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"The mechanics of breathing is a problem reéuiring
on one hand the detailed knowledge of a classical'andtomist
and on thé other hand the analytic understanding of an
engineer. The anatomists have clearly presented their
side of the subject and their conclusions have duly )
penetrated to the pages of current textbooks. It is
amazing,. however, to discover how supérfigial has_been
the anaiysis of. the engineering aspects of the subject by
physiologists. Perhaps it is because, to mdst physiologists,.
chemistry has seemed a mofe fruitful tool than physics; |
or more likely because thelflow of air through tubes seemed

too simple for serious attention or of too little practical

value to medicine."

-

 Fenn, W.0. (1951) Mechanics of Respiration. American

- Journal of Medicine, January, Pe77.
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ABSTRACT

This study is an attempt to'understand some of the
basic principles of the fluid mechanics within the
respiratory airways. The problem of flow in this.system
may be defined by describing the geometry of the airways,
determining the effect of elasticity of the zirway walls
and the effects of the pulsatility of respiration on the
flow. It is concluded that the fluid is Newtonian aﬁd the
flow laminar and quasi steady in a quasi-rigid tubular

system of complex geometry.

Investigations are carried out on flow within six
large écale models of symmetrical and asymmetrical
bifurcations (which directly mimic the geometric and
fluid dynamic state of thé airways). The flow wiﬁhin the
" bifurcations is found to be quite complex, being an
'elliptical fluid dynamic.problem. The gross patterné of
the secondary currents can be roughly inferred from a
potential flow solution which considers the curvature’f
aloné, but in general the flow properties are of a real
fluid.‘ The secondary flows rapidly develop just before
the point of bifurcation and then rapidly diminish.
Changing the entrance conditions, the angle of bifurcation
-or the curvature of bifurcation has significant effect on

the secondary flows but much less effect on the primary

flow/



flow. The complexity of the problem forced the investigation

to be essentially empirical in nature.

Flow within curved circular tubes was studied to i
obtain the three dimensional velocity field as the fluid
enters the curve and develops toward the steady, laminar,
fully developed curved tube flow. A range of Reynolds
numbers (100 to 2000) and Dean numbers (50 to 1000)
appropriate to the bifurcations were studied. The results
show the periodic manner by which.the;fldw progresse;
toward the fully developed curved tube flow. This can be
seen in the primary flow field which is initially organised
as a potential flow and rapidly develops toward a viscous
condition. The secondary flows also oscillate in magnitude

only small
but / reversals in directionare observed. The pattern of
secondary flow deviates from predictions at the Higher
Dean numbers. The energy dissipation, kinetic energy,

wall shear distribution and the position of the centre of

mass flow all follow this basic periodic pattern.

Flow in straight tubés of éircular cross section
which'progressively beéome elliptical in cross section is
studied theoretically and experimentally. The three
dimensional flow field is shown to be simiiar for both
potentiai and viscous conditions. Strong secondary flows

-

are shown to develop rapidly.

A device for measuring low speed, three dimensiohal,
laminar flows is developed and analysed both theoretically

and experimentally for its operation in air.



GENERAL INTRODUCTION

The process of respiration is carried out by forcing
air through a network of tubes that convey the respiratory
gases to a thin membrane of very large surface area. This
membrane separates the oxygen rich, cérbon dioxide poor
alr from the oxygen poor, carbon dioxide rich blood,.allow-
ing diffusion to occur between blood and air. This network
of tubes continually increases its cross sectional area by
frequent bifurcations; the sum of the area in the two
daughter tubes of the bifurcation being larger than in the
parent tube. This bifurcation pattern successfully
accomplishes the main task of creating a large final surface

area to facilitate the terminal diffusion process.

Within this system of multiple branched conduits the
convection and diffusion of the flowing gas takes place
in a complicated manner. The understanding of this coupled
transport problem is of physiological interest and médical
concern in that frequently the process of moving the -
respiratory gases through the airways to the terﬁinal

exchange membrane breaks down, causing disability and

ultimately death.

Interest in the transport processes occurring in the
airways has rapidly increased within the last decade.
Whilst. these transport processes have long been of basic
physiological interest, motivation to investigate the

physics/



physics of these phenomena has only come with the technical
developments which are essential for practical application

to diagnosis or medication (Macklem, 1).

The problem of air flow in the pulmonary system is
unique in comparison with other biological flow problems
which haQe so.far been studied. The fluid mechanics of
air flow in the lung is much simpler than the flow of blood
in the major vessels (as an example) in that tae air.
within the respiratory airways may be considered as a
Newtonian fluid in quasi-steady, laminar motion within
quasi-rigid conduits. The conduits are of complex geometry
but have been described with relative completeness. Also
the relatively easy access of investigators to the pulmonary
airways (again compared, for example, with the vascular
system) facilitates ﬁhe possibility of physiologiéally
assessing the fluid mechanic predictions. This provides

developing

the exciting possibility oﬂ/a deep physical basis for

understanding the mechanics of respiration.

An understanding of some of the prineipal'fluid.
mechanical processes oceurring during respiration is the
ultimete goal. This study is limited to the inspiratory
phase of respiration and applicable only to lungs of normal
anatomy and quiet to moderate respiratory rates. These
1imitati0ns exclude the. almost infinite number of geometric
aberrations occurring in disease and also the dynamic .

