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Preface

The results of this study presented in this paper
should aid many researchers using flow tubes when gas

velocities are needed. In my research I found that many

people quoted gas velocities in various flow tube applica- 3
tions, but with no mention as to how they arrived at those £
values. I later discovered that the plug flow assumption g

was used to calculate these gas velocities. The problem

that arose was how well the plug flow velocity calculations
represent the true gas velocities in flow tube applications.
Therefore, this study is unique since no in-depth study of
this problem has been examined previously.

Special thanks are due to Dr. Steven J. Davis of the
Chemical Laser Branch, Air Force Weapons Laboratory, and
to my advisor, Dr. Ernest A. Dorko. Dr. Davis brought this
problem to my attention, and has offered invaluable assistance
in solving experimental and theoretical problems. Dr. Dorko
supplied much advice on experimental techniques, and has
been a great help in the preparation of this paper.
Additional gratitude is expressed to my wife, Kathy, for

her patience and endurance in the preparation of the first

draft.
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Abstract

. ‘The validity of linear velocity calculations based on
the plug flow assumption were tested on flowing argon at
4.2, 5.0, 6.0, and 10.1 torr. The linear velocity of argon
was experimentally determined along the centerline of a
flow tube, using the argon afterglow technique., It was
found that the linear velocity was 1.62 times the plug flow
(average) velocity at a flow rate of 4576,0 standard cc/min
and 1.77 times the plug flow velocity at 5262.4 standard
cc/min. The velocity data taken at various distances from
the centerline revealed a fully developed laminar flow. The
velocity results differed from that predicted by the
Poiseuille flow formula, and it was determined that this
difference was mainly due to obstructions in the argon flow,
It was concluded that the plug flow assumption can be used
to obtain linear gas velocities in a fully developed laminar
flow and approximate gas velocities if the laminar flow is
not fully developed. A Stern-Volmer plot was constructed

and the results indicated that the D - 1S multiplet of

Ar V was responsible for the afterglow.
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THE VALIDITY OF VELOCITY CALCULATIONS
BASED ON THE PLUG FLOW ASSUMPTION
IN FLOW TUBE APPLICATIONS

I. Introduction

One of the areas of recent interest in excited state
chemistry and fast reaction kinetics has been centered on
the development of electronic transition chemical lasers.
This interest stimulated the development of specific methods
to observe the various phenomena in these fields. These
methods were tested on gaseous systems using an old, yet
versatile, experimental apparatus called a flow tube (also
known as fast-flow reactors and tubular flow reactors).
The widespread use of the flow tube has led to many variations
in the design to suit the needs of the problem under

investigation.

Background

Flow tubes were used as early as 1910 when Lord Rayleigh
examined the afterglow of nitrogen in a discharge (Refs 18,
24, 25). In the 1920's, Wood made a significant advance in
flow tube technology by using a vacuum pump to withdraw
products from a steady discharge to observe hydrogen atom
reactions (Ref 32). Widespread use of flow tubes did not
occur until the interest in excited state chemistry and

fast reaction kinetics was aroused.
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In reaction kinetics, flow tube systems provide the
means to determine reaction rates of fast reactions. This
can be accomplished because, in the flowing gas, little
mixing occurs between reactants entering the tube and
products leaving the tube. The determination of the mechanism
and kinetics of a large number of fast atomic reactions at
temperatures lower than 1000° K have been studied in this
manner (Refs 20, 28). Improvements in flow tube systems have
been made to study high temperature reactions (Ref 14)
occurring in such systems as Fe/O2 and Al/O2 (Ref 12).
Other applications of flow tubes in reaction kinetics have
also been reported (Refs 3, 10, 27, 29).

In excited state chemistry, flow tubes provide the means
to directly observe the electronically excited states of
molecules in chemiluminescent reactions. For example, the
radiative lifetimes of various metal fluorides (Refs 1, 2,
8), chlorides (Ref 33), and oxides (Ref S) have been
determined using emission spectroscopy. Flow tubes have
also been used successfully in molecular spectroscopy. For
example, Capeile and Brom reported a new GeO band system,
namely, the b3w1»xlz’ system observed in the near uv
(Ref 4). Other new molecular transitions and constants have
been reported in many metal oxide systems (Refs 11, 15, 16).
Furthermore, burners and furnaces have been added to flow
tube systems. This advancement improved the methods for

the production of diatomic metal oxides and halides.
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West et al. have reported various furnace designs utilized
in the production of metal vapors, and various burner designs
employed in metal atom-oxidant mixing schemes (Ref 29).

The linear velocity of the gases flowing in a tubular
flow reactor has been reported in many of the above mentioned
references. These velocities were needed to calculate
reaction rates and to provide a basis for a correlation
between various physical parameters in different gas mixtures
and chemical reactions. The velocities were calculated using
an idealized flow model called the plug flow assumption
(Refs 7, 9, and 29). Plug flow is defined as an idealized
state of flow such that, over any cross-section perpendicula}
to the fluid motion, the mass flow rate and the fluid
properties pressure, p , temperature, T , and density,
¢ , remain constant, Extensive ;nformation is lacking
concerning the validity of the plug flow assumption in flow
tube applications. Swearengen (Ref 26) has reported limited
results on this problem, although it was not a main concern

of his study.

Objective

The purpose of this study was to determine the validity
of the plug flow assumption in the calculation of the linear
velocity of a gas in a flow tube. This study was completed
by experimentally determining the linear velocity of a gas,
and then comparing these results to that of the calculations

based on the plug flow assumption.

o5 7%

ST




General Approach

The afterglow technique was utilized in experimentally
determining the linear velocity of argon. Briefly, the
afterglow technique involves exciting a gas in a discharge
such that metastable states are formed. When these metastable
states recombine with the ground state via collisions,

radiation is emitted. Afterglow then occurs when this

radiation is in the visible part of the spectrum.

In this study, argon was passed through a spark
discharge, resulting in the formation of metastable states.
The afterglow was then detected at a point downstream from
the electrodes with a photomultiplier tube. The time it
took for the gas to flow from the electrodes to the observa-
tion point was measured by observing a pulse on an oscillo-
scope. A velocity was then calculated using this time and
the distance from the electrodes to the observation point.

This procedure was repeated for various pressures, flow

rates, distances from the electrodes, and heights above the

flow tube centerline.




IT. Theory t

A brief account of the theoretical aspects of this

PP SREBEREE

study is given in this section. First, the afterglow
technique is discussed, followed by an explanation of the

plug flow assumption. This section then concludes with

some remarks concerning the problem of achieving a reattached

gas flow with a suddenly expanded chamber.

Afterglow

When a potential difference is established between
electrodes in a gas and gradually increased, little or no
current flows between the electrodes until a sharply defined

voltage is reached. This sharply defined voltage is called

the breakdown potential of the gas. After breakdown occurs,
an electric discharge takes place in which electrons are ‘
liberated from the cathode with enough energy to excite the
gas passing through the discharge. The mechanism of
excitation is collisional in nature. That is, electrons
collide with the gas atoms and transfer their energy to the
atoms, which are excited into higher energy states. After
excitation, there exists a finite time for the species to
decay to the ground state. As the species decay, energy is
released in the form of electromagnetic radiation. If
radiation occurs in the visible region after the decay time

of the excited states, it is referred to as afterglow.




For example, the long lived yellow afterglow of active
nitrogen produced by a discharge through nitrogen gas was
discovered over a hundred years ago. Between 1910 and 1940,
Lord Rayleigh showed that this afterglow was associated with
the recombination of ground state nitrogen atoms formed in
the discharge (Refs 18, 24, 25).

In rare gases, it is known that some of the lowest
excited states are metastable and can exist in high
concentrations in glow discharges (Ref 6:237). The life-
time of a metastable state is very long compared to the
lifetime of a non-stable excited state. The radiative

lifetime of an excited state is defined in Eq (2-1).

t = 1/A (2-1)

where 1t is the lifetime and A is the transition proba-
bility for spontaneous emission. Thus, the transition
probability of a metastable state is much less than the
transition probability of a non-stable excited state. Atoms
in metastable states can recombine with their ground states
only by collisions if no external stimulus is supplied.
Afterglow then occurs if the radiation emitted during this
transition is in the visible part of the spectrum.

