°

Voltage, T To

uv °C

Average
T To

Fig. 7.3
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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 1.61 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



Centerline temperature profiles

Flow conditions: Pe = 5.9, Xlio = 0.7

NOTE: All temperature data listed below are negative.

Axial
Posi-

tion,

=
z/R

June 9

6 = 0°

Voltage,
pv

T - To
°C

June 28
6 = 0°

Voltage,

}iv

T - T
o

00

Average
T - To

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, XA0 = 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
Location

in

Tube
Radial Position

= r/R

C = 0.4

Voltage T - To
°C

= 0.8

Voltage T - To
pv °C

Probe Inlet

Centerline

Opposite Wall

1.0
0.9

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

3.0 0.04 12.5 0.22
13.1 0.23 22.6 0.42
27.2 0.51 35.1 0.66
42.0 0.79 51.2 0.97
55.7 1.06 65.6 1.25
66.3 1.26 79.3 1.51
75.1 1.43 91.5 1.75
80.3 1.53 101.1 1.94
86.0 1.64 108.4 2.07
89.2 1.71 114.3 2.19
91.5 1.75 118.8 2.28
93.4 1.79 121.6 2.33
94.7 1.81 122.9 2.36
95.8 1.83 122.8 2.35
96.6 1.85 121.2 2.32
96.5 1.85 117.7 2.26
94.7 1.81 111.9 2.14
89.6 1.71 103.3 1.98
80.1 1.53 90.7 1.73
65.8 1.25 75.8 1.45
42.1 0.79 51.5 0.98



Flow conditions: Pe = 1.9, XA0 = 0.5

Radial
Location

in

Tube
Radial Position

= r/R

= 1.0

Voltage T - To
pv °C

293

= 1.3

Voltage T - To

liv °C

Probe Inlet

Centerline

Opposite Wall

1.0

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
0.1
0.2
0.3
0.4
0.5

0.6
0.7
0.8
0.9
1.0

10.8 0.19 9.5 0.16
20.2 0.37 18.7 0.34
30.7 0.57 29.0 0.54
44.0 0.83 40.0 0.75
57.8 1.10 50.2 0.95
70.4 1.34 60.7 1.15
81.1 1.55 69.4 1.32
90.3 1.73 77.1 1.47
98.1 1.88 83.4 1.59

104.1 1.99 88.4 1.69
108.2 2.07 92.1 1.76
111.3 2.13 94.8 1.81
112.8 2.16 95.8 1.83
112.8 2.16 95.6 1.83
111.0 2.13 93.7 1.79
108.0 2.07 90.5 1.73
102.3 1.96 85.8 1.64
94.7 1.81 78.7 1.50
82.8 1.58 69.7 1.33
69.6 1.33 59.6 1.13
48.5 0.92 41.8 0.79



Flow conditions: Pe = 1.9, XA0 = 0.5

Radial
Location

in
Tube

Radial Position
= r/R

= 1.6

Voltage T - To
pir °C

= 1.9

Voltage T - To
yv °C

294

Probe Inlet

Centerline

Opposite Wall

1.0

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

0.1
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

8.3

14.3
21.5
28.7
36.6

44.4
51.5
57.7
62.8
67.1
70.4
72.7
74.1

74.3
73.5
71.3

68.3
63.2
56.4
48.4
34.6

0.14

0.26
0.40

0.54
0.69
0.84
0.98
1.10
1.19

1.28
1.34
1.39
1.41
1.42
1.40
1.36
1.30

1.20
1.07
0.92
0.65

5.0 0.08
8.3 0.14

13.4 0.24
19.3 0.35
25.3 0.47
30.9 0.58
36.3 0.68
41.2 0.78
45.4 0.86
48.9 0.93
51.6 0.98
53.3 1.01
54.3 1.03
54.5 1.03
53.7 1.02
52.2 0.99
49.7 0.94
46.0 0.87
40.8 0.77
34.8 0.65
24.2 0.45



Flow conditions: Pe = 1.9, XA = 0.5
0

Radial
Location

in
Tube

Radial Position
= r/R

2.2

Voltage T - T
pv °C °

Probe Inlet

Centerline

Opposite Wall

1.0

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

0.8 0.00
3.5 0.05
7.3 0.12

11.5 0.20
16.1 0.29
20.6 0.38
24.7 0.46
28.5 0.53
31.7 0.59
34.3 0.64
36.5 0.69
37.7 0.71
38.5 0.72
38.7 0.73
38.2 0.72
37.1 0.70
35.0 0.66
32.1 0.60
28.8 0.54
24.0 0.44
16.6 0.30
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Radial temperature profiles

Flow conditions: Pe = 3.8, XA0 = 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: V.

4. Data are plotted in Figure 7.5 (for = 0.5)
and in Figure 7.7.

Radial
Location

in

Tube
Radial Position

E = r/R

C=0.5

Voltage T - To
pv °C

= 0.7

Voltage T - To
pv °C

Probe Inlet

Centerline

Opposite Wall

1.0

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

20.0 0.37 19.2 0.35
41.2 0.78 36.8 0.69
68.4 1.30 57.5 1.09
98.2 1.88 81.0 1.55
126.6 2.43 104.7 2.00
150.1 2.88 126.0 2.42
168.7 3.24 140.8 2.70
182.7 3.51 153.4 2.95
192.2 3.70 163.8 3.15
200.0 3.85 171.8 3.30
206.5 3.97 177.2 3.41
210.7 4.05 180.4 3.47
213.2 4.10 182.3 3.50
214.7 4.13 182.5 3.51
214.3 4.12 181.7 3.49
212.5 4.09 178.7 3.44
208.0 4.00 172.3 3.31
197.3 3.79 163.5 3.14
179.2 3.44 146.5 2.81
148.3 2.85 123.6 2.37
103.0 1.97 89.3 1.71



Flow conditions; Pe = 3.8, XA0 = 0.5

Radial
Location

in

Tube
Radial Position

= r/R

C = 0.9

Voltage T - To
MV °C

297

= 1. 1

Voltage T To
1117 °C

Probe Inlet

Centerline

Opposite Wall

1.0

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

18.7 0.34 15.2 0.27
31.2 0.58 22.2 0.41
46.2 0.87 31.5 0.59
62.2 1.18 42.5 0.80
78.2 1.49 52.4 0.99
91.1 1.74 62.1 1.18
103.5 1.98 69.8 1.33
113.7 2.18 77.5 1.48
122.1 2.34 83.4 1.59
128.0 2.46 88.1 1.68
132.7 2.54 91.5 1.75
135.9 2.61 93.8 1.79
137.3 2.63 95.2 1.82
137.6 2.64 95.4 1.82
134.5 2.58 93.8 1.79
132.1 2.53 90.3 1.73
128.2 2.46 86.9 1.66
120.5 2.31 82.6 1.58
109.0 2.09 75.4 1.44
93.8 1.79 65.0 1.24
69.0 1.31 50.0 0.95