(both/
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(both geometric and elastic) changes occurring with very
deep or very fast inspirations. The procedure followed
toward this goal can be simply stated as follows:
1) Definition of the problem.
2) Study of flow in large scale models of biological
bifurcations.
3) Development of a physical understanding of the
flow properties in the scale models.
4) Study of flow. in replicas of. the acﬁual.biological
system; anq
5) Evaluating the fluid dynamic predictiohs from the

above four procedures in physiological experimentation.

The "Definition of the Problem" is one of the most
difficult aspects of this procedural.routine. The first
chapter will briefly'outline the morphometric and
physiologic studies carried out to define the process of
respiratory gas flow in fluid dynamic terms. A variety of
features of the re#piratory airways can significantly
affect the flow. The anatomy of a typical bifurcation
which incorporates the geometric features pertinent to the
flow is determined. Previous anatomical or physiological
investigations have not been concerned with this specific
information; and therefore'had to be obtained before the
fluid mechanic studies gould commence. The pattern of the
series-parallel arrangement of the airways in the pulmonary
system also had to be determined. This is to elucidate the

degree/



degree of geometric assymmetry of the branching system and
how this system divides up the flow to each of the lungs'
respiratory units. The volume flow rate of the inspired
gas into each branch must be known so that predictions of
the fluid mechanics parameters (mean velocity, ReYnolds
numbers, Dean numbers, etc.) can be made. The elasticity
of the airways can also influence the internal fluid
mechanics, as in the case of flow in the major arteries
(Atébek, 2). The walls of the airways may respond to the
local pressure and shear variations by changing their
shapg. Therefore measurements of elastic properties in
the airways had to be conducted. Finally, the basic pattern
of respiration had to be quantified. This is to say that
the frequency, velocity and time course of an inspiration

needed to be quantitatively evaluated.

Procedures 2 and 3 are the primary concern of this
dissertation and will be considered in the third, fourth
and fifth chapters. Chapter 2 is concerned with the analysis
and evaluation of a velocity measuring instrument whiéﬂ.
had to be developed in order to expérimentally 5£udy the
low speed, highly three dimensional laminar flows considered
in Chapters 3, 4 and 5; The instrument basically measures .,
the time and direction of flight of a heated tracer of
gas. The device is both experimentally and theoretically

analysed/



analysed for its behaviour within the velocity ranges

of interest in the model studies.

Procedure 2 was accomplished by studying the flow
properties in large scale models of airway bifurcations.
Each of the models incorporatéd the basic geometric
pattern found in the human airways (as discussed in
Chapter 1l). Several models were used so that the angle of
bifurcation and the curvature ratio (see Chapter 1) could
be independently varied to encompass the variation found
in the biological system. Two fluid mechanic entrance
conditions were studied; a flat entering velocity profile

and a parabolic entrance profile.

Equations which accurately describe the flow in
bifurcations could not be developed because of the
simultaneous effects of curvature, elliptical shape and
a boundary layer development within the bifurcating tube.
This created a severe limitation on the depth of physical
-understanding of the flow (procedure 3). Some degfee qf
understanding was obtained by studying the flow in models
of each of the basic geometric features which constitute

a bifurcation. These were (1) a tube progressively

becoming elliptical, and (2) a circular curved tube.

In Chapter 3 the fluid. mechanics of flow entering a
curved tube is investigated. The study concentrates on

the development of the flow from two entrance conditions

(a/
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(a flat and a parabolic entrance velocity profile) to fully
developed curved tube flow. The thrée dimensional flow
field is determined at frequent intervals during the flow
development for a wide range of laminar flows and curvatures.
The results are compared to the numerous theories for fully
developed curved tube flow and also to Pickett's (2a) analysis

of developing curved tube flow.

Chapter 4 is concerned with a theoreticai?%x%%rimental
analysis of the flow within E %%%%h%hich is originally

circular}%ross section and then becomes

elliptical in shape. The experimental studies were con-
ducted on models which'had a rate of change of crass.
sectional shape (with fixed cross sectional area) similar '
to that found in the airways. The ﬁheoretical studieS‘
were conducted for a low Reynolds flow and a potential flow
in a tube with a slowly changing cross sectional shape.
Three dimensional flow fields were predicted and measured

for both potential and a viscous inlet conditions.

The study of fiow within replicas of the pulmonary
airways is depicted as procedure 4 and was also conducted.
These models were created frbm casts of normal human
cadavers taken shortly after deatﬁ. This study therefore
incorporates the more intricate or subtle geometric -
features of the airways and atteméts to be a medium through

vhich information produced in this dissertation can be

extrapolated/
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extrapolated to the living pulmonary system. This study
aléo'defines the entrance conditioné into the émall.airways
and therefore the entrance conditions into the models
studied in Chapter 5. The results of this effort are also
used to help quantify the effect of pulsati;ity on the flow
within the aifWays; and this effect will be discussed in

Chapter 1.

Procedure 5 is @ heroic task in itself, and no effort
has been made at present to attempt this‘aspect of the

problem.