For example, afterglow can be demonstrated by passing
argon through a spark discharge. Furthermore, if argon is

flowing in a flow tube, the metastable states produced by




the discharge would travel down the tube with the same
velocity as the argon flow. Therefore, it is possible to
detect the afterglow downstream from the electrodes with a
photomultiplier tube. In order to detect this afterglow,
the radiative lifetimes of these metastable states must be
of the same order as the time of flight of the gas from
the electrodes to the observation point. Table I lists
some of the transition probabilities associated with argon
metastable states. The corresponding wavelengths and

transitions are also included in the Table.

TABLE I

Transition Probabilities of Argon Metastable States?

= o
Ion A _(A) A (sec”! Transition
Ar 1 5056.3 7.50 x 10% apls],- 7s [4],
6481.1 9.80 x 10% 4p[kl,- 7s [9/2],
Ar 11 6984,2 5.26 x 10”2 3pS(2P0) - 3pS(2p0)
Ar III 3109.0 4,02 3p - 1§
§191.82 3.10 Ip - 1s
Ar 1V 4711.33 8.0 x 102 3p3(4S0) - 3p3(2D0)
4740.20 7.2 x10° 3p3(4S0) - 3p3(2D0)
Ar V 6435.10 0.223 3p - 1p
4625.54 3.8 Ip - 1§

8 (Ref 31:202-224)
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For example, typical linear velocities of gases in
flow tubes range between 500 and 3000 cm/sec. If the
velocity of argon in a flow tube is 700 cm/sec and the
distance from the electrodes to the observation point is
30 cm, the corresponding time of flight is .043 sec.
Therefore, in order to detect the argon afterglow at this
point, the radiative lifetime of a particular argon
metastable state must be at least .043 sec. It is seen
that most of the metastable states listed in Table I
satisfy this requirement. Thus, any afterglow detected
due to an argon discharge must originate from a metastable

state in an argon ion.

Plug Flow Assumption (PFA)

One advantage of the tubular flow reactor is that it
can be operated continuously in such a manner that no
mixing occurs between the elements of the fluid at different
points along the direction of flow. In the ideal case, the
fluid passes through the reactor in a process called plug
flow. As the name suggests, plug flow means that the fluid
moves like a solid plug or piston down the tube. Further-
more, it is also assumed that the mass flow rate and the
fluid properties, pressure, temperature, and density,
remain uniform over any cross-section normal to the

direction of fluid motion. (Ref 7:36)

e e e e o T SRy

SR




In practice, there is always some degree of departure
from the plug flow conditions of uniform velocity,
temperature, density, and pressure (Ref 9). Fdr example,
temperature gradients at right angles to the direction of
flow cause deviations from plug flow. These temperature
gradients can be produced in combustible chemical reactions,
resulting in a flame (chemiluminescent reactions). For
example, the reaction of germane, GeH4, plus fluorine in a
flow tube results in a flame which contains electronically
excited GeF (Ref 1). The products of this reaction leaving
the reaction zone along the centerline of the flame have a
higher temperature than the products closer to the walls of
the flow tube. Thus, a cooling problem exists to bring
the flow close to plug flow conditions.

Extensive velocity gradients normal to the direction of
flow also cause deviations from plug flow. These velocity
gradients can be visualized by comparing the plug flow
profile with the fully developed laminar and turbulent flow
profiles (Fig. 1). If the flow is turbulent, the velocity
profile is reasonably flat in the region of the turbulent
core, but in laminar flow the velocity profile is parabolic
(see Appendix B). This parabolic velocity has a maximum at
the center of the tube and gradually falls off to a minimum
(near zero) at the walls. Thus, in laboratory flow tubes, it
is preferable to maintain turbulent conditions since they are

closer to the plug flow conditions (Ref 28:109).
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Figure 1. Velocity Profiles

Diffusion can also cause further deviations from plug
flow conditions. Diffusion can be defined as the transport
of a fluid component under the influence of a concentration
gradient by any mechanism of transport. Thus, the rate

of transport is given by

r = D- = (2-2)

where T is the rate of transport, D“ the diffusion
coefficient, and 3c/ax the concentration gradient in the
x-direction. Transverse diffusion reduces variations of
concentration over a cross-section and tends to bring the
performance of the flow tube closer to plug flow conditions.

That is, transverse diffusion reduces the influence of

velocity gradients to normal to the direction of flow. In
contrast, longitudinal concentration gradients are such that

the diffusional processes tend to carry the fluid toward the

10
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reactor outlet more rapidly than would correspond to the
rate of bulk flow.

Large pressure drops in flow tubes also cause deviations
from plug flow. The reason for this is, when the flow is
very fast, the pressure drop may not be negligible
(Ref 20:11-13). For simple Poiseuille flow, the value of
this pressure drop can be calculated according to Eq (2-3)

(see Appendix B for a derivation).

. % 16FL Ro Tn
P2 - P2 = — (2-3)
2 1 RY =

where P is the pressure, F the mass flow rate, L and
R the length and radius of the tube, n the viscosity,

Ro the gas constant, and T the temperature. Thus,

large pressure drops violate one of the conditions of plug
flow, namely a constant density throughout the flow. It
therefore appears that slow flows are desirable because of
their negligible pressure drop and rapid radial diffusion.
But slow flows may create large axial concentration gradients
and increase back diffusion. Therefore, it is necessary

to choose a flow rate that minimizes the undesirable effects %

el

of both slow flows and very fast flows.

Reattached Flow

L R e

To obtain a uniform electric discharge in a flow tube,
it is necessary to achieve a reattached flow before the gas

reaches the electrodes. This becomes necessary when the




gas line diameter is different than the flow tube diameter.
That is, when gas is suddenly expanded as it enters the
flow tube, a jet stream develops. Therefore, it is
necessary to find a distance downstream from the inlet hole
where the flow becomes reattached. Once this distance is
determined, the flow tube can be constructed such that the
electrodes are immersed in a flow that fills the flow

tube cavity.

The effects of suddenly expanding a gas flow were
studied by Pennucci (Ref 19:11-15, 20). It was shown in
this study that a vortex phenomenon was observed when flows
are suddenly expanded, resulting in a recirculation zone
(Fig. 2). As the gas enters a suddenly expanded chamber
of length L and diameter D , the flow gradually éxpands
until it fills the chamber and becomes reattached. The
region at which this occurs is called the attachment region.
The point at which the flow becomes reattached is measured
from the inlet hole to the center of the attachment region.
This distance is known as the recirculation zone length,
| S

Pennucci discovered that the recirculation zone length
is a function of the step height parameter. The step height
parameter, h , is equal to the difference between the
chamber radius and the inlet radius. In flow tube applica-
tions, the inlet radius corresponds to the radius of the gas

line, and the chamber radius corresponds to the flow tube

12
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radius., Thus, once the step height parameter is calculated,

the recirculation zone length, L° , is determined by
referring to Figure 3. When a flow tube is constructed

such that the distance from the inlet hole to the electrodes
is greater than L“ , a reattached flow results before the
gas reaches the electrodes. This reattached flow insures

a uniform discharge along the flow tube centerline where

the electric arc is present, Furthermore, a velocity
profile characteristic of the flow conditions begins to

form at the reattachment point. Knowing the shape of the
velocity profile is an important item in the analysis of

a gas flow in a tubular flow reactor.

13a
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ITII. Experimental Apparatus

Introduction

The linear flow velocity and velocity profile of argon
was obtained using a fast-flow reactor (flow tube) system.
The purpose of this section is to describe the apparatus
and arrangement used in this study. To simplify this
description, this section is divided into four parts.
First, a general description of the flow tube system is
given, followed by a description of the three functional
parts. These parts include: (1) the gas flow and discharge
system, (2) the observation and measurement system, and

(3) the pressure measurement and vacuum system.

General

The flow tube arrangement utilized in this experiment
was based on the system described by Swearengen (Ref 26:47-48).
A few changes were made in the design to meet the requirements
of this experiment. The flow tube itself was 162 cm in length
and was composed of five sections of pyrex glass tubing.
This glass tubing had an inner diameter of 5.1 ¢m and served
to contain the flow of gas. The flow tube was supported by
an aluminum stand 25 cm high and 91 c¢m long. A schematic
diagram of the flow tube system is shown in Figure 4. Also,

pictures of the flow tube system are presented in Appendix C.