Flow conditions: Pe = 3.8, XA0 = 0,5

Radial
Location

in

Tube
Radial Position

= r/R

= 1.3

Voltage T - To
pv °C
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1.5

Voltage T - To
uv °C

Probe Inlet

Centerline

Opposite Wall

1.0

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1.0

11.3 0.20 8.1 0.14
16.2 0.29 10.8 0.19
22.4 0.41 14.4 0.26
29.1 0.54 18.3 0.33
35.8 0.67 22.2 0.41
41.5 0.78 25.7 0.48
46.4 0.88 29.0 0.54
51.0 0.97 31.4 0.59
54.5 1.03 33.5 0.63
57.2 1.09 35.4 0.66
59.2 1.12 37.0 0.70
60.8 1.16 37.5 0.70
61.2 1.16 37.7 0.71
61.6 1.17 37.3 0.70
61.4 1.17 37.2 0.70
61.1 1.16 37.0 0.70
59.5 1.13 36.5 0.69
56.5 1.07 36.1 0.68
51.8 0.98 34.2 0.64
46.2 0.87 31.9 0.60
37.0 0.70 25.7 0.48
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Radial temperature profiles

Flow conditions: Pe = 3.8, XA0 = 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 c = 0.5 are plotted in Figure 7.5.

Radial
Location

in

Tube
Radial Position

= r/R

c = 0.5

Voltage T - To
pv °C

c = 0.7

Voltage T - To
pv °C

Opposite Wall

Centerline

Probe Inlet

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

108.1 2.07 84.7 1.62
151.4 2.91 122.7 2.35
180.1 3.46 148.2 2.85
195.6 3.76 164.3 3.16
205.5 3.95 174.0 3.34
210.4 4.05 180.2 3.46
211.7 4.07 183.6 3.53
212.1 4.08 184.7 3.55
211.0 4.06 183.4 3.52
208.5 4.01 180.6 3.47
204.8 3.94 177.4 3.41
198.6 3.82 171.1 3.29
194.0 3.73 162.2 3.12
184.2 3.54 154.0 2.96
170.2 3.27 138.0 2.65
151.7 2.91 121.2 2.32
123.9 2.38 102.6 1.96
95.3 1.82 78.6 1.50
63.7 1.21 53.2 1.01
36.5 0.69 31.2 0.58
14.1 0.25 13.9 0.25



Flow conditions: Pe = 3.8, XA0 = 0.5

Radial
Location

in
Tube

Radial Position
= r/R

= 0.9

Voltage T To
pv °C

Opposite Wall

Centerline

Probe Inlet

1.0

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

64.7 1.23

91.7 1.75
108.5 2.08
121.5 2.33
129.5 2.48
134.7 2.58
137.3 2.63
138.2 2.65
137.4 2.64
135.5 2.60
132.2 2.54
126.8 2.43
119.8 2.30
111.6 2.14
101.4 1.94
88.7 1.70
76.5 1.46
57.1 1.08
42.8 0.81
24.9 0.46
12.7 0.23
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Radial temperature profiles

Flow conditions: Pe = 3.8, XA = 0.7

NOTES:

301

1. All temperature data listed below are negative.

2. Date data were taken: June 28.

3. Circumferenqal position of probe inlet
passages: 0 .

4. Data are plotted in Figure 7.8.

Radial
Location

in
Tube

Radial Position
E = r/R

C=0.4

Voltage T - T
°pv C

= 0.6

Voltage T - T
o

liv °C

Probe Inlet

Centerline

Opposite Wall

1.0

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1.0

8.6 0.15 6.5 0.11
23.3 0.43 17.3 0.32
43.0 0.81 31.9 0.60
64.7 1.23 47.9 0.91
84.3 1.61 63.2 1.20

100.0 1.91 76.9 1.47
112.7 2.16 87.5 1.67
121.4 2.33 96.6 1.85
128.3 2.46 103.4 1.98
133.1 2.55 108.5 2.08
136.7 2.62 112.8 2.16
139.9 2.68 115.2 2.21
143.5 2.75 117.4 2.25
143.8 2.76 118.4 2.27
143.9 2.76 118.0 2.26
143.1 2.75 115.7 2.22
139.6 2.68 111.8 2.14
132.4 2.54 104.8 2.01
119.1 2.28 94.4 1.80
96.0 1.84 77.9 1.49
65.8 1.25 52.8 1.00



Flow conditions: Pe = 3.8, XA = 0.7
0

Radial
Location

in
Tube

Probe Inlet

Centerline

Opposite Wall

= 0.8 = 1.0

Radial Position
E = r/R

Voltage T - T
o

uv °c
Voltage

Div

1.0 7.1 0.12 2.9
0.9 15.0 0.27 7.5
0.8 25.6 0.48 14.6
0.7 36.8 0.69 22.5
0.6 47.8 0.90 30.1
0.5 58.1 1.10 36.9
0.4 65.8 1.25 42.6
0.3 72.9 1.39 47.8
0.2 78.4 1.50 51.7
0.1 82.6 1.58 54.7
0.0 85.9 1.64 57.2
0.1 88.0 1.68 58.6
0.2 89.3 1.71 59.2
0.3 89.8 1.72 59.6
0.4 89.2 1.70 58.9
0.5 87.2 1.67 57.5
0.6 83.7 1.60 54.9
0.7 78.3 1.49 51.1
0.8 69.9 1.33 45.4
0.9 58.3 1.11 37.8
1.0 39.7 0.75 25.4

302

T - T
o

°c

0.04
0.12
0.26
0.42
0.56
0.69
0.80
0.90
0.98
1.04
1.09

1.11
1.12

1.13
1.12
1.09
1.04
0.97
0.86
0.71
0.47



Flow conditions: Pe = 3.8, XA = 0.7
0

Radial
Location

in

Tube
Radial Position

= r/R

= 1.2

Voltage T To
°C31v

303

= 1.4

Voltage T - T
pv °C °

Probe Inlet

Centerline

Opposite Wall

1.0

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

0.1
0.0

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1.0

0.6 0.00 0.4 0.00
3.4 0.05 3.3 0.04
8.1 0.14 6.6 0.11

13.7 0.24 10.3 0.18
18.5 0.34 13.8 0.25
23.5 0.44 16.7 0.30
26.8 0.50 19.0 0.35
30.0 0.56 20.9 0.38
32.7 0.61 22.5 0.42
34.8 0.65 23.6 0.44
36.5 0.69 24.3 0.45
37.5 0.70 24.8 0.46
38.1 0.72 25.1 0.47
38.8 0.73 25.2 0.47
38.6 0.73 24.7 0.46
37.8 0.71 24.2 0.45
36.3 0.68 23.3 0.43
33.8 0.63 21.4 0.39
30.3 0.57 18.8 0.34
25.4 0.47 15.6 0.28
16.8 0.30 9.7 0.17