This thesis is primarily concerned with the studies
of fluid mechanical problems and classical ﬁechniques of
investigation are employed for their solution. We may
therefore ask Why_physiology is even considered. This is
because the problem is formulated within physioloéy and
the fluid dynamic stﬁdies are focused to producg information
primarily for the physiologic;l system. This leaves us
with a very complica%ed fluid mechanic problem, where

simplifying assumptions may not be made specifically to

construct mathematical solutions or to optimally demonstrate
some internal flow phenomenon. This philosophy also
requires that several fluid mechanical problems must be
investigated simultaneously.. Essentially then, the fluid
mechanical study becomes subsidiary to the broader

. . which .
physiological problemghust be understood to appreciate the
logic involved in choosing the fluid mechanical problems

studied and results desired.
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CHAPTER 1

Definition of the fluid mechanic problem in the human airways

This chapter is concerned with the definition of the
general fluid mechanic conditions existing in the human lung
during a normal inspiratory manoeuvre. Three basic features
of the problem are considered:

1) What is the geometry of the tubes;

2) What influence does the oscillatory nature of

respiration have on the flow; and

3) What influence do the elastic walis of the airways

have on the flow. -
The conclusions to these questions are relatively..simple.
The geometry of the conduits is in general complex,\but a
typical (the statical mode and medianf geometric'pattern
for a bifurcation can be described. Further, the principal
geometric parameters and their variations can also be
quantified. The oscillatory nature of respiration has
little effect on the flow, as does the elasticity of'Ehé
airway walls. These last two conclusions seem ﬁenign, but
the basic approach taken to study this problem depends
strongly on these conclusions, and therefore they are con-

sidered in some detail,

In this chapter it is concluded that the basic fluid
mechanics in the small airways during inspiration can be

understood/
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understood by studying flow\in modéls of complex geometric s
bifurcations, curves and elliptical tubes whicﬁ incorporate
the geometric paraﬁeters found,in the normal.lung. The

models may have rigid walls and may be studied under steady

flow conditions.

A. General anatomy of the respiratory airways

The airway systea in the human lung can conveniently
be separated into three separate sections. The upper and
central airways is the first of these sections and consists
of the air passages from the mouth and nose down through
- the pharynx and larynx into the trachea, and'finally into
the large bronchi. The initial part of this system consists
of a single conduit of highly complex cross section, but
below the first branching point, the cérina, we héve a tree-
like structure where each parent branch divides into two
smaller daughter branches. Figure 1.1l shows the internal
structure of this area. The central airways include the
first two bifurcations (that is, the central airways ééfminaﬁe
when there are four branches). These last structures are |
called lobar bronchi and at this éoint the airway enters
the parenchyma of the lung; that is, they become surrounded

by the lung tissue.

The next section consists of the bronchi and bromchioles

which/
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JIGURE 1.1  Silicone rubber cast of the upper and central
airways, HMouth and nasal septi are at top with segmental
oronchi marked with pins., Upper airways are from mouth and
nose down to larynx (at 7.5 inches on scale). Central
airways include trachea and first two bifurcations; ending
with four lobar branches.,
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which continually branch in a complex but ordered pattern.
This'branching process is carried out, on average, thirteen
times, increasing the number of tubes from four to about
45,000 (Weibel, 3; Horsfiéld et al, 4). The diameter of
the tubes decreases, being aﬂout 1.0 cm at the lobar
bronchi to about 0.05 cm at the terminal bronchi, but the
total cross sectional area increases 30-fold. This part
of the bronchial tree is usually defined as the middlé
airways. Figure 1.2 is a drawing of ﬁhe’branching'in the
larger middle airways, and Figure 1.3 shows a cast taken

of the smaller‘middle airways.

At this point the basic system of relatively smooth
circular tubes bifurcating into.more smooth circular tubes
changes. Now bubble-like structures start to protrude from
the sides of the tube, which is now defined as a feSpiratory
branchiole. The basic branching pattern remains, but
progressively more of these sack-like structures protrude
‘from the conduit until the previously circular tube is
unrecognisable. Figures 1.4 and 1.5 show this geometric
arrangement. The sacks are the alveoli of the lung whiéh
are the surface membrano where the diffusion takes place |
between blood and air. There are about 300,000,000 alveoli
in é normal human lung, and they comprise over 95% of‘th@
lung volume, This last section of the bronchial tree is
defined-as the lower (or distal) airways. Figure 1.5 shows
the average geometric features of this branéhing pattern

determined by Olson et al (5).
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RECONSTRUCTION OF PREDOMINANT PATTERNS »

(after Boyden)'
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Tafter Bayden).
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FIGURE 1.3 Cast of bronchioles; small of the middle airways.
Stem branch is approximately l.5mm in diameter., Note the sharp
division (flow divider) at each branch point within structures
down to .7mm in sigze. Also note symmetry of branches and angle

of branching.

FIGURE 1.4 Cast of lower airways, showing respiratory bronchioles

and alveoli.
Alveoli are small bubble shaped structures with diameter of

approximately O.35mm.
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FIGURE 1.5 Geometry of average pathway from trachea to
alveoli from Olson, et al (5).
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B. Branching pattern and general morphology in the

middle airways

The bronchi and bronchioles of the middle airways form
a regular, asymmetrical bifurcating pattern where the two
daughter tubes each have a smaller diameter than the parent
tube, butithe cross sectional area of both daughter tubes
is greater than in the parent tube by about 25%. Weibel (3)
was the first td systematically study the morphometry af
the airways. Actually Weibel's main purpose was to
evaluate the pulmonary vascular system and the proposed
symmetrical branching model (Model A) of the pulmonary-:
airway system was a by-product of the main étudy. The
basic geometric features of Weibel's anatomical model,
such as mean diameter or length of eacb tube, were
 determined from large numbers of airways and thesé measure-
ments have been subsequently confirmed by several other
investigators (Horsfield, 4; Davies,Sé). The weak part
of the anatomical model was the method by which Weibe;/put

the tubes together to produce a branching tree.