15
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Figure 4 Notation. The letters in Figure 4 represent

the apparatus used in this experiment. The specific i

apparatus associated with each letter is listed below. ,

a. needle valve j. x-y recorder
b. flowmeter k. signal averager “
c. Dball valve 1. PMT power supply §
E . d. trigger module m. amplifier ‘
‘ €. square wave generator n. vacuum guages |
f. electrodes 0. capacitance manometer
pressure gauge

g. oscilloscope
h. optical bench p. fiow tube
i. photomultiplier tube

(PMT) system

Gas Flow and Discharge System

The gas flow system furnished the flow tube with a

continuous supply of gas. This system included a reservoir

of high purity gas, a mass flowmeter, a ball valve, a gas
injection tube, and vacuum hose. The vacuum hose had an \
inner diameter of 1.3 cm and the gas used in this experiment 5
was Matheson high purity grade argon, i
A volumetric flow rate was required to calculate the
theoretical linear velocity of argon. This flow rate was
measured using a Hastings Model A11-10K Linear Mass Flowmeter.
The flowmeter was placed 45 cm downstream from the gas tank.
A Jamesbury ball valve controlled this flow rate and was
placed 15 cm downstream from the flowmeter.
Positioned 120 cm downstream from the ball valve was the

gas injection tube, which was the first of the five pyrex
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glass tubes making up the flow reactor. This tube was used
to obtain a uniform gas flow before the gas reached the
electrodes. Therefore, the length of the gas injection
tube was determined by the recirculation zone length
(Section II, Part 3). Since the inner diameter of the inlet
hole and the flow tube was 1.3 cm and 5.1 cm, respectively,
the recirculation zone length was found to be 15 cm.
This length was determined by referring to Figure 3. Thus,
a gas injection tube, 31 cm in length, was chosen for this
experiment. The extra length of this tube also aided in
the development of the flow profile.

Once this uniform flow was achieved, the gas entered
the discharge region. The discharge apparatus initiated
the afterglow conditions needed to determine the linear
velocity of argon. This apparatus was constructed with a
pyrex glass cross, 20 cm in length. The cross was connected
to the glass injection tube. The vertical arms of the cross
were cylindrical in shape with a 2.5 cm inner diameter.
Copper electrodes, .32 cm in diameter, were inserted in
these arms through 1.3 cm thick plexiglass plates. A
diagram of this apparatus is shown in Figure S. The electrodes
were positioned 40.5 cm downstream from the inlet hole and
were adjusted to give a 1 c¢cm gap along the flow tube
centerline,

The copper electrodes were connected to an EGG Model
T™-11 30 kv trigger module. The trigger module supplied

the high voltage necessary to excite the gas. Furthermore,
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Figure 5. Electric Discharge Section

a repetitive, pulsed discharge was required to produce
individual packets of excited gas. The repetitive, pulsed
discharge was achieved by triggering the trigger module with
a 2 hertz, 20 v peak-to-peak square wave. The square wave
was supplied by a Wavetek Model III Voltage Controlled
Generator (VCG).

The plexiglass plates which secured the copper electrodes
also insulated the electrodes from ground. Plexiglass caps
were placed over the electrodes to protect any observers
from the high voltage across the electrodes. These caps

were 1.3 c¢cm in diameter and 12.5 cm in height.
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Observation and Measurement System

The observation and measurement apparatus provided the
means to obtain the distance and time measurements required
for the velocity calculations. A pyrex glass tube, 61 cm
in length, was connected to the cross and used as the
observation chamber. A 100 cm long optical bench was
positioned alongside this tube. The bench contained a
scale to measure distances from the electrodes to the
observation point.

A photomultiplier tube (PMT) system, needed to detect the
afterglow radiation, was mounted on the optical bench. This
system consisted of a 1P21 photomultiplier tube, a variable
slit, and a variable iris. The 1P21 photomultiplier tube was
chosen f?r this experiment because of its good response in
the visible part of the spectrum. The photomultiplier tube
was biased with 1000 volts, supplied by a Furst Model 710-PR
HV Power Supply. The variable slit, adjusted to give a width
of .2 cm, was placed in front of the photomultiplier tube.
The slit allowed a small portion of the radiation from the
afterglow to pass to the photomultiplier tube. The iris,
adjusted to give a diameter of 1 cm, was placed in front of
the slit, The iris allowed the photomultiplier tube to sample
the radiation at different heights in the flow.

The output of the photomultiplier tube was fed into a
Keithley Model 427 Current Amplifier. This amplified signal

was recorded in two ways., First, the signal was sent into a
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Princeton Applied Research Model TDH-9 Waveform Educator
(signal averager). The Waveform Educator is a device which
averages approximately 100 shots or signals that are received
by the photomultiplier tube. The signal averager was triggered
using the square wave generator that triggered the trigger
module. Therefore, the signal averager accepted signals only
when the discharge was triggered. The averaged signal was
then sent into a Hewlett-Packard Model 7045a X-Y Recorder.
Thus, the signal was displayed on a graph of intensity vs time
of the averaged signal.

The amplified signals were also recorded photographically.
The signals from the amplifier were fed into a Tektronix
Model 551 Dual-Beam Oscilloscope which was externally triggered
using the Wavetek VCG. These signals were then recorded on
Polaroid Type 42 Land Film. Examples of these pictures are

displayed in Appendix D.

Pressure Measurement and Vacuum System

Following the observation area, there was a 20 cm long
pyrex glass tee. This tee housed the three pressure detec-
tion devices which measured the vacuum and the gas pressure
in the flow tube. The vertical arm of this tee was cylindrical
in shape and had a diameter of 5.1 cm. An aluminum end plate,
1 cm thick, was fastened to this vertical arm. A four-way,
female copper fitting, fastened to the end plate, connected
the pressure gauges to the flow system. This connection was

positioned 122 cm downstream from the inlet hole.
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Hastings DV-4D and DV-6 vacuum gauges were used to
measure the vacuum in the flow tube. That is, these thermo-
couple devices measured the pressure in the flow tube with
no gas flow. The third pressure measurement device was an
MKS Baratron Type 77 Pressure Meter. This capacitance
manometer device measured the gas pressure in the flow tube.

The vacuum system, which followed the pressure measure-
ment area, provided a vacuum for the flow tube and a means
to flow the gas. This system consisted of a 31 cm long pyrex
glass tube, a ball valve, and two vacuum pumps. The glass
tube provided an exit port for the gas flow and was connected
to the tee. A 1 cm thick aluminum plate was fastened to
the exit end of the tube, A hole, 2.5 cm in diameter, was
cut in the center of this plate to pass the gas from the
flow tube to the vacuum pumps.

Two Welch 17.7 CFM mechanical vacuum pumps provided
the vacuum in the flow tube. A pressure of 50 microns
was achieved with no gas flow. A vacuum hose, 2.5 cm in
diameter, connected the vacuum pumps with the flow tube.

A ball valve used to retard the gas flow was placed between
the pumps and the flow tube. The purpose of retarding the

flow was to provide higher gas pressures in the flow tube.
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IV. Experimental Procedure

Introduction

T T [V AT T VRS TR Sy N

This section describes the procedure that was followed
in this experiment. First, a description of the procedure
used to obtain the data for the velocity calculations is
presented. This is followed by a description of the procedure
used to obtain a velocity profile. Finally, the method used to
determine the radiative lifetime of the argon metastable state

involved in the afterglow effect is described.