Radial temperature profiles

Flow conditions: Pe = 5.9, XA = 0.7
0

NOTES:

304

1. All temperature data listed below are negative.

2. Date data were taken: June 9.

3. Circumferential position of probe inlet
passages: 00.

4. Data are plotted in Figure 7.9.

Radial
Location

in
Tube

Radial Position
= r/R

= 0.3

Voltage T - T
°My C

= 0.4

Voltage T - T
°pv C

Probe Inlet

Centerline

Opposite Wall

1.0

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1.0

5.3 0.08 4.8 0.07
22.5 0.42 21.7 0.40
47.6 0.90 44.4 0.84
73.0 1.39 67.5 1.28
96.7 1.85 88.0 1.68
114.4 2.19 104.0 1.99
127.5 2.44 114.0 2.18
136.2 2.61 122.6 2.35
141.3 2.71 127.4 2.44
145.5 2.79 131.1 2.51
149.0 2.86 134.3 2.58
151.3 2.90 135.9 2.61
152.2 2.92 137.5 2.64
153.7 2.95 138.6 2.66
154.6 2.97 139.5 2.68
156.4 3.00 140.3 2.69
156.2 3.00 139.7 2.68
152.0 2.92 136.0 2.61
140.9 2.70 126.0 2.42
119.0 2.28 108.1 2.07
73.6 1.40 67.1 1.28



Flow conditions: Pe = 5.9, X, = 0.7

Radial
Location

in

Tube
Radial Position

= r/R

C=0.5

Voltage T - T
o

°C
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= 0.7

Voltage T - To
°C

Probe Inlet

Centerline

Opposite Wall

1.0
0.9
0.8
0.7
0.6

0.5
0.4
0.3
0.2

0.1
0.0

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

3.7 0.05 1.4 0.01
16.5 0.30 9.0 0.15
32.4 0.61 18.8 0.34
50.7 0.96 28.9 0.54
66.1 1.26 38.8 0.73
79.0 1.51 45.9 0.87
87.9 1.68 50.8 0.96
95.6 1.83 54.8 1.04
100.5 1.92 57.6 1.09
104.1 1.99 59.5 1.13
107.1 2.05 61.0 1.16
108.1 2.07 62.2 1.18
109.2 2.09 62.7 1.19
109.8 2.10 63.0 1.20
110.6 2.12 63.8 1.21
110.3 2.11 63.7 1.21
109.6 2.10 63.4 1.21
106.1 2.03 61.5 1.17
97.4 1.86 57.6 1.09
84.9 1.62 50.1 0.95
53.0 1.00 32.4 0.61



Flow conditions: Pe = 5.9, XA = 0.7
0

Radial
Location

in
Tube

Radial Position
= r/R

= 0.9

Voltage T - T
uv °C °

Probe Inlet

Centerline

Opposite Wall

1.0

0.9
0.8
0.7

0.6
0.5
0.4
0.3
0.2

0.1
0.0
0.1
0.2

0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

0.1 0.00
4.0 0.06
9.3 0.16

15.2 0.27
20.5 0.38
24.5 0.45
27.2 0.51
29.2 0.54
30.5 0.57
31.3 0.58
31.9 0.60
32.2 0.60
32.4 0.61
32.9 0.62
33.7 0.63
33.6 0.63
33.4 0.63
33.1 0.62
31.0 0.58
27.0 0.50
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, XII() = 0.5. To

clearly illustrate the differences between corresponding

measurements, the scale to which the temperature coordinate

is drawn in Figure G.1 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.1, 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.1 for

Pe = 1.9, XA0 = 0.5, 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, XA0 = 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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Figure G.1. Repeated Measurements of Centerline
Temperature Profiles for Pe = 1.9,
XA = 0.5
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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.1 for Pe = 1.9, Xlio = 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, XA0 = 0.5 as a recheck on the two

profiles plotted in Figure G.1. The results of this third

run agree within 0.05°C with the data points identified by

circles plotted in Figure G.1. 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.1) 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.2.1. 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)). In 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.1 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.1, 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.1 were computed with the

following correlation from McAdams (1954):

c
D

Nu
D

=
X

h

f
0.32 + 0.43(Re

D
)

0.52
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Table G.1. Estimated Thermocouple Probe Conduction Errors
for Minimum Centerline Temperature Measurements
for Four Flow Conditions

Configuration Modeled

Tube
Wall

Boundary Conditions:

1. T = Tw at x = 0

2.
z

dT
= 0 at x = L

Applicable equation (Welty, et al. (1969)):

T - T
g cosh[m(L-x)] 1/ hP

kATw - T cosh mL where m =
g

Axial Position
(1) (2)

(T -T ) (T -T ) (2)-(1),
CL o(; = z/R) of CL o

IT -T 1

Flow
CL o max

min min (1)

Condition measured, °C corrected, °C

Pe = 1.9, 0.8 -2.26 -2.39
XA = 0.5

Pe = 3.8, 0.5 -3.96 -4.15

XA =
o

0.5

Pe = 3.8, 0.4 -2.58 -2.73
XA = 0.7

Pe = 5.9, 0.25 -2.93 -3.09
XA0 = 0.7

NOTE: To, the reference temperature
the diffusion tube, is 21.1°C.

of the gases entering

5.8

4.8

5.8

5.5
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where Nu
D
is the Nusselt number and Re

D
is the Reynolds

number for flow over the probe, Af is the thermal conduc-

tivity of the fluid, D is the probe diameter, and he is the

average convective heat transfer coefficient. According to

McAdams, this correlation is applicable for cylinders in

cross flow under flow conditions for which Re
D

is as low as

0.1. (Values of Re
D 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
f
computed from equation 4.14 of Chapter

IV were used in the computations of Fic. With equation 4.14

the variation of of 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. For the compos-

ite structure, the thermal conductivity is approximately

0.10 watts/(cm °C).

Referring to Table G.1, 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, XA0 = 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.1. 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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Figure G.2. As-Measured and Corrected Centerline
Temperature Profiles for Pe = 3.8,
XA = 0.5
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Table G.2. Estimated Thermocouple Probe Conduction Errors
for Centerline Temperatures Measured for
Pe = 3.8, XA0 = 0.5

(1) (2)

(T
CL

-T
o

)

Conduction(TCL
-T

o
)Axial corrected for Error 1(1)-(2) 1

Position measured, conduction = (1)-(2),
1 (1) i

= 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: To, 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 0.2
o

C for the

minimum values of the temperatures measured under the four

flow conditions, as shown in Table G.1, 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 = 0.5 in the flow field

corresponding to Pe = 3.8, XA0 = 0.5, the estimated thermal

radiation error is approximately 0.05° C. 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.1, 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, XA0 = 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
USED IN COMPUTATIONS OF THERMAL DIFFUSION
FACTORS AND MOLECULAR DIFFUSION COEFFICIENTS

NOTES:

1. The data in this appendix are grouped according

to the flow conditions under which they were measured.