Weibel proposed a symmetricél branching netwofk: one
where both daughter £ubes are identical. This model has
inconsistencies with reality. First, it implies that all
pathways from mouth to alveoli must be the same; this is
contrary to measurement. Second, it predicts too large a
numper of terminal structures. Weibel realised these -

deficiencies/
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deficiencies, but Model A was proposed bedause of its
simplicity. Recent investigations by Horsfield (4) and
Olson (5) have attempted to model the aéymmetrical
bifurcation pattern in. the lung. - Such branching models
are not unigue to the respiratory airways. Hortoﬁ (6),
Strahler (7), Murray (8) and Woldenberg (9) have
investigated the branching patterns in other systems, such
as rivers and trees. It is interesting to note that

these naturally occurring branching patterns have basic
similarities in that a deficient binominal series (such as
the Fibbonacci Series) usually describes the branching

pattern. . -

The lung studies were carried out by making casts of
the airways and then measuring all the principal dimensions
for each of the 20,000 or 30,000 major'branches. .The
difficulty comes when looking into the tree and deciding
which branches are sisters to which other branches, and
which branches are just distant cousins. ?hat is, some
mathematical rule must be formulated (usually on funcéional
or teitological grounds) which determines what family any
one branch belongs to. This must be done so that the

dimension of any branch plucked from the tree can be

statistically compared to its nearest relative.

In/
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In Weibel's symmetrical system theiparent branch of
a bifurcation would belong to family N, while each of the
daughter branchés would belong to the fémily once removed
from the parent, such as N-1. In the asymmetrical lung
model (4, 5 and 9) the parent (stem) branch belongs to
family N, while one daughter belongs to family N-1 and the
other to family N-4. (In the Fibbonacci series the
"relationship" would %e N for parent and N-1 and N-2 for

the two daughter tubes.)

All members of the same family have similar diameter,
length and branching angle. This degree of asymmetry
predicts the correct number of terminal units, gives the
correct range of pathway lengths and also has the minimum
range of geometric variation within a family. Figure 1.6
shows a schematic diagram of such a tyéical asymmétrical
bifurcation. The diameter of the parent is D, while that
of oﬁe daughter is 0.875D and that of the other is 0.66D.
The area increase between the parent and two daughters is
25%., The branching-angle .of the large daughter is ZSO:M
while the branching angle of thé small daughter is 45°,
The radius of curvature, R, 1is abbut five to =ix times the
diameter in the big daughter and about two to four times
the diameter in the small daughter tube: Figure 1.6 shows
the typical arrangement of a bifurcation in the midéle
airways. The diaméter is strongly influenced by its
branching position, while the branching éngles and asymmetry

are/
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FIGURE 1.6  Most typical pattern of a bifurcation in the middle
airways. Note asymmetry in diameters, curvatures and branching

angle.
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are weak functions of»the position within the bronchial
tree. The diameter, as previously mentioned, aecreases as
we go deeper into the lung. The total branching angle
(sum of both daughter branching angles) becomeé larger as
we go deeper, being between 500 and 90° in the smaller of
the middle airways.r The branching pattern becomes pfo—
gressively more symmatrical as we go deeper, being almost

completely symmetricas in the peripheral airways. o

C. Detailed morphology of a bifurcation in the middle

airways

Other more detailed features of a bifurcation must also
be known before we can construct a model. These features
were determined by taking silicone rubber casts of °
approximately 500 branches in the middle airways énd slicing
them in a plane parallel to the axis of the bifurcation
for the determination of the radius of curvature (R), -
‘bifurcation angles and wallvwaviness. The silicone casts
were also sliced as shown in Figure 1.7 to determine ﬁhé
shape of lumenal cross section pe;pendicular torthe flow.‘
First the bronchi are most typically circular in shape.
The index of elliptivity obtained for the branches was
usually quite small. This shape changeé ﬁear the far end
oflthe branch. The transition between parept and daughter
tubes progresses as shéwn in Figure 1.3. The total length
of a bronchus is between 2.5 and 3.5 diameters at its

origin/
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origin and midpoint of length a bronchus is usually circular
in section; the distal 20% of the length constitutes a
transition zone in which the section chénges shape in order
to give rise to two daughter branches which are circular

at their origin. The dividing plane of the daughter
branches is termed the flow divider. The transition
process is shown in Fiqure 1.7, where the transition zone
first becomes ah ellipse (b) of the same area as the
circular section (a) preceding it. When the minor
curvature of the ellipse approximates to the curvature of
the daughter tube, the shape of the transition departs from
an ellipse. It then becomes more flatteﬁed, so that its
minor axis approximates to the diameters of the daughter
branches and its area increases (c). The section is then
indented by the margins of the flow divider (d) which

finally divides into two smaller, circular branches (e).

Thé area normal to the flow in the transition zane
changes in a uniform fashion between the area of the parent
and the summed area of the daughter branches. This cﬂange
in area takes place between sections (b) and (d). ‘A plot
of thé increase in area through the transition is sigmoid

in shape.

Thevgeometry of the flow divider is shown in Figure
1.8, where the sharpness is shown in A where r/d< 0.1;
this indicates that at the centre of the flow divider the

leading/
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FIGURE 1,7 Typical shape of transition zone between
parent and daughter in the middle airways.
Sections a and e are circular while b is elliptical.