Velocity Measurements

The linear velocity of the flowing argon gas was
experimentally determined along the flow tube centerline at
various gas pressures and flow rates. The photomultiplier
tube (PMT) system was laterally traversed along the optical
bench and positioned at various distances downstream from
the copper electrodes where the gas was excited. The data
were obtained by detecting the argon afterglow at these
points with the photomultiplier tube. Furthermore, the
variable iris, which was considered the front of the photo-
multiplier tube system, was positioned 2 cm from the outer
flow tube wall. The height of the PMT system was adjusted
such that the iris was centered along the flow tube center-
line (y = 0) . This restricted the data acquisition to
the flow tube centerline. The linear velocity of argon was
determined f{or the pressures, flow rates, and distances

downstream from the electrodes listed in Table II.
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cm

16.9

26.9

31.9

33.9
37.1

42.1
47.0

52.0
56.9
57.4

Table II

Velocity Measurement Parameters

V (std cc/min)

o
o

L
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4576.0
4576.0

4576.0
5262.4
4576.0
5262.4

5262.4
5262.4

5262.4
4576.0
5262.4
4576.0
5262.4
4576.0
5262.4
4576.0
5262.4

5262.4

4576.0
4576.0




The flow tube centerline was determined experimentally.
First, a flow of gas was started at an arbitrary flow rate
through the tubular reactor. Then, the PMT system was
positioned 25 cm downstream from the electrodes. The discharge
was initiated next by turning on the trigger module and
adjusting the voltage level until a pulse was observed on the
oscilloscope. The pulses at various heights in the flow were
observed by traversing the PMT system along the vertical axis
of the flow tube. These pulses corresponded to the time of
flight of the gas from the electrodes to the observation
point. Thus, the centerline was determined by fixing the PMT
system at the height which corresponded to the fastest time
of flight. This fastest time of flight, in turn, corresponded
to the maximum velocity of the gas at the operating pressure,
This procedure was not repeated for additional flow rates
because no accurate means to record the previous result was
available.

The data for the linear velocity calculations were
obtained in the following manner. A gas flow was first
established at a rate of 4576.0 std cc/min. The flow rate
was controlled by adjusting the Jamesbury ball valve down-
stream from the flow meter. The flow rates also determined
the gas pressure in the flow tube, and at 4576.0 std cc/min
the gas pressure was 4.2 torr. With the gas flowing, the
trigger module was turned on, initiating the spark discharge.
The PMT system was then placed at the first station located

16.9 cm downstream from the electrodes. The electrical
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pulse which resulted from the detection of the afterglow

was observed on the oscilloscope and recorded photographically.
After these data were recorded, the PMT system was moved
farther downstream from the electrodes. Four additional
stations were chosen as observation points (see Table I1I)

and recorded in the same manner as mentioned above. Samples
of these pictures are displayed in Appendix D.

Upon completing the data acquisition at 4.2 torr, the
gas flow was retarded by closing the ball valve located near
the vacuum pumps. This choking process resulted in an
increased gas pressure in the flow tube, but no change in
the flow rate. A back-pressure of 6.0 torr was chose. for
the next set of velocity calculations, and the experiment
was repeated at this pressure.

Additional data were obtained for the velocity calcu-
lations by changing the flow rate. The Jamesbury ball valve
was adjusted such that a gas pressure of 5.0 torr was
established in the flow tube. This resulted in a new flow
rate of 5262.4 std cc/min. Again, the discharge was initiated
by turning on the trigger module. The PMT system was then
moved to a location 26.9 cm downstream from the electrodcs
(station 1). In this part of the experiment, the electrical
signal from the current amplifier was sent into the signal
averager. This technique reduced the data acquisition time
by acquiring a single pulse which was the average of 100 ‘
individual pulses. The averaged pulse was observed on the

oscilloscope and recorded using the x-y recorder. On the
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graph paper, the relative signal intensity, IR » was plotted '

against the time, t , it took for the excited gas to reach
the observation point. A time scale of 0 - 100 msec was
chosen for accurate time determinations. After the signal |
at station 1 was recorded, the PMT was moved to a new location ]
farther downstream from the electrodes. Six additional 1
locations were chosen as observation points (see Table II), i
and the data were recorded in the same manner as mentioncd
above.

Once the data collection at 5.0 torr was completed, the
flow was retarded by closing the ball valve located near the
vacuum pumps. A gas pressure of 10.1 torr was chosen for {
this part of the experiment, with a flow rate of 5262.4
std cc/min. The experiment was repeated for these conditions,
but only two additional stations were used as observation

points.

Velocity Profile Measurement

The velocity profile of the flowing argon in the tubular
reactor was determined at 5.0 torr with a flow rate of
5262.4 std cc/min. The PMT system was positioned 28.5 cm
downstream from the electrodes with the iris centered on the
flow tube centerline. The PMT was then vertically traversed
along the flow tube at that position to determine the radial
profile of the velocity. The data were recorded at .5, 1,
1.5, and 2 cm above and below the flow tube centerline.
This procedure was repeated with the PMT system located

35.9 cm downstream from the electrodes.
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Radiative Lifetime Determination

The procedure in this experiment was essentially the
same as the procedure followed in the determination of the
linear velocity of argon. The gas flow was maintained at
a flow rate of 5262.4 std cc/min and a gas pressure of
5.0 torr. After the trigger module was turned on, the PMT
system was positioned 24.4 c¢cm downstream from the electrodes
along the flow tube centerline. All the electronic equip-
ment was adjusted such that a maximum signal was observed
on the oscilloscope at this station. The same settings
were maintained on the electronic equipment for the subsequent
readings. The purpose of this was to obtain data such that
variations in the intensity of the peaks could be observed.
Thus, a decay rate could be determined and a Stern-Volmer
plot constructed to determine the radiative lifetime
(Ref 33:1567).

The PMT was moved to three additional stations downstream
from the electrodes after the pulse was recorded on the
graph paper at the 24.4 cm location. The location of the
additional data collecting stations are listed in Table III.
Upon completing the data gathering at 5.0 torr, the gas flow
was retarded such that a gas ﬁfcssure of 7.0 torr was obtained.
The settings on the electronic équipment remained constant as
set previously. The data at 7.0 torr were recorded at four

stations downstream from the electrodes. (See Table III)
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Table III

Parameters for Radiative Lifetime Determination

X (cm p_(torr)
24.4 : 5.0
26.4 7.0
28.2 7.0
33.5 5.0

7.
40.4 5.0
42.4 5.0
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V. Results and Discussion

Introduction

The experimental and theoretical results of this study
are presented in this section. Comparisons are made between
these results to determine the validity of the plug flow
assumption in flow tube applications. First, the experimental
and theoretical (plug flow) velocity calculations are
presented. This is followed by a presentation and a discus-
sion of the experimental and theoretical velocity profiles.
Then, the validity of the plug flow assumption is determined
in Part 4 using the above results. The radiative lifetime
of the argon metastable state which produced the afterglow

is calculated in Part S.

Velocity Calculations

The linear velocity of argon was calculated by performing
a linear regression on the raw data at 4.2, 5.0, and 6.0 torr.
No linear regression was done on the data at 10.1 torr
because only four values were recorded. Since it was
assumed that no random error was associated with the distance
measurements, the linear least squares fit was computed by
regressing t on x . A plot of t versus x was
constructed with the equation of the line which resulted from
the linear regression. At 10.1 torr, the four data points

were directly plotted and the best fitted line was drawn
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through them. The linear velocity of argon was then
determined by inverting the slopes of the lines. The raw
data used in the linear least squares fit are tabulated
in Appendix E.

All the time measurements were recorded at the point
where the pulse began to rise to eliminate the three
dimensional effect of the gas flow (Figure 6). That is,

the photomultiplier tube detected the afterglow radiation

in a one dimensional plane. As the gas passed in front of
the PMT system, the radiation emitted from the gas layers

in front and in back of the centerline layer was detected.

Since the gas velocity of these layers is slower than that
i at centerline, the recorded pulse did not fully reflect
the centerline velocity beyond the point where the pulse
began to rise. The result of detecting this slower gas

flow lengthened the width of the recorded pulse and made the

pulse non-symmetric (Figure 6). Furthermore, the fairly
wide field of view of the optical system facilitated the
detection of the radiation and was the main cause for the
non-symmetric curve. Therefore, the point where the pulse
began to rise was the only reliable time measurement for
the centerline layer of gas, and corresponded to the
maximum velocity (shortest time of flight from the electrodes
to the observation point) of the packet of excited gas.