These flow conditions are;

Pe

Pe

Pe

and Pe

=

=

=

=

1.9,

3.8,

3.8,

5,9,

XA0

XA0

x-A0

x-A0

=

=

=

=

0.5,

0.5,

0.7,

0.7.

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, XA0 = 0.5

Temperatures in diffusion flow field, (T - To), °C

where To 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,

=
z/R 0.0 0.1 0.2

Radial Position, = r/R

0.3 0.4 0.5 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
0.5 1.97 1.96 1.92 1.85 1.74 1.62 1.45 1.26 1.03 .81 .53
0.6 2.16 2.14 2.10 2.03 1.92 1.78 1.60 1.38 1.13 .88 .57
0.7 2.25 2.23 2.19 2.12 2.01 1.85 1.67 1.45 1.18 .92 .59
0.8 2.26 2.24 2.20 2.13 2.02 1.87 1.68 1.46 1.19 .92 .59
0.9 2.21 2.20 2.15 2.08 1.97 1.83 1.64 1.42 1.16 .90 .58
1.0 2.13 2.11 2.07 2.00 1.89 1.75 1.57 1.36 1.11 .87 .56
1.1 2.01 2.00 1.96 1.89 1.78 1.65 1.48 1.28 1.05 .82 .54
1.2 1.89 1.88 1.84 1.77 1.67 1.55 1.39 1.21 .99 .78 .51
1.3 1.75 1.75 1.71 1.65 1.55 1.44 1.29 1.12 .93 .72 .48
1.4 1.63 1.62 1.58 1.52 1.44 1.33 1.20 1.04 .87 .68 .45
1.5 1.48 1.47 1.44 1.39 1.31 1.21 1.09 .96 .80 .63 .42
1.6 1.35 1.34 1.31 1.27 1.20 1.11 1.00 .88 .74 .59 .40
1.7 1.24 1.23 1.21 1.16 1.10 1.01 .92 .80 .67 .54 .36
1.8 1.13 1.12 1.10 1.05 .99 .92 .83 .72 .60 .48 .32
1.9 1.03 1.02 1.00 .96 .90 .83 .75 .65 .54 .43 .28
2.0 .94 .93 .91 .87 .82 .75 .68 .59 .48 .38 .25
2.1 .87 .86 .83 .80 .75 .69 .62 .53 .44 .34 .22
2.2 .78 .77 .75 .72 .67 .62 .55 .47 .39 .30 .18
2.3 .70 .69 .68 .65 .60 .55 .49 .41 .34 .26 .15
2.4 .61 .61 .59 .56 .53 .48 .43 .36 .30 .22 .13
2.5 .55 .54 .53 .51 .47 .43 .38 .32 .27 .20 .12
2.6 .49 .48 .47 .45 .42 .38 .34 .28 .23 .17 .10
2.7 .42 .42 .41 .39 .36 .33 .29 .25 .20 .15 .09
2.8 .39 .38 .37 .36 .33 .30 .27 .22 .18 .14 .08
2.9 .35 .35 .34 .32 .30 .27 .24 .20 .17 .12 .07
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Axial
Posi-
tion,

=
z/R 0.0 0.1 0.2

Radial Position,

0.3 0.4 0.5

E = r/R

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, XAo = 0.5

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

0.0 .500 .500 .500 .500 .500 .500 .500 .500 .500 .500 .500

0.1 .554 .551 .547 .545 .541 .545 .545 .545 .545 .545 .545

0.2 .597 .592 .587 .585 .583 .583 .581 .580 .580 .580 .580

0.3 .623 .615 .613 .619 .620 .620 .610 .610 .610 .610 .615

0.4 .651 .650 .650 .651 .650 .645 .645 .645 .644 .645 .648

0.5 .685 .680 .680 .680 .680 .680 .680 .680 .678 .680 .680

0.6 .714 .711 .708 .707 .707 .707 .707 .708 .708 .707 .705

0.7 .735 .734 .733 .733 .733 .733 .733 .733 .732 .732 .731

0.8 .756 .756 .757 .757 .757 .757 .757 .757 .756 .756 .755
0.9 .779 .779 .780 .780 .780 .780 .780 .780 .779 .779 .778

1.0 .799 .799 .800 .800 .800 .800 .800 .800 .800 .799 .799

1.1 .816 .816 .817 .817 .817 .817 .817 .817 .817 .816 .816

1.2 .831 .831 .832 .832 .832 .832 .832 .832 .832 .831 .831

1.3 .843 .843 .844 .844 .844 .844 .844 .843 .843 .843 .842

1.4 .853 .853 .853 .853 .853 .853 .853 .852 .852 .852 .851

1.5 .865 .865 .865 .865 .865 .865 .865 .864 .864 .864 .863

1.6 .876 .876 .876 .876 .876 .876 .876 .875 .875 .875 .874

1.7 .887 .888 .888 .888 .888 .888 .888 .887 .887 .886 .885

1.8 .897 .898 .898 .898 .898 .898 .898 .897 .897 .896 .895

1.9 .906 .907 .907 .907 .907 .907 .907 .905 .906 .905 .904

2.0 .915 .915 .915 .915 .915 .915 .915 .914 .914 .914 .913

2.1 .923 .923 .923 .923 .923 .923 .923 .922 .922 .922 .921

2.2 .930 .930 .931 .931 .931 .931 .931 .931 .930 .930 .929

2.3 .934 .935 .935 .935 .935 .934 .934 .934 .934 .934 .933

2.4 .940 .940 .940 .940 .940 .940 .940 .939 .939 .939 .939

2.5 .945 .945 .945 .945 .945 .945 .945 .944 .945 .944 .944

2.6 .949 .950 .950 .950 .950 .950 .950 .949 .949 .949 .948

2.7 .953 .954 .954 .954 .954 .954 .954 .953 .953 .953 .953

2.8 .957 .958 .958 .958 .958 .958 .958 .957 .957 .957 .957

2.9 .961 .961 .962 .962 .961 .961 .961 .961 .961 .961 .960

3.0 .964 .965 .965 .965 .965 .964 .964 .964 .964 .964 .964

3.1 .967 .968 .968 .968 .968 .967 .967 .967 .967 .967 .967

3.2 .970 .970 .971 .970 .970 .970 .970 .970 .970 .970 .969

3.3 .972 .973 .973 .973 .973 .973 .973 .972 .972 .972 .972

3.4 .975 .975 .975 .975 .975 .975 .975 .974 .975 .975 .974

3.5 .977 .977 .977 .977 .977 .977 .977 .977 .977 .977 .976
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Flow conditions: Pe = 1.9, = 0.5

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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Flow conditions: Pe = 1.9, XA0 = 0.5

Axial
Posi-
tion,

=
z/R

Radial Position, E = r/R

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

7.6
7.7

7.8
7.9

.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 1.000 1.000 1.000



Flow conditions: Pe = 1.9, XA = 0.5
0

Dimensionless mass average axial velocities in diffusion
flow field (based on data from Stock (1972))

Values tabulated: V(,c) v(,0
VA

o
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where T72,0 is the mass average velocity of nitrogen
over flow cross sections far upstream of the helium
injection plane.