FIGURE 1.8 Geometry of the flow divider
in the middle airways.
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leading edge is relatively sharp. Figure 1.9 shows the
leading edge of the flow divider photographed under
bronchoscopy in a normal, living human lung, in orxrder to
permit comparison with the cast data. The flow divider is
not really a wedge in that tﬁe leading edge is not totally
perpendicular to tﬂe axis of the parent. Instead thé flow

divider is as shown in part D of Figure 1,8, where e ¢ d/4.

The walls of the bronchi are reiativeiy smooth, -as:
can be seen in Figure 1.3.. The area and perimeter of the
slices depicted as (a) in Figure 1.7 were analysed and
showed that, on average, the branches are not tapered, but
maintain the initial diameter until the last 20% of the
branch's length (the transition zone). Figure l.9ashows
repeated diameter measurements down some of the'lafge
branches in the middle airways. This figure diSpiays the

maximum waviness and tapers found in the middle airways.

This thus describes the typical geometry of a

| bifurcation. Basically the pattern incorporaﬁes.threg“;
features. The tranéition zone is a circular tube becoﬁing
progrgssively elliptical in shape, while mainﬁainihg a
constant cross sectional area. We shéll discuss flow in
such a tube in Chapter 4. The daughter,tube is a circular
curved tube with a curvature ratio R/d of between 3.5 ta

. 7. Flow entering such curved tubes will be analysed in
Chapter 3. And finally we have the flow divider and

section/
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FIGURE 1,9 View down the left
lower bronchus in a normal lung
showing division into basal
branches. Further downstream
division is also seen. Note
sharpness of flow divider and
small waves on wall surface.

Repeated diameter measurements of middle airway
bronchi within a left lung cast, sliced as shown in figure 1.7
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'section immediately preceding the divider, where the
area increases. The flow within appropriate scale models

of the entire bifurcation will be analysed in Chapter 5.

D. General fluid mechanic parameters in the airways

The function in each of the three anatomical lﬁng
regions (upper;central, middle and lower airways) is quite
different. The upper and central airways warm and humidify
the incoming aiir and convey the gas to the middle airways.
In the upper airways the convection patterns are very
complex, due to the large geometric variations in size,
shape and brahching angle. This complex geémetrical
arrangement limits the applicability of £fluid mechanic
studies in simplified models. Fortunately the airways are
quite large, allowing for studigs in lifersize reélicas
of the sysﬁem. Such studies carried out in replicas made

from casts of normal human upper and central airways have

been conducted to understand the fluid mechanics in this

area: Dekker (10), West (11l), Olson & Horsfield (12),

Olson (13), Olson & Sudlow (14), Sekihara g Olson (15).

Table 1.1 shows some typical parameters of the con-
vective and diffusive transport processes éccurring within
the central (trachea to lobar) and middle (lobar bronchi
to terminal bronchiole) airways. These values are for a
typically quiet respiration of 500 ml/sec inspiration.

Since/
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TABLE 1.1

PARAMETERS OF FLOW INDICATING ORGANIZATION OF CONVECTIVE AND DIFFUSIVE FLOW;
o ‘ INSPIRATION - V = 500 ml/sec.

Middle Airways

Lower Alrways.

Viscous forces

‘ Diameter , Digtance .Mean - Reynolds , Peclet
Location Order ~ (cm.) To Alveoli Velocity Number (Re) Number(Pe)
_ : (cm) ?

Trachea ’ 0 1.8 31.1 250 2400 1250 ‘
Primary Bronchi 1 1.3 ©19.1 240 1670 505 |
Lobar Bronchi 2 <94 14.9 . 229 1500 344 !
. 3. 72 11.9 224 860 262 |
Segmental 4 ST 9.5 127 390 R 5 L A
Bronchi i) «45 ' . 121 300 88
o 6 +36 EE o1 150 . 38
~ 7. .30 , : - 63 100 - 31
8 24 ) | 80 24
9 20 - 36 40 12
Bronchiole 10 ‘ T .16 2.8 35 30 ' 9
| 11 .13 : - 18 12 4 |
BV IR 1 16 9 3
13 .09 15 7 2 |
4 .04 8 3 1
: 15 061 | 8 2.5 0.8
Bronchiole P yE e T e e T
it ]
. Pe = Convective motion _ % B
* Diffusive motion K
- Re = Inertial forces - j%%jé

J—

- L2 -




The‘total cross sectional area of the bronchi rapidly
increases'with incfeasing orders of bronchi and therefore
the ﬁean velocity of the gas.rapidly decreases, as shown
in the table. The Reynolds numbers infer a possible |
turbulence in the tradhea, even at this quiet rate of
inspiration. But as we go deeper into the 1un§ the flow;;
becomes progressively dominated by viscosity. The range - 
of Reynolds numbers of interest in the middle airways ié
from about 1000 to 10 for the inspiratory raté shown.

The studies of the convective pafterns in the uppef and
central airways show that instabilities in the flow |
occur down to the lobar level and .then are rapidly
dissipated. The studies also show that when the flow.
enters the middle airways Ehe(gas has been warmed to body'

temperature, saturated with water vapour and the axial

velocity profile is flat.

The primary function of the middle airways is to
convey the inspired air down to the alveoli within this
system of increasing cross.sectional area. The transéprt~
processes in these b;oﬁéhi become quite.éomélex, being a

combination of both convective and diffusive'phenomena.