The theoretical or plug flow value of the linear

velocity of argon was calculated using Eq (5-1).
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- Q x P(atm) x 1.43 :
Upf 60 x P(gas) x A (5-1)

where Q 1is the volumetric flow rate of air in standard

cc/min, p(atm) the atmospheric pressure in torr, p(gas)
the gas pressure in torr, A the cross-sectional area of
the flow tube, and 60 the conversion factor from minutes
to seconds. To convert the volumetric flow rate of air to
that of argon, Q was multiplied by 1.43 (V = Q x 1.43) . i
This conversion factor was obtained from the Hasting Mass

Flowmeter literature. The ratio p(atm)/p(gas) converted

the volumetric flow rate at standard conditions to that of

the operating gas pressure. The temperature was assumed to

remain constant throughout the experiment at room temperature

since no chemical reactions took place. y
The results of the velocity calculations are summarized f

in Table IV and Figure 7. Table IV lists the linear gas ]

velocities at various pressures. These values were obtained

from the inverted slopes of the lines in Figure 7. The
correlation coefficients from the linear regression analys.is

are also included in Table IV. The errors quoted in the

linear velocity values are standard deviations in time
since no error was associated with the distance measurements.
Finally, Table V lists the results obtained from the plug é

flow calculations.
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Experimental

3

| ]

20

p (gas)
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5.0
6.0
10.1
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t (10‘3 sec)

Figure 6. Sample Pulse at 5.0 Torr

Table IV

Experimental Linear Velocities

u, (cm/sec) r
(1.08 + ,017) x 103 .994
(1.14 ¢+ .,015) x 103 ,981
(7.83 ¢+ .02) x 102 .986

5.51 x 102 cee-
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Figure 7. Analysis of Velocity Experiment
at Various Pressures




Table V

Plug Flow Velocity Results

p(gas) (torr) p(atm) (torr) V (std cc/min) A(cm?) upf(cm/sec)

4.2 740.1 4576.0 20.27 663.01

5.0 736.4 5262.4 20,27 637.27

6.0 740.1 4576.0 20.27 464.65
10.1 736.4 5262.4 20.27 315.48 q

o 01 243

Velocity Profile Results

The velocity profile of the gas flow was dependent upon
the type of flow present (molecular, viscous, or intermediate).
The division between these flow regimes was determined by the
value of the Knudsen number as stated in Appendix B. In this
study, the mean free path of argon at 5.0 torr was calculated

to be 1.04 x 103 cm . Therefore, the Knudsen number for

this gas flow was 4884.6 . Since this value of the Knudsen

number is greater than 110 (Appendix B), the flow was viscous.

Furthermore, the Reynolds number was 280 which showed that
the flow was laminar as well. Therefore, a velocity profile
characteristics of a laminar flow was predicted to form in
the flow tube.

The instantaneous linear velocity of argon was calculated
at various heights above and below the flow tube centerline.

The data for these calculations were obtained at 28.5 and 35.9
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cm downstream from the electrodes. These experimental
velocities were then plotted against distance above and
below the flow tube centerline to obtain the profile. The
experimental velocity values are listed in Table VI.
Figure 8 shows the velocity profile at the two observation
points.

The solid parabolic curve in Figure 8 is a theoretical
velocity profile characteristic of fully developed internal
flows. This profile was determined using Eqs (B-17) and

(B-18). That is,

b, S i (-17)

and
u = 2uy [1 - y2/R2] (B-18)

The average velocity of argon at 5.0 torr calculated from
Eq (B-17) was 637.6 cm/sec. This value was obtained at
both 28.5 and 35.9 cm downstream from the electrodes. The
viscosity used in this equation was 223,37 x 10-® poise
with R = 2.,5¢cm .

The experimental velocity profiles shown in Figure 8
resemble the theoretical curve out to + 1 cm from the
centerline. At distances greater than : 1 cm from the
centerline, the experimental values deviate from the

theoretical curve. This deviation was mainly due to
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Table VI

Experimental Linear Velocities at Various Heights
Above and Below the Flow Tube Centerline

y (cm) x (cm) u, (cm/sec) !
E
B E
2.0 28.5 1017.9 !
35.9 957.3 :
i
28.5 1055.6 g
35.9 1104.6 é
1.0 28.5 1140.0 §
35.9 1139.7 g
0.5 28.5 1127.5
35.9 : 1158.1
0.0 28.5 1266.7
35,9 1305.7
-0.5 28.5 1172.8
35.9 1158.1
-1.0 28.5 1140.0 :
35.9 997.2 ;
1.5 28.5 1083.7 b
35.9 897.5 §
-2.0 28.5 934.4 :

1 35.9 763.8
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2.0

1.0

y (cm)
o

u (102 cm/sec)

-2.0 X

x : x = 28,5 cﬁ ;
o : x=35.9cm ¢

Figure 8. Experimental and Theoretical
Velocity Profiles at 5.0 Torr

turbulence around the electrodes. This slight turbulence
affected the symmetry of the profile at points near the
upper and lower flow tube walls. Furthermore, the curvature
of the glass tube became more pronounced at these points.

The increased curvature of the tube, coupled with the fairly

Syt T

wide field of view of the optical system, focused unwanted
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radiation from slightly lower gas layers onto the PMT
system. Therefore, the velocities obtained from these
data curves were faster than expected.

Since both profiles were parabolic within experimental
scatter, the flow was considered fully developed at 28.5 cm
downstream from the electrodes. The characteristic length

for an internal flow to become fully developed was calcu-

lated using Eq (5-3).

X, = .03 (Re) D (5-3)

where XL is the laminar development length, Re the
Reynolds number, and D the tube diameter. The laminar
development length was calculated as 42.67 cm from the point
where the flow became reattached at the inlet section
(Figure 2). Therefore, the flow was fully developed
16.67 cm downstream from the electrodes.

These results were confirmed with similar calculations
performed by Rapagnani and Davis (Ref 20). The distance
and time measurements of some representative pulses obtained
in this study at 5.0 torr were written into a computer
program. This program calculated linear velocities of
gases at various normalized distances from the flow tube
centerline. This axi-flow tube velocity calculation of
100% argon at 5,0 torr was utilized for a flow tube of
radius 2.959 cm., The results of the program are displayed

in Figures 9 through 12,
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The velocity profile at 10 cm downstream from the
electrodes (Figure 9) had a flat head for a distance
t .4 cm from the centerline. This configuration was charac-
teristic of a developing internal flow. The profile
approached a parabolic configuration at x = 20 cm (Figure
10). But, a fully developed flow, characterized by a para-
bolic velocity profile, was not observed until the flow was
30 cm downstream from the electrodes (Figure 11). The flow
was considered fully developed at x = 30 ¢m because the
profile did not change farther downstream from the electrodes
(Figure 12). Therefore, the point where the flow became
fully developed was located between x = 20 cm and
X = 30 cm . Furthermore, for a flow tube 2.959 cm in
radius, the laminar development length, XL , was 49,7 c¢m
downstream from the flow reattachment point (Figure 2).

The point where the flow became fully developed was then
calculated as 23.7 cm downstream from the electrodes since
the distance between the electrodes and the reattachment
point was 26.0 cm.

Since the laminar development length, Xp o calculated
from the computer results comparatively agreed with the
experimental results at 5.0 torr, the laminar development
length was calculated for the other operating pressures,
Table VII lists the values of XL for 4.2, 6.0, and 10.0
torr. The value of XL in this table is a distance down-
stream from the electrodes. The corresponding Knudsen

and Reynold numbers are also listed in the table.
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Table VII

“

Flow Regimes and Laminar Development Lengths
for Gas Pressures fo 4.2, 6.0, and 10.1 Torr

g Flow
p (torr) A(cm) n(10 poise) Kn Re Regime XL (cm)
4.2 1.28 % 1¢°? 224,21 4064 222.4 viscous 7.89
laminar ;
6.0 8.7 x 10°%  223.73 936.3  230.4 wiscous 9.1 |
laminar {
f
10.1 5.16 x 10" 223.37 984.5 297.4 viscous 19.32 |
laminar

It was noticed in Table VII that XL increased as

pressure increased for a constant flow rate. This trend

was attributed to decreasing pressure losses in the flow
tube. Since pressure losses occur in internal flows as a
result of friction, an increased gas pressure also resulted
in decreased frictional losses. The relationship between

the pressure drop and the friction factor is given in

Eq (5-4).
A L ugv
e W EEE W iy

where Ap is the pressure change, p the density, g the
acceleration due to gravity, L and D the length and

diameter of the tube, respectively, u.y the average

45




velocity, f the friction factor, and “L the head loss.

The friction factor for laminar flow is determined by
f = 64/Re (5-5)

Therefore, an increased gas pressure resulted in an increased
Reynolds number and a decreased friction factor. This
decreased friction factor then reduced head loss or pressure
loss. An increased Reynolds number also increased the

laminar development length as given by Eq (5-3).