IT7A01 = 0.606 cm/sec for flow conditions under
which the data listed below were taken.

R = 0.96 am

Axial
Posi-
tion,

=
z/R 0.0 0.1 0.2

Radial Position,

0.3 0.4 0.5

= r/R

0.6 0.7 0.8 0.9 1.0

0.0 .215 .380 .479 .628 .826 1.124 1.405 2.298 3.355 3.554 0

0.1 .298 .463 .512 .678 .843 1.140 1.405 2.149 3.058 3.223 0

0.2 .397 .512 .562 .661 .860 1.140 1.405 1.983 2.645 2.810 0

0.3 .463 .545 .628 .694 .876 1.140 1.388 1.950 2.562 2.612 0

0.4 .545 .612 .661 .744 .893 1.140 1.388 1.818 2.314 2.446 0

0.5 .628 .645 .694 .793 .909 1.140 1.388 1.785 2.149 2.231 0

0.6 .678 .678 .744 .810 .926 1.140 1.388 1.736 1.983 2.066 0

0.7 .744 .711 .760 .810 .942 1.140 1.372 1.719 1.868 1.901 0

0.8 .777 .760 .793 .810 .959 1.140 1.372 1.702 1.785 1.702 0

0.9 .810 .793 .810 .826 .975 1.157 1.355 1.653 1.736 1.620 0

1.0 .843 .843 .826 .860 .992 1.157 1.355 1.603 1.686 1.488 0

1.1 .866 .869 .856 .886 1.005 1.157 1.355 1.587 1.646 1.405 0

1.2 .889 .896 .886 .912 1.018 1.157 1.355 1.570 1.607 1.322 0

1.3 .912 .922 .916 .939 1.031 1.157 1.355 1.554 1.567 1.240 0

1.4 .936 .949 .945 .965 1.045 1.157 1.355 1.537 1.527 1.157 0

1.5 .959 .975 .975 .992 1.058 1.157 1.355 1.521 1.488 1.074 0

1.6 .975 1.002 .995 1.021 1.074 1.157 1.349 1.488 1.455 1.041 0

1.7 .992 1.028 1.015 1.051 1.091 1.157 1.342 1.455 1.421 1.008 0

1.8 1.008 1.055 1.035 1.081 1.107 1.157 1.336 1.421 1.388 .975 0

1.9 1.025 1.081 1.055 1.111 1.124 1.157 1.329 1.388 1.355 .942 0

2.0 1.041 1.107 1.074 1.140 1.140 1.157 1.322 1.355 1.322 .909 0

2.1 1.064 1.124 1.094 1.154 1.160 1.183 1.322 1.349 1.306 .886 0

2.2 1.088 1.140 1.114 1.167 1.180 1.210 1.322 1.342 1.289 .863 0

2.3 1.111 1.157 1.134 1.180 1.200 1.236 1.322 1.336 1.273 .840 0
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Flow conditions: Pe = 1.9, XA = 0.5
0

Axial
Posi-
tion,

=
z/R 0.0 0.1 0.2

Radial Position,

0.3 0.4 0.5

E = r/R

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 .817 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 .529 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 0

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, XA0 = 0.5

Temperatures in diffusion flow field, (T - T
o
), °C

where To is the reference temperature of the gases entering
the diffusion tube.

T
0

= 21.11°C R = 0.96 cm

NOTE: All values listed below are negative.

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 .59 .58 .56 .54 .52 .50 .46 .43 .38 .33 .26

0.1 1.64 1.63 1.60 1.55 1.47 1.37 1.25 1.12 .97 .79 .58

0.2 2.64 2.63 2.58 2.50 2.37 2.23 2.05 1.81 1.55 1.25 .85

0.3 3.46 3.44 3.38 3.29 3.16 2.98 2.71 2.39 2.02 1.59 1.04

0.4 3.89 3.86 3.81 3.73 3.59 3.40 3.13 2.76 2.32 1.78 1.12

0.5 3.96 3.94 3.89 3.81 3.67 3.48 3.21 2.83 2.38 1.81 1.14

0.6 3.77 3.75 3.69 3.61 3.47 3.28 3.01 2.66 2.24 1.72 1.10

0.7 3.42 3.40 3.34 3.24 3.11 2.94 2.67 2.35 1.99 1.57 1.03

0.8 2.99 2.97 2.92 2.83 2.70 2.55 2.33 2.06 1.75 1.39 .93

0.9 2.55 2.54 2.49 2.41 2.28 2.14 1.98 1.75 1.50 1.21 .83

1.0 2.12 2.11 2.07 2.00 1.90 1.77 1.63 1.45 1.25 1.01 .71

1.1 1.75 1.74 1.71 1.65 1.56 1.45 1.33 1.19 1.03 .84 .61

1.2 1.41 1.40 1.37 1.33 1.27 1.19 1.09 .98 .85 .70 .52

1.3 1.14 1.13 1.11 1.08 1.03 .98 .91 .81 .71 .60 .45

1.4 .92 .91 .89 .87 .83 .79 .73 .66 .58 .50 .38

1.5 .73 .72 .70 .68 .65 .62 .58 .53 .47 .41 .32

1.6 .58 .57 .56 .54 .52 .49 .46 .42 .38 .33 .25

1.7 .46 .46 .45 .43 .41 .39 .36 .34 .30 .26 .20

1.8 .37 .36 .35 .34 .33 .31 .29 .26 .23 .20 .16

1.9 .28 .28 .27 .26 .25 .24 .22 .20 .18 .16 .12

2.0 .22 .21 .21 .20 .19 .18 .17 .15 .14 .12 .09

2.1 .16 .16 .16 .15 .14 .14 .13 .12 .10 .09 .06

2.2 .12 .11 .11 .11 .10 .10 .09 .08 .07 .06 .04

2.3 .08 .08 .07 .07 .07 .06 .06 .05 .04 .04 .02

2.4 .04 .04 .04 .04 .04 .03 .03 .03 .02 .02 .01

2.5 .01 .01 .01 .01 .01 .01 .00 .00 .00 .00 .00
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Flow conditions: Pe = 3.8, XA0 = 0.5