This type of process has been studied by Wilson & Lin (16) -

and Cumming (17).. These inVestigations'conclude that
the convective organisation has'dverwhelming influeﬁce on

the/ ..
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the convective-diffusive interaction, both in the middle
airways and, surprisingly, also in the peripheral airways.
The diffusion process in the smallest airways is markedly
affected by the boundary conditions created by the

convection-diffusion phenomena in the middle airways

(Cumming, 18; Stibitz, 19).

. Table l.l1 presents a parameter indicative of the
diffusive-convective mode §f trénsport. The Peclet
number describes the‘relative mass movement bf convection
to that bybdiffusion. We éan see from Table 1.1 that the
motion is dominatgd by convection in the central airways.
and by diffusion in the lower airways. The Peclet number
shown in the taple disregards a radial velocity distribution
and a radiél diffusion process. These radial transport
processes can be very important in the axial transport
'of.diffusible material, as shown by the theories of

Taylor (20), Aris (21), Lighthill (22) and Chatwin (23).

The curvature of the conduits will influence the
-amount of secondary flows generated. The Dean number
(Dean, 24) will describé the amount of curvature pfesent,
and therefore this parameter may be used to infer the
magnitude of the secondary flqws present. This parameter.
is shown:iin Table 1.1 and infers that the curvature of
the bifurcations in the central and middle airways

produces/
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produces strong effects on the‘secondary motions in

the flow,

The process of moving respiratory gases in the
peripheral or lower airways is primarily diffusive,
The fluid mechanics in this part of the pulmonary tree
is a viscous flow as the magnitude of the Reynolds number
- is of order one or less. Lew & Fﬁng (25) and'Léw (26)
 have fecently developed theoretical érguments for the

flow in these distal branches.

The first part ofvunderstanding the transport
processe§ in the middle airways is to determine fhe
cénvection'patterns;' this is the prime aim of this
thesis. Since‘we ultimately wish to understand the
diffusive-convective interactién, the features.most

important to determine are ...



1

the primary and secondary currents. Other features which
are also important are the wall shear, so that'particle
deposition may be predicted, the energy dissipation and the
kinetic energy. The last £wo features., will defermine the
static pressure within the b?onchial lumen,Awhich.in turn

will predict the calibre of the vessel,

4

E. Properties of osc’llatory flow in elastic tubes

Basically two aspects of the flow can be affected when
a periodically varying pressure gradient is imposed on the
fluid in an elastic tube. Inertial effects can cause the
- fluid motion to have phase lags with respect to the pressure
gradient. Also pressure changes can be propagated down thé
tube as a wave whose speed and attenuation will be
@étermined by the elastic properties of the tube wall,
" The shape and calibrerf the elastic tube may depend upon;
the axial pressure gradient within it. Factors such as-
" these have considerable effect in the vascular and other
biological flow systems. This is also true for the flow
of air in the pulmonary airways, in that respiration is a
periodic ﬁunétion and the airways are elastic tubes. We
shall analyse the pulsatility in this section and then

the effects of elasticity in the next. -

Two possible effects of the oscillatory nature of the
flow must be considered:

1) The development of the oscillatory Stokes layer

in/
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in relation to the geometrically constrained
boundary layer; and

2) The effect of pulsatility on the secondary flows.

The-firstvof these problems has been well studied for
both fully developed and developing flow in elasﬁic or
rigid straight tubes (Womersley, 29). The basic parameter
dictating the effect of the periodically imposed pressure
gradient cén be easily deduced. Consider a fully developed
laminar flow in a straight, tigid tube, where there are no
radial motions of the fluid and the velocity, u, along the
tube is independent of the axial distance (z). The equation

of motion in cylindrical coordinates will then be

rli Yu 1 2%
+I (T F e

dw - ) 2F
2t C 3z
where ¢ and? are the density and kinetic viscosity

- P
respectively and the pressure gradient ( %{'%_v) will be

independent of z. Imposing a periodic pressure gradient
2k 32 @yt
- 5o Pa :

satnrt -

and writing = e
i

and non-dimensionalising by Y= 2_ where a is the radius

of the tube, the equation of motion becomes:

d*u, L4 duy i (atanr®) 2(_ - Paor
dla"— p! dy </ ! 2

The solution is governed by the parameter
' 2 _ G.t L
)

which/
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which is usually referred to as the Womersley parameter.
This parameter « is simply the thickness of the Stokes layer
( 24@3’)% over the thickness of the hydrodynémic layer
which would be present in étgady flow; in thié fully
developed laminar case, this is simply the tube rédius, a.
When o¢is small, : -

/the flow will be quasi-steady and the particles of fluid
everywhere in the tube will respond simultaneously to the
applied pressure gradient. When o is large, the motion,
of the laminae close to thé tube wall‘follows the préssure
gradient more closely than.the laminae in the tube core
which show phase lags to the imposed pressure gradient.

In this case viscous effects are confined to a Stokes layer

near the tube wall.