Plug Flow Validity

The velocity profiles of argon at various pressures
were parabloic within the experimental scatter which
suggested that a fully developed laminar flow was present
throughout the experiment. An interesting relationship
existed between the plug flow velocities and the average
velocities calculated using Eq (B-17). As mentioned in
Section II, Part 3, the plug flow calculations gave the
average velocity of the gas flow. The values of the plug
flow velocity and the calculated average velocity are com-
pared in Table VIII. The results of Table VIII show that
the plug flow velocities are equal to the average flow
velocities. Thus, the plug flow velocity can be used as
the average velocity in flow calculations.

The results of the linear velocity calculations along

the flow tube centerline should be twice the average or plug
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flow velocity. This is evident when y = 0 in Eq (B-18). A
comparison between the linear velocity results at y = 0

and the plug flow values are given in Table IX. The results
show a discrepancy between the experimental and theoretical
results. This discrepancy is possibly due to the turbulence
from the electrodes which would tend to reduce the ratio

. Furthermore, the hollow arms of the cross,

u, / upf

wyich was used to house the electrodes, added two cavities
to the inner flow tube wall. These cavities further
distorted the flow profile and possibly affected the gas
flow along the centerline. Therefore, the ratio ug / “pf
would further decrease.

Another trend is seen in the velocities listed in
Table IX. At a constant flow rate, the velocities decrease
linearly with increasing pressure. For example, the velocity
at 5.0 torr is approximately two times the velocity at
10.0 torr. This result held true for both the experimental
and plug flow velocity values.

It was mentioned in Section II, Part 2, that four
conditions tended to bring the flow away from plug flow.
These conditions were (1) large temperature gradients,

(2) large velocity gradients normal to the flow direction,
(3) a large pressure drop, and (4) large longitudinal
diffusion. In this study, large temperature gradients did
not exist since chemical reactions were absent. On the
other hand, the velocity profiles were parabolic which

suggested that large velocity gradients were present.
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Table VIII

Plug Flow and Average Velocities

p (torr) U,y (cm/sec) upf (cm/sec)

4.2 664.78 663.01
5.0 638.72 637.27
6.0 465.32 464.65
10.1 315.67 315.48

Table IX

Comparison of Experimental and Plug Flow Velocities

p (torr) ug (cm/sec) Uy g (cm/sec) ue/u £
4,2 1085.27 ¢+ 16.7 663.01 1.64

5.0 1138,53 ¢ 15 637.27 1.79
6.0 738.27 ¢+ 20.3 464.65 1.59
10.1 551.12 315.48 1.75




Table X

‘ Calculated Pressure Changes
| Experienced by Argon at Various Pressures

g p_(torr) Ap (torr)

4.2 2.246 x 1072
i 5.0 245 = 30°*
j 6.0 1857 x 10°°
| 10.1 1.063 x 10”2
i
2

Therefore, plug flow was not achieved in the experiment.

St i

Large pressure drops cause deviations from plug flow %
by producing a density gradient normal to the direction of
flow. In this study, the pressure drop at all the operating
gas pressures was not negligible (see Table X). Therefore,

a rapid radial diffusion was not present to minimize the

- e T et

density gradient. A longitudinal diffusion problem does £
not exist in a flow tube operating in a laminar flow regime. é
This is evident by considering Eq (5-6). E

( Dy = (6/5) n/o (5-6)

gy~

where D11 is the self-diffusion coefficient, n the
viscosity, and o the density. At higher pressures, the

density becomes larger, thereby reducing D,y - In

e SR Y
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molecular flow regimes where the pressure is on the order
of 10-8 torr, the self-diffusion coefficient becomes large
and longitudinal diffusion brings about a deviation from
plug flow. 1In this study, the pressures were in the laminar
flow range, which resulted in negligible longitudinal

diffusion.

Radiative Lifetime Determination

The radiative lifetime of the argon metastable state
responsible for the afterglow was determined in this
experiment. First, decay rates were calculated for argon
at 5.0 and 7.0 torr. Then, these decay rates were plotted
versus total gas pressure to obtain a Stern-Volmer plot.

The y-intercept of the line on the Stern-Volmer plot, the
decay rate (1/t) axis, determined the value of the
radiative lifetime.

The decay rates were obtained by first measuring the
heights of the recorded pulses. The vertical axis of the
graph, which plotted the intensity of the pulse, was labeled
from one to ten with each increment ten squares apart. Thus,
the relative intensity, I , of each pulse was noted by
measuring the height of the pulse at its peak relative to
the y-axis scale. These relative intensities were then
normalized with respect to the most intense pulse at each
pressure., That is, all the relative intensities of the
pulses at 5.0 torr were normalized with respect to the most
intense pulse at 5.0 torr obtained at the station closest to

the electrodes.

—" ﬂ_io--—-wﬂw""w“




Table XI

Data for Lifetime Determination

p (torr) x (cm) t (msec) 1 n n
5.0 24.4 26.0 7.55 1 0
33.5 37.5 3.80 .503 .497
40.4 41.3 2.50 .331 .669
48.4 44.0 0.99 131 .869
7.0 24.4 36.5 2.7 1 0
28.2 40.8 2.25 .833 .167
33.5 46.0 0.85 .315 .315

The relative intensities of the pulses were proportional
to the number of excited states present at that time and
location. Therefore, all the normalized intensities, In ,
were subtracted from one to give a quantity which was
proporational to the number of states that had decayed.

This quantity, (1-In) » was plotted versus time, and the
slopes of the lines on the graph revealed the decay rate of
argon at a particular pressure., Table XI lists the relative
intensities, normalized relative intensities, and the
quantity (1-In) for this experiment. The quantity (1-In)
is plotted versus time in Figure 13. It was determined from
this graph that the decay rate of argon at 5.0 torr was

46.7 sec”! and at 7.0 torr, 1/t = 63.7 sec”! .,
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Figure 13. Decay Rate of Argon at 5.0 and 7.0 Torr

The decay rates were plotted against total gas pressure
to obtain a Stern-Volmer plot (Figure 14). The transition
probability of this metastable state was determined from the
y-intercept of the plotted line. The transition probability
for the argon metastable state responsible for the afterglow
in this experiment was 0.4 sec' . This transition
probability corresponded to a radiative lifetime of 250 msec.
As explained in Section II, Part 2, the radiative lifetime

of the metastable state had to be at least the same order

as the time of flight from the electrodes to the observation
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Decay Rate (102 sec'l)

Pressure (torr)

Figure 14, Stern-Volmer Plot of Decay Rate
Versus Total Gas Pressure for Argon

point to detect the afterglow. A lifetime of 250 msec
easily fulfilled this requirement.

It was determined that the particular transition which
produced the afterglow was either the 1P - IS multiplet
of Ar III or the !D - 1S multiplet of Ar V (Ref 31:214, 217).
The P - 1S multiplet of Ar III has a transition probability
of 4.02 sec”! and radiated at 3109 R. On the other hand,

the 1D - IS multiplet of Ar V had a transition probability

of 3.8 sec'l with an emitted wavelength of 4625.54 K. Since
the 1P21 PMT had excellent response characteristics in the
visible part of the spectrum and a very poor response in the

uv, the P - !S multiplet of Ar III was ruled out as the




appropriate transition., Therefore, it was suggested by this
study that the ID - !S multiplet of Ar V was responsible
for the afterglow. Additional data are required for a more
accurate determination of this metastable state. | 4
It was observed that the decay rate was attributed to l
the increase in the number of collisions in the flow tube

(Appendix F). In other words, as the pressure increased,

the mean free path between atoms was reduced, which resulted E

in a larger collision rate. For example, the mean free path ;
and collision rate of argon at 5.0 torr were 1.04 x 103 cm
and 3.8 x 107 sec”' , respectively. At 10.1 torr, these E

quantities became 5.16 x 10°* c¢cm and 7.7 x 107 sec™! .

F
respectively. These results are summarized in Table XII. E
In Table XII, o 1is the collision diameter, n the viscosity, {
<u> the average Maxwellian velocity, N* the number of atoms |
per unit volume, )\ the mean free path, and z the number
of collisions per second.