Mole fractions of nitrogen in diffusion flow field (based on
data from Stock (1972))

R = 0.96 cm

Axial
Pos i-

tion,

=

Radial Position, E = 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 .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 .614
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 .775 .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 .910 .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 .981
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 .995 .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
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Flow conditions: Pe = 3.8, XA0 = 0.5

Axial
Pos i-

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 .999 .999 .999 .999 .999 .999 .999 .999 .999 .999 .999

3.7 .999 .999 .999 .999 .999 .999 .999 .999 .999 .999 .999

3.8 .999 .999 .999 .999 .999 .999 .999 .999 .999 .999 .999

3.9 1.000 1.000 .999 .999 .999 .999 .999 .999 .999 .999 .999

4.0 1.000 1.000 1.000 1.000 .999 .999 .999 .999 .999 .999 .999

4.1 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 .999 .999 .999

4.2 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000



Flow conditions: Pe = 3.8, XA0 = 0.5

Dimensionless mass average axial velocities in diffusion
flow field (based on data from Stock (1972))

Values tabulated: V(E,C) = v(E,C)

VA
0

where VA° is the mass average velocity of nitrogen
over flow cross sections far upstream of the helium
injection plane.
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IT7A01 = 1.186 cm/sec for flow conditions under
which the data listed below were taken.

R = 0.96 cm

Axial
Posi-
tion,

=
z/R 0.0 0.1 0.2

Radial Position, E = r/R

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 0
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 0
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 1.365 1.382 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
o

Axial
Pos i-

tion,

=

Radial Position, E = 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

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, XA0 = 0.7

Temperatures in diffusion flow field, (T - To), °C

where To is the reference temperature of the gases entering
the diffusion tube.

T
0

= 21.11°C R = 0.96 cm

NOTE: All values listed below are negative.

Axial
Posi-
tion,

=

Radial Position, E = 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 .59 .59 .57 .55 .52 .49 .44 .38 .30 .22 .12

0.1 1.54 1.53 1.50 1.46 1.39 1.30 1.17 1.02 .84 .64 .40

0.2 2.17 2.15 2.12 2.07 1.98 1.85 1.68 1.46 1.21 .90 .55

0.3 2.50 2.50 2.48 2.42 2.33 2.20 2.02 1.77 1.46 1.07 .66

0.4 2.58 2.57 2.56 2.49 2.41 2.28 2.10 1.84 1.51 1.11 .68

0.5 2.45 2.44 2.42 2.36 2.27 2.14 1.96 1.72 1.42 1.04 .64

0.6 2.19 2.17 2.15 2.09 2.00 1.87 1.70 1.49 1.23 .92 .56

0.7 1.90 1.89 1.86 1.81 1.72 1.61 1.46 1.28 1.05 .79 .49

0.8 1.60 1.59 1.56 1.52 1.44 1.35 1.22 1.07 .88 .67 .42

0.9 1.34 1.33 1.30 1.26 1.20 1.12 1.01 .88 .72 .54 .34

1.0 1.10 1.08 1.06 1.03 .97 .90 .81 .70 .57 .42 .26

1.1 .88 .87 .85 .83 .78 .73 .65 .56 .45 .34 .20

1.2 .68 .68 .66 .64 .61 .57 .51 .44 .35 .26 .15

1.3 .54 .53 .52 .50 .48 .45 .40 .34 .27 .20 .10

1.4 .42 .42 .41 .39 .37 .35 .31 .26 .21 .15 .07

1.5 .31 .31 .30 .29 .27 .25 .23 .19 .15 .11 .05

1.6 .22 .22 .22 .21 .20 .18 .17 .14 .11 .07 .03

1.7 .16 .16 .15 .15 .14 .13 .11 .09 .07 .05 .02

1.8 .10 .10 .10 .09 .09 .08 .07 .06 .04 .03 .00

1.9 .05 .05 .05 .05 .05 .04 .04 .03 .02 .01 .00

2.0 .02 .02 .02 .02 .01 .01 .01 .00 .00 .00 .00
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Flow conditions: Pe = 3.8, XA0 = 0.7

Mole fractions of nitrogen in diffusion flow field (based on
data from Stock (1972))

R = 0.96 cm

Axial
Pos i-

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 .698 .698 .698 .698 .698 .698 .698 .698 .698 .698 .698

0.1 .755 .752 .750 .749 .749 .746 .745 .741 .740 .740 .741

0.2 .800 .795 .793 .792 .791 .788 .786 .780 .778 .778 .779

0.3 .827 .824 .824 .823 .823 .822 .820 .816 .813 .813 .814

0.4 .852 .851 .851 .851 .851 .851 .849 .846 .844 .843 .843

0.5 .875 .875 .875 .875 .875 .874 .872 .871 .870 .868 .866

0.6 .893 .893 .893 .893 .893 .893 .893 .892 .890 .887 .886

0.7 .910 .910 .910 .910 .910 .910 .911 .910 .908 .905 .905

0.8 .927 .926 .926 .926 .926 .926 .926 .925 .924 .923 .922

0.9 .940 .939 .939 .939 .939 .939 .938 .937 .937 .936 .935

1.0 .949 .949 .949 .949 .948 .948 .948 .947 .946 .945 .944

1.1 .957 .957 .957 .957 .956 .956 .956 .956 .954 .953 .952

1.2 .964 .964 .964 .964 .963 .963 .964 .963 .962 .960 .960

1.3 .969 .970 .970 .970 .969 .969 .969 .969 .968 .966 .966

1.4 .974 .974 .974 .974 .974 .974 .974 .974 .973 .972 .972

1.5 .979 .979 .979 .979 .978 .978 .978 .978 .977 .976 .976

1.6 .984 .984 .983 .983 .982 .982 .982 .981 .981 .980 .979

1.7 .987 .987 .986 .985 .985 .985 .985 .983 .984 .983 .982

1.8 .987 .987 .987 .986 .986 .986 .986 .985 .985 .984 .984

1.9 .989 .989 .989 .988 .988 .988 .988 .987 .987 .986 .986

2.0 .991 .991 .991 .991 .991 .991 .991 .990 .990 .989 .989
2.1 .993 .993 .993 .992 .992 .992 .992 .991 .991 .991 .991
2.2 .994 .994 .994 .993 .993 .993 .993 .993 .993 .992 .992
2.3 .995 .995 .995 .995 .994 .994 .994 .994 .994 .993 .993
2.4 .996 .996 .996 .995 .995 .995 .995 .995 .995 .994 .994
2.5 .997 .997 .996 .996 .996 .996 .996 .996 .996 .995 .995
2.6 .997 .997 .997 .997 .997 .997 .997 .996 .996 .996 .996
2.7 .998 .998 .997 .997 .997 .997 .997 .997 .997 .997 .996