This type of filow was first investigated by Richardson
& Tyler (27) and Sexl (28),»but the problem was aﬁalysed
.in greater depth by Womersley (29). Sexl's problem was of
pure oscillatory motion where no net flow occurred in a-rigid

circular tube,

The analysis for the unsteady fully developed flow
has been extended to include a net flow component and also
elastic walls by a variety of authors - Morgan & Kiely (30), :
Morgan & Ferrante, (31) and Atabek & Lew (32). The
earlier analyses restrict the study to waves of small
amplitude and large wayelength and solve for limiting
values of the o parameter. Womersley, and more recently,
Atabek & Lew, consider the same problem, but solve for a .

range/



range of ot parametefs and with a large range of oscillatory
amplitudes and wave lengths. These fesults show the
relatively small importance of the wall elasticity in
affecting the motion of the fluid within an elastic tuhe
which has a modulus of elasticity and Poissen ratio (see
next section), radius, inertial damping and internal
pressure typical of the pulmonary airways (seg Figure 9.2,

~

page 184, in McDonald (33)).

The above discussion concerns infinitely long tubes,
whereas the airways are tubes of only two to three

diameters in length. This serles arrangement of short
tubes can be thought of as a series of entrance-type flows

(Pedley, 34).

A study of unsteady entrance flow in a rigid tube has
been conducted by Atabek & Chang (35) for the case of a
uniforq velocity profile entering the tube. This time
dependent velocity is composed of a constant term super-
imposed on a general periodic function of time. The constant
component was.taken to be greater than the amplitude of the |
éeriodic component, thus preventing any backflow;* Kuchar

and Ostrach (36) have extended this study to include elastic

*This situation does not occur in the respiratory system,
where the backflow (expiration) is equal to the forward flow
(inspiration). Extrapolation of these studied to the
pulmonary system is thus probably hazardous.
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walled tubing. Both studies yield the velocity distribu-
tion and time dependent entrance length. Again the effect
of elasticitj on the internal fluid motion was small and
in general the dependence on the parameter o is similar to
the fully developed case. However these studies indicate
the existence of an interaction between Ehe Stokes layer
and the axial growth of the viscous boundary layer. The
magnitude of this interaction is, however, of second
order. In general, the steady viscous boundary layér
develops faster within an oscillatory flow. This results
in a periodically varying entrance length whose mean
length is slightly less than the entrance length for a steady

flow.

The above analyses of'Womersley, Atabek and Kuckar
all show that when the magnitude of thé oL parametér
becomes greater than order one, the oscillatory effects
start to become significant in dictating the viscous
boundary layer and gross organisation of the primary flow
within the core of the tube. None of these analyses ééh-
sider the aspecté of a time dependent flow in a tube with
secondary flows. Lync (37) has investigated the secondary
flows in a curved circular tube with a pressure gradient
along the tube, varying in a sinusoidal manner with respect
to time. He develops asymptotic expansions for large
values of o . The magnitude of'secondary flows are shown
to be governed by a parametér,Re5 , similar to a

Reynolds/



Reynolds number, where
— 2
U o
Re. =
* Rw? .
with R the radius of curvature of the tube., Asymptotic

theories are developed for large and small values of this
parameter. For large values of o« (i.e. flow which is
predominantly influenced by the periodicity) the directionA
of the steady part of the secondary flow is shown to be in
the oppqsite sense to that predicted for steady fully '’
developed curved flow (see Chapter 3). This result oécurs
for all values of Re; and means that the centrifuging effect
is not to force the.fluid froﬁ the inner to outer wall,

as in the steady curved flow case, but instead drives the

inner (core) fluid toward the centre of curvature.

This effect becomes significant only at relatively
high values of &« . In Lyne's solution the directions of

secondary flow showed a tendency toward the steady problem

at x £ Ik .

In the previous discussion we have noted that the
Womersley parameter, & , is simply the ratio of the Stokes
layer to the viscous boundary layer in steady flow. To
calculate o« for the pulmonary system we must therefore
known the magnitude of the steady viscous boundary layer
at frequent locations within this rapidly branchind system
of tubes. Neglecting the interaction between avdeveloping
boundary layér and an oscillatory pressure gradient (this

effect should be small),‘we can measure the developing

boundary/
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boundary layers in steady flow conditions within cast
replicas of the pulmonary airways and use this quantity

as the length scale in predicting « ., Figure 1.10 shows

" velocity contours taken for one of the steady flow con-
ditions studied within a cast replica of the centfal and
larger bronchi of the middle airways. The boﬁndary layers
are shown to be of order 0.25 x radius or smailer.

Table 1.2 shows theux paraheter in each segment. of the
typical pathway in the lung described in Figure 1.5 aﬁd
calculated for quiet* and moderate* respiratory frequency

and depth.

The table shows the ratio of boundary Iéyer thickness
to tube radius (S/h ) and & parameters  -calculated using
the boundary layer as the iength scale (a%) and using the
tube radius as the length scale (&,). . The results of
Table 1.2 show that the magnitude of the d parameter is
usually below one and therefore periodicity in breathing

probably has little effect on the flow for gquiet to

/’—

moderate respiration. Only in the central airways and
using the tube radius as the length scale can we calculate

paraméters or order one at these breathing frequencies.

We/

*The quiet respiration is defined at an inspiratory volume
flow rate of 500 ml/sec and a frequency of one breath each
four seconds. This is the breathing pattern when the
subject is at rest. Moderate respiration is defined as
the respiration at a mild rate of exercise, which is 1000
ml/sec inspiratoxry flow at a frequency of one breath each
three seconds.
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FIGURE 1.10. Velocity contours measured in a cast replica of the

central airways with steady flow and a proceeding upper airways
cast with appropriate sized larynx. Contours of 0.2 non-dimensional

velocity, the dashed contour. line is the mean velocity.
Velocity typical of a resting, quiet respiration.