Furthermore, the effectiveness of collisional de-excitation
was determined with the aid of the collision rates. The number

of atoms that have not undergone a collision was calculated

using Eq (5-7) (Ref 17:101).
N = N, e 2t (5-7)

where No is the number of atoms at t = 0 and 2z the

collision rate. At the lowest operating pressure in this
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[; experiment, 4.2 torr, the collision rate was 3,18 x 107 sec’l .
: When this value was used in Eq (5-7), along with a representative

experimental time (40 msec), it was determined that all the

atoms have undergone at least one collision. Furthermore, if
s it is assumed that cach collision results in a de-excitation

(100% efficiency), there would then be 3.18 x 107 decays/sec.

This value corresponds to a radiative lifetime of 31 msec,
which means that the species would not live long enough to be
detected downstream from the electrodes. In other words,

the radiative lifetime of the species was not on the order

I ———

of the time of flight from the electrodes to the observation
point. Since pulses were observed downstream from the
clectrodes at the representative experimental times, collisional

de-excitation was not a very efficient means to depspulate the

:
;
4
3

metastable states. That is, many collisions were needed to

de-excite these metastable states.
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VI. Conclusions

The purpose of this study was to test the validity of
velocity calculations based on the plug flow assumption in
flow tube applications. The plug flow velocity calculations
were tested by experimentally determining the linear velocity
of argon in a 5.1 cm diameter flow tube. The results were
then compared to the velocity calculations based on the plug
flow assumption,

Experimental verification of a fully developed laminar
flow in the flow tube was obtained with gas pressures of
4.2, 5.0, 6.0, and 10.1 torr. A velocity profile character-
istic of a fully developed laminar flow was constructed with
the experimental velocity values. The parabolic velocity
profile confirmed that large velocity gradients existed
normal to the direction of flow. Therefore, the ideal state
of flow called plug flow did not exist in the flow tube
during the experiment.

A comparison was made between the plug flow velocities
and the calculated average velocities. The results showed
that the average velocity was equal to the plug flow velocity
at all the operating gas pressures. Therefore, the average
velocity of a gas along a flow tube centerline can be

obtained by utilizing the plug flow assumption.




The parabolic velocity profile of an ideal, fully
developed internal flow is described by the Poiseuille fiow
formula. In this formula, the linear velocity of a gas
along a flow tube centerline is twice the average velocity.

A comparison between the experimental and plug flow velocities
showed that, on the average, the experimental velocity was
1.62 x upf at a flow rate of 4576.0 standard cc/min and

1.77 % upf at 5262.4 standard cc/min. Therefore, under
experimental conditions, the linear gas velocity along the
flow tube centerline will be somewhat less than twice the
average or plug flow value since ideal laminar flow conditions
are difficult to achieve. In this experiment, the presence

of the electrodes in the path of flow and the presence of

two cavities in the flow tube walls were the cause of lowering
the ratio ue/upf . At best, an approximation for the

linear gas velocities along the centerline and at various
distances from the centerline can be obtained by using the
plug flow velocity in the Poiseuille flow formula, provided

a laminar flow is present. This calculation will yield

exact values only when a fully developed laminar flow exists
in the flow tube. On the other hand, the linear velocity of

a gas in a flow tube should be determined experimentally in
studies where the velocity profile is not known and when the
gas velocity is critical to the outcome of that study.

The afterglow technique was utilized to determine the

linear velocity of argon in this study. A Stern-Volmer plot
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of decay rate versus pressure was constructed from the
velocity data at 5.0 torr. The results of this plot indicated
the species responsible for the afterglow radiation., It was
determined that the !D - !S multiplet of Ar V was responsi-
ble for the afterglow. The decay rates of this metastable
state of Ar V were then used to determine the effectiveness

of collisional de-excitation. It was shown that collisional
de-excitation was not an efficient means to depopulate the

Ar V metastable state. That is, many collisions were needed

to cause a transition from the metastable state to the ground

state,
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VII. Recommendations |3

The recent interest in excited state chemistry is
centered on the spectroscopic and chemical examination of
excited species formed in chemiluminescent reactions.

Large temperature gradients affect the gas flow if the

products of these reactions are studied near the reaction

zone where the flame occurs. These temperature gradients

can be minimized by a cooling process, thereby bringing

the flow conditions close to that of plug flow. But this

cooling process would affect the formation and lifetimes
of these excited states. Therefore, it would be advantageous
to study the validity of the plug flow assumption under the
influence of large temperature gradients. g
It is also advisable to study the validity of the plug ;
flow assumption under turbulent flow conditions. The |
velocity profile of a turbulent flow is similar to the plug
flow velocity profile. But, careful consideration must be

given to longitudinal diffusion since back-mixing is a

problem in turbulent flows.
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Appendix A

Useful Properties of Gaseous Argon

Atomic number

Atomic diametera, R

Atomic weight

Density at 0° C and 1 atm, g/liter
Electronic configuration

Ionization potentialb, ev

Lowest ionization potential
(metastable)

Resonance potentialc
First electron

Self-Diffusion coefficientd at
760 torr and 273.2°K
295.2°K

Viscositye, micropoise, at
20°C and 1 atm
10 atm
20 atm
25 atm
25°C and 1 atm
10 atm
25 atm

18

2.95

39.948

1.7837

1s2 2s2 2pé 3s2 3p&

11.548
11.83
15.759

0.156 + .002
0.178 + .003

222.86
224.6
226.8
228.0
226.38
237.9
231.4

& (Ref 6:13), Calculated from Van der Waal's equation of

state, using critical data.

b (Ref 6:237)

c Energy difference between the ground state and the lowest
excited state energy level which the excited atom can
return to the ground state by the emission of a photon
without violating any selection rules.

d

(Ref 6:203)
€  (Ref 6:190)
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Appendix B

Flow Regimes and the Poiseuille Flow Formula

The gas in a vacuum system can be in a viscous, molecular
or intermediate state (Ref 21:60-61). Whether a gas is in
the viscous, molecular or intermediate state depends on the

mean free path of the molecules. The mean free path is

defined as

B e e

= S AT

A = [n/2 o2 N“]-l (B-1)

where o 1is the collision diameter and N* is the number

of molecules per unit volume. The collision diameter, o |,

is defined as

s
o = [17—-‘“’ 5 ] (B-2)

2 /249
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where <u> is the average velocity in cm/sec, m the
mass in grams, and n the viscosity. When the particles i

have a Maxwellian velocity distribution, the average velocity
‘is defined as

(B-3)

A
£
v
.
—
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=
o
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o
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where R, is the universal gas constant, T the temperature,
and m the mass in g/mole. The number of molecules per unit

volume is defined as
N* = 2 B-4
(0)

where Na is Avogadro's number, p the pressure, Ro the
universal gas constant, and T the temperature. Substituting
equations (B-2), (B-3), and (B-4) into (B-1), the mean free

path is given as

b | nRoT;’
i Tt ( ) s (B-5)

2 m

When the mean free path of the molecules is much less
than the dimensions of the vacuum enclosure, the flow is
limited by viscosity. If the mean free path of the molecules

is much greater than the dimensions of the vacuum enclosure,

(very high vacuum), the flow is molecular. At intermediate
pressures, where the mecan free path of the molecules is
similar to the dimensions of the vacuum enclosure, the flow

is governed by viscosity as well as molecular phenomena.

This is the intermediate flow regime. The 1limit between the
viscous, molecular, and intermediate flow regimes is described
by the value of the Knudsen number. (Table XIV). The Knudsen

number is defined as

66
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Kn = D/aA (B-6)
where D is the diameter of the tube, and 1 the mean free |
path.

In the range where the state of the gas is viscous, the

flow can either be turbulent or laminar. The limit between

turbulent and laminar flow is defined by the value of the

Reynolds number. The Reynolds number, a dimensionless

quantity, is defined as

Re = (pubD)/ n (B-7)

where o 1is the density of the gas, u the velocity, D the
diameter of the tube, and n the viscosity. Table XIII
summarizes the flow regimes.