2.8 .998 .998 .998 .998 .998 .998 .998 .997 .997 .997 .997

2.9 .998 .998 .998 .998 .998 .998 .998 .998 .998 .998 .997

3.0 .999 .999 .999 .998 .998 .998 .998 .998 .998 .998 .998

3.1 .999 .999 .999 .999 .999 .999 .999 .998 .998 .998 .998

3.2 .999 .999 .999 .999 .999 .999 .999 .999 .999 .998 .998

3.3 .999 .999 .999 .999 .999 .999 .999 .999 .999 .999 .999

3.4 .999 .999 .999 .999 .999 .999 .999 .999 .999 .999 .999

3.5 .999 .999 .999 .999 .999 .999 .999 .999 .999 .999 .999
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Flow conditions: Pe = 3.8, XA0 = 0.7

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 1.000 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

3.9 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: Pe = 3.8, XA = 0.7
0

Dimensionless mass average axial velocities in diffusion
flow field (based on data from Stock (1972))

Values tabulated: V(,0 v(E,)
VA

0

where 7A.,0 is the mass average velocity of nitrogen
over flow cross sections far upstream of the helium
injection plane.

IVAOI = 1.186 cm/sec for flow conditions under
which the data listed below were taken.

R = 0.96 cm

Axial
Posi-
tion,

=
z/R 0.0 0.1 0.2

Radial Position,

0.3 0.4 0.5

= r/R

0.6 0.7 0.8 0.9 1.0

0.0 .321 .377 .409 .425 .498 .658 1.003 1.920 2.180 2.220 0
0.1 .425 .433 .490 .490 .578 .722 1.027 1.722 2.040 2.100 0
0.2 .498 .506 .562 .570 .650 .787 1.043 1.557 1.940 2.000 0
0.3 .562 .562 .642 .642 .714 .819 1.059 1.429 1.837 1.862 0
0.4 .642 .642 .714 .714 .770 .875 1.075 1.338 1.670 1.660 0
0.5 .722 .722 .787 .787 .819 .915 1.091 1.317 1.578 1.529 0
0.6 .803 .803 .827 .851 .883 .971 1.116 1.296 1.490 1.406 0
0.7 .875 .875 .883 .915 .947 1.027 1.140 1.276 1.408 1.289 0
0.8 .939 .931 .947 .979 1.011 1.059 1.156 1.257 1.330 1.179 0
0.9 1.011 .971 .987 1.035 1.059 1.108 1.172 1.239 1.256 1.077 0
1.0 1.051 1.027 1.051 1.083 1.116 1.140 1.196 1.221 1.188 .981 0
1.1 1.124 1.100 1.108 1.140 1.164 1.188 1.204 1.205 1.124 .893 0
1.2 1.180 1.172 1.164 1.204 1.204 1.212 1.220 1.188 1.064 .812 0
1.3 1.220 1.220 1.212 1.236 1.236 1.252 1.228 1.173 1.008 .738 0
1.4 1.284 1.276 1.268 1.284 1.284 1.276 1.252 1.159 .956 .672 0
1.5 1.348 1.308 1.300 1.340 1.340 1.308 1.276 1.145 .909 .613 0
1.6 1.396 1.364 1.356 1.364 1.380 1.348 1.284 1.131 .867 .561 0
1.7 1.445 1.429 1.388 1.429 1.413 1.372 1.300 1.119 .831 .515 0
1.8 1.493 1.453 1.445 1.445 1.445 1.404 1.324 1.107 .799 .476 0
1.9 1.533 1.509 1.477 1.501 1.461 1.437 1.348 1.096 .772 .444 0
2.0 1.573 1.533 1.509 1.525 1.509 1.445 1.356 1.086 .751 .418 0
2.1 1.685 1.589 1.549 1.549 1.525 1.469 1.372 1.076 .735 .399 0
2.2 1.669 1.637 1.589 1.589 1.557 1.493 1.388 1.067 .725 .386 0
2.3 1.685 1.677 1.613 1.605 1.589 1.500 1.404 1.059 .720 .380 0
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Flow conditions: Pe = 3.8, X, = 0.7
'0

Axial
Posi-
tion,

=
z/R 0.0 0.1 0.2

Radial Position, = r/R

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

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 1.500 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, XA0 = 0.7

Temperatures in diffusion flow field, (T - T
o
), °C

where To is the reference temperature of the gases entering
the diffusion tube.

T
o

= 21.11°C R = 0.96 cm

NOTE: All values listed below are negative.

Axial
Posi-
tion,

=
z/R 0.0 0.1 0.2 0.3

Radial Position, = r/R

0.4 0.5 0.6 0.7 0.8 0.9 1.0

0.0 1.37 1.36 1.34 1.31
0.1 2.36 2.34 2.32 2.28
0.2 2.86 2.85 2.82 2.78
0.3 2.89 2.88 2.84 2.81
0.4 2.54 2.52 2.50 2.47
0.5 2.05 2.03 2.00 1.96
0.6 1.57 1.55 1.54 1.50
0.7 1.12 1.12 1.11 1.08
0.8 .80 .79 .78 .77
0.9 .54 .54 .53 .53
1.0 .37 .37 .36 .35
1.1 .22 .22 .22 .22
1.2 .12 .12 1.2 1.2
1.3 .05 .05 .05 .05

1.27 1.21 1.12 .99 .82 .62 .32
2.21 2.12 1.97 1.76 1.46 1.11 .60
2.71 2.60 2.42 2.15 1.80 1.35 .74
2.73 2.62 2.45 2.17 1.82 1.36 .75
2.39 2.31 2.14 1.92 1.60 1.21 .66
1.90 1.81 1.68 1.49 1.23 .93 .50
1.45 1.39 1.29 1.14 .94 .71 .37
1.05 1.00 .93 .81 .68 .51 .26
.75 .71 .66 .57 .47 .34 .15
.51 .49 .45 .39 .31 .22 .07
.35 .33 .30 .26 .20 .14 .04
.21 .20 .18 .16 .12 .08 .02
.11 .11 .10 .08 .06 .04 .00
.05 .04 .04 .03 .02 .01 .00
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Flow conditions: Pe = 5.9, XA0 = 0.7