TABLE 1,2  WCOMSRSLEY PARAMETERS IN THE LUNG

Resting Breathing . . Mild Exercise
. Breathing
Location Order Diameter 5/ - o S
cm & $ . “a, g Xa,
Trachea 0 1.8 .28 T 205 W45 1.83 4.07
Primary Bronchi 1 1.3 ™ .18 .36 1.99 .20 .59 2.94
Lobvar Bronchi 2 .94 .18 .26 1.44 .18 .38 2,12
3 .72 .24 .26 1.10 .18 .29 1.63
Segmental Bronchi 4 ST 22 .19 .87 .17 22 1.29
5 .45 .25 17 .69 .20 .20 1.02
6 056 055 ' .81
7 .30 ' 46 .68
8 .24 <37 . oS4
9 .20 .31 - .45
Bronchiole 10 .16 .24 .36
11 .13 , .20 ' .29
12 A1l . : .17 .25
13 .09 .14 ' ' .20
14 074 W11 .17
15 061 W09 .14
Terminal Bronchiole 16 050 .08 11

Resting Breath - volume flow of 500ml/sec at frequency of 1 breath each 4 sec (&= .25/sec)
Mild Exercise - volume flow of 1000ml/sec at frequency of 1 breath each 3 sec (®= .167/sec)
&, is Womersley Parameter based on hydrodynamic boundary layer

o, 1is Womersley Parameter based on tube radius

§ is the boundary layer measured with steady flow in cast replicas of the pulmonary airways
and meaned over the circumference and length of the branch,.
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We therefore conclude that the fluid mechanics within
the bronchial tree are quasi-steady (for both primary and
secondary currents) at all but the most rapid breathing

conditions.

One other aspect of the periodicity must be considered:
that is the pattern of breathing is not a sinusoidal function
in time, Fié.l.ll shdws the basic shape of the respiratory
pattern:measured in six young normal subjects. The feature.
to:note is the constant inspiratory flow rate which takes
up over 85% (85% to 93% in the six subjects) of the time
of inspiration. ‘Therefore we can conclude on these
"physiological" grounds that the velocity during inépi;a-
tion will not be continually cﬁanging as in a sinusoidal
pattern ~This implies that the pfeceding arguments about
the oscillatory nature of the flow are probably conservative,-
lending further support to the conclusion'that respiration
is a quasi-steady flow probiem. Instead of an oscillatory
analysis, the problem of a suddenly'moving flow within a
conduit is probably more appropriate to the pulmonary
system, This is simply thé solution of the Rayliegh layer.
The conclusions of sgchna Rayliegh layer analysis also

show . that the flow within the middle airways is quasi-

steady. ' ' .

F./

*Higher frequency components of the respiratory cycle are
neglected.
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FIGURE 1.12 Linear deformation measured in bronchi removed from

normel lung shortly after death. Axial deformation is very small,
Numbers refer to order of branches shown in figure 1.5 Note order
1 is not within the parenchyma of the lung. Also note the

similarity in tangential deformation although diameters of the tubes
differ by a factor of three,
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F. The elasticity of the airways and its effect on the flow

The airways in the lung are elastic structures. This
is a fundamental property of the bronchial system in that
'respiration is basically carried out by expanding and
contracting the bronchial tree and its distal alveoli.
Most of the volumetric change occurs in the most distal
air sacs (and highly compliant alveoli) which may expand
their volume by 100%. but the bronchi and bronchioles
which convey the air to the alveoli also change volume by

about 5 to 10%.

The changes in calibre of the bronchi and bronchioles
can be easily observed when watching respirétion under
fluoroscopy and this aspect of respiration has received
considerable attention in the physiological and medical
literature. It is quite unfortunate that most of this
extengive literature cannot be used to develop an under-
standing of the effects of elasticity on the flow. This
is primarily due to.the failures of the observers to
quantitate the elasticities. Instead the primary aim was
to compare in vivo studies of the qualitativéAvoluﬁetric
excursion of airways.in normal and pathologic:l conditions.
Therefore the author set forth to determine the bronchial
elastic characteristics which have relevance to the pattern
of air flow. During the time of the study which will be
discussed briefly here, two other investigations of the

elastic/
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elastic Properties of the airways which have relevance to
"the internal flow have been published (Hughes, 38; Hyatt,
39) and two studies on the stress distribution in the lung

have appeared (Mead, 40; West & Mathews, 41).

The bronchi change calibre during respiration for
two reasons. The excursion of the chest wall (i.e. the
ribs, etc.) pulls the lung at its periphery, Which stretches
the alveoli and bronchi within the lung parenchyma.
The second reascn the bronchi change shape is from the
internal fluid mechanics. The alveoli which surrmound the
bronchi are at the downstream end of the flow during
inspiration and therefore have a lower pressure than the
static pressure within the bronchial lumen. This creates
a pressure across the bronchi wall tending to expand the
bronchi during inspiration, and will bé defined as the
transmural pressure. The static pressure within the
bronchus will depend upon the viscous dissipation and
kinetic energy of the fluid (remembering that the bronchial
tree has an expanding area). Assuming that the alveoiér
bressure remains constant, then the transmural pressure
will be directly related to the static pressure within the
lumen of the bronchi, which will in turn affect the calibre
and shape of the bronchus. This is the basic influence
that the fluid mechanics has on the elastic walls in the

quasi-steady flow problem.

The expansion of the elastic