When the flow is viscous and laminar in a long tube of
circular cross-section, the velocity distribution is expressed H
by Poiseuille's equation for laminar flow. This equation is
derived by considering a uniform circular cross-section with
radius R as shown in Figure 15(a). In this development, it
is assumed that the mean velocity component of the molecules
in the direction of flow is a function only of the distance,

y , from the centerline. Thus, the boundary conditions are

established:




SO Ea et 0 adra iy
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Table XIII

Flow Regimes

State of the Gas

Flow Regime Condition
Viscous Turbulent Re > 2300
Kn > 110
Laminar Re < 2300
Kn > 110
Transition Intermediate 1 < Kn < 110
Rarefied Molecular Kn <1
y )
y f

AD a4

3

g . b. Differential
Flow Tube Cross-Section volume Elesent

Figure 15. Flow Tube Cross-Section and
Differential Volume Element
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max

The gas molecules entering a differential volume element
of length dx (Figure 15(b)) experience a shearing stress

due to viscous forces. The shearing stress is given as

Tt = n(au/ay) p du/ay < 0 (B-9)
where n 1is the viscosity and %; the velccity gradient,

Then, the viscous drag on a curved surface is defined as

A pressure difference in this volume element will produce a
force that acts on the fluid. If a steady flow is present

in this volume element, the force due to the pressure differ-

1 ence is balanced by the viscous drag over the curved surface.

This is stated as

Therefore,

e
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u = 0 at y =R (B-8a)

u = u at y =0 (B-8b)

v = 2mny dx n(3u/3y) (B-10)

2ny dx n(2u/3y) + ay2dp = 0 (B-11)



B (k) 8 @12

Integrating Eq (B-12) and solving for u with the boundary
conditions (B-8a) and (B-8b), the Poiseuille flow formula

becomes

SR <L4_R_> dp (B-13)
n

Equation (B-13) can be written in terms of the average

velocity, Gy The average velocity is defined as

B N iA (B-14)

where V is the volumetric flow rate, and A the cross-

sectional area. The volumetric flow rate is defined as

¥ R
V.= [udA = [ u (2ny dy) (B~15)
)

Intcgfating (B-15) and substituting the expression for u as

defined in Eq (B-13), the volumetric flow rate is expressed as

-n RY

v R (DA%

Therefore, subsctituting Eq (B-16) into Eq (B-14), the average

velocity is written as




Y R L R ¢
Yav prr ™ = (B-17)

Thus, the Poiseuille flow formula, written in terms of the
average velocity, is

2
TR i S [1 . RL; (B-18)

This formula shows the characteristic parabolic profile of
laminar flows in cylindrical tubes.

An expression for the pressure drop in a cylindrical tube
caused by viscous forces can be obtained by considering the
number of molecules or atoms that flow in a cylindrical shell
between r and r+dr (Ref 28:105-108). The differential

flow rate molecules is given by
dF = (nu) 2ny dy (B-19)
where n is the number of molecules or atoms per unit volume.

Substituting Eq (B-13) into (B-19), the total flow rate is

given as

R R
F = nfu2nrydy = %’lgg [ y(R2 - y2) dy (B-20)
(o] (o]

o




Integrating and using the ideal gas law in the form

3 = P/ kT (B-21)

the flow rate becomes

¥ g%%; dp (B-22)

Now,

L an 8
F[ dx = ﬁ%ET /] pdp (B-23)
o pl

where L 1is the length of the tube, Py the upstream pressure,
and P, the downstream pressure. Thus, the number of

molecules flowing per unit time is

- TRYpa g
F = gueiTs (B-24)

where p = (p2 + pl)/Z and ap = P, - Py - Rearranging
(B-24) and multiplying by Avogadro's number, the pressure
drop can be calculated using

16F“L ROT
P - P} * ——

(B-25)

R%w

where F“ is the flow rate in moles/sec.




For example, if argon is flowing in a cylindrical tube,
5.1 cm in diameter and 200 cm in length, the mean free path
is calculated according to Eq (B-5). At a gas pressure of
10 torr (p,) and a temperature of 293° K, = 5.2 x 107" cm .
Therefore, the value of the Knudsen number is 9.8 x 103 which
means that the flow is viscous. The viscosity of argon at
293° K is 221.7 micropoise and, with a linear velocity of
103 cm/sec , the value of the Reynold's number is 501.6 .
Since the Reynold's number is less than 2300, the flow is
laminar. To calculate the upstream pressure in the cylindrical
tube, Eq (B-25) is used. With a flow rate of 5.46 x 10~
mole/sec (V = 10% cm3/sec) » the pressure upstream, Py »
is 9.999931743 torr. This corresponds to a pressure difference

due to viscosity of 6.83 x 10~° torr.
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Appendix C

Flow Tube Pictures

a. Flow Tube

Flow Inlet Section
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¢. Discharge Section

d. PMT System (Front) e. PMT System (Side)
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f. Pressure Measurement Section

g. Flow Outlet Section .
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Appendix D

Sample Photographic Data

These pictures are samples of the data obtained at a gas
pressure of 4.2 torr and a flow rate of 4576 std cc/min. The
distance, x , from the electrodes to the observation point

is labeled below each photograph. The time scale is plotted

on the x-axis and is 20 msec per five lines, while the y-ax"s
records the intensity of each pulse. The solid line in each

picture is the positive portion of the square wave that

triggered the spark discharge. This line was used as a time
reference; that is, the time was counted beginning at the point
where the square wave triggered the discharge. The time decaying
line on the left side of each pulse was the reflected signal of

the discharge off the inner flow tube walls.
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Appendix E

i Experimental Raw Data

The linear velocity of argon was determined with the

following experimental data.

1. p (gas) = 4.2 torr, p (atm) = 740.1 mm Hg

T (atm) = 24,2° C, V = 4576 std cc/min

T e - AT - A ARG SR AN

x (cm t (msec)
0.0 0,0,0,0,0
0,0,0,0,0
16.9 13,13,12
14,14,12 ,
26.9 25,22,2%,22,28 »
23,24,24,22,22 d
37.1 30,34,33,32,32 ;
34,32,31,33,32 i
47.0 41,41,39,43,41 :
43,42,42,40,41 |
b
57.4 57,53,49,48,54 j
53,52,58,57
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2. p (gas) = 5.0 torr, p (atm) = 736.4 mm Hg
T (atm) = 22.8°C , V = 5262.5 std cc/min

x_(cm) t (msec)

0.0 0
26.9 15.0
31.9 21.0
37.1 28.5
42,1 32.5
47.0 35.5
52.0 45.0
56.9 48.8

3. p (gas) = 6 torr, p (atm) = 740.1 mm Hg
T (atm) = 23.4° C, V = 4576 std cc/min

x (cm t (msec)
0.0 0,0,0,0,0
0,0,0,0,0
16.9 21,20,21
21,21,17
26.9 25,27,33,29,29
25,32,30,31,30
37.1 49,48,39,47,45
49,47,41,49
47.0 61,65,51,57,67
66,65,65,64,62
57.4 71,71,59,60,69
75,73,73,81
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4. p (gas) = 10.1 torr, p (atm) = 736.4 mm Hg

T (atm) = 22.8° C PER.

X (cm!
0.0
26,9
31.9
33.9

= 5262.4 std cc/min

t !msec!

0.0

42.0

56.5
65.0
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Appendix F

Collision Parameters?

In a pure gas, the average number of collisions per
second, z , experiences by a single molecule or atom is

given by
zZ = <u> / 2 (F-1)

where A 1is the mean free path and <u> is the average
spced of the atom or molecule. When the gas is described by
a Maxwellian distribution, the average speed is defined as

4
8R T
<u> = [--2-—] (F-2)

T™ m

where Ro is the universal gas constant, T the temperature,
and m the atomic mass.

The mean free path, A , is defined in Eq (F-3).
A = [n/Z o2 N*]7} (F-3)

where o 1is the collision diameter and N* the total number
of atoms per unit volume. Substituting (F-3) into (F-1), the
expression for the average number of collisions per second

becomes

? (Ref 17: 98-104)
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z = /2 1 o2<u> N* (F-4)

The collision parameter, » can be calculated using

-
2% 235

where n 1is the viscisoty and m” the mass in grams. The

total number of atoms per unit volume is determined from
* = -
N T (F-6)

where Na 1s Avogadro's number and p the pressure.

For example, che mean speed of argon atoms at 5 torr
and 293° K is 3.9 x 10* cm/sec . At 293° K, the viscosity
of argon is 221.7 micropoise. Therefore, the collision
parameter is 3.6 x 10”° cm and the number of atoms per unit

volume at 5 torr is 1.7 x 10'7 ., Thus, the number of

collisions per second is 3.6 x 107
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