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

0.0 .700 .700 .700 .700 .700 .700 .700 .700 .700 .700 .700
0.1 .781 .771 .765 .763 .764 .762 .756 .748 .740 .742 .752
0.2 .839 .828 .821 .818 .819 .816 .808 .799 .789 .790 .799
0.3 .874 .870 .868 .866 .866 .863 .857 .852 .846 .843 .842
0.4 .903 .903 .902 .900 .897 .894 .891 .886 .881 .878 .877
0.5 .927 .928 .928 .926 .922 .919 .918 .913 .909 .907 .905
0.6 .945 .945 .945 .943 .941 .939 .937 .934 .931 .929 .927
0.7 ,960 .960 .959 .958 .956 .955 .953 .951 .948 .947 .944
0.8 .971 .970 .969 .968 .967 .966 .965 .963 .961 .959 .957
0.9 .979 .978 .977 .976 .975 .975 .974 .972 .971 .969 .967
1.0 .984 .983 .983 .982 .981 .980 .979 .978 .977 .975 .974
1.1 .989 .988 .989 .988 .987 .986 .985 .984 .983 .981 .981
1.2 .993 .993 .993 .992 .991 .990 .989 .989 .989 .987 .987
1.3 .997 .996 .997 .996 .995 .994 .993 .993 .993 .991 .991
1.4 .999 .999 .999 .999 .998 .997 .996 .996 .996 .995 .995
1.5 .999 .999 .999 .999 .999 .999 .998 .998 .998 .997 .997
1.6 .999 .999 .999 .999 .999 .999 .999 .999 .999 .998 .998
1.7 .999 .999 .999 .999 .999 .999 .999 .999 .999 .998 .998
1.8 .999 .999 .999 .999 .999 .999 .999 .999 .998 .998 .999
1.9 .999 .999 .999 .999 .999 .999 .999 .999 .999 .999 .999
2.0 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 .999 .999 .999
2.1 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: Pe = 5.9, XA0 = 0.7

Dimensionless mass average axial velocities in diffusion
flow field (based on data from Stock (1972))

Values tabulated: v(E,0 = v(10
VA

o

where VA0 is the mass average velocity of nitrogen
over flow cross sections far upstream of the helium
injection plane.

1.Piol = 1.863 cm/sec for flow conditions under
which the data listed below were taken.

R = 0.96 cm

Axial
Posi-
tion,

=
z/R 0.0 0.1 0.2

Radial Position,

0.3 0.4 0.5

= r/R

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 1.111 1.369 1.664 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 1.154 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 1.066 .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
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Flow conditions: Pe = 5.9, XA0 = 0.7

Axial
Posi-
tion,

=

z/R

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

2.4
2.5
2.6
2.7

2.8
2.9

3.0

3.1

3.2

3.3
3.4

3.5

3.6

3.7

3.8
3.9

4.0

4.1

1.919 1.858 1.843 1.770 1.675 1.553 1.374 1.035 .743 .389 0

1.922 1.863 1.852 1.771 1.680 1.557 1.369 1.031 .741 .386 0

1.924 1.867 1.859 1.779 1.684 1.559 1.361 1.027 .738 .384 0

1.926 1.870 1.866 1.786 1.687 1.560 1.351 1.024 .734 .383 0

1.929 1.873 1.871 1.795 1.689 1.560 1.338 1.022 .729 .382 0

1.931 1.877 1.875 1.805 1.690 1.559 1.323 1.021 .725 .381 0

1.932 1.879 1.879 1.814 1.691 1.557 1.304 1.020 .720 .381 0

1.938 1.884 1.887 1.814 1.691 1.551 1.299 1.020 .720 .381 0

1.943 1.889 1.896 1.814 1.691 1.546 1.294 1.020 .720 .381 0

1.948 1.895 1.904 1.814 1.691 1.541 1.288 1.020 .720 .381 0

1.954 1.900 1.904 1.814 1.691 1.535 1.288 1.020 .720 .381 0

1.959 1.906 1.905 1.814 1.691 1.530 1.288 1.020 .720 .380 0

1.967 1.921 1.906 1.816 1.689 1.524 1.288 1.020 .720 .380 0

1.974 1.936 1.908 1.817 1.687 1.516 1.288 1.020 .720 .380 0

1.982 1.951 1.908 1.818 1.684 1.511 1.288 1.020 .720 .380 0

1.989 1.966 1.914 1.819 1.682 1.506 1.288 1.020 .720 .380 0

2.000 1.980 1.920 1.820 1.680 1.500 1.280 1.020 .720 .380 0

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
0

Axial
Posi-
tion,

=
z/R

X
A °K

1%, 1 atm

m2
/sec x 10

4 a
T

0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

1.1
1.2

1.3

1.4
1.5
1.6
1.7

1.8

1.9
2.0

2.1
2.2

2.3

2.4

2.5

2.6

.612 293.53 .764

.645 293.27 .724

.680 293.09 .691

.707 292.96 .697

.732 292.89 .704

.756 292.86 .689

.780 292.88 .683

.800 292.93 .700

.817 292.99 .753

.832 293.06 .836

.843 293.13 .886

.852 293.20 .893

.864 293.28 .804

.875 293.36 .727

.887 293.43 .705

.897 293.51 .697

.906 293.58 .704

.914 293.64 .674

. 922 293.69 .701

.931 293.76 .737

.934 293.81 .814

. 940 293.87 .829

.945 293.90 .750

.950 293.95 .739

.232

.232

.224

.218

.209

.192

.180

. 173

.166

. 158



Molecular diffusion coefficients and thermal diffusion
factors

Flow conditions: Pe = 3.8, XA = 0.5
0

Axial
Posi-
tion,

C=
z/R

X
A °K

DAB, 1 atm

m
2
/sec x 10

4 a
T

345

0.3
0.4
0.5
0.6
0.7

0.8
0.9
1.0

1.1
1.2
1.3

. 674 292.04 .692

.726 291.69 .691

.772 291.57 .682

. 813 291.66 .676

.844 291.90 .692

.867 292.18 .717

.889 292.46 .706

.908 292.75 .678

.924 293.01 .705

. 936 293.23 .773

. 945 293.40 .831

Flow conditions: Pe = 3.8, XA = 0.7
0

Axial
Posi-
tion,

C=
z/R

XA
°K

.221

.222

.203

.189

.177

DAB, 1 atm

m
2
/sec x 10

4 a
T

0.3
0.4
0.5
0.6
0.7

0.8
0.9

1.0

.816 292.67 .730

.846 292.58 .721

.871 292.66 .722

.890 292.84 .719

.908 293.01 .702

.925 293.20 .681

. 938 293.37 .692

.947 293.54 .729

.209

.187

.176
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Molecular diffusion coefficients and thermal diffusion
factors

Flow conditions: Pe = 5.9, XA = 0.7
0

Axial
Posi-
tion,

=
z/R A T, °K

DAB, 1 atm

m
2
/sec x 10

4 a
T

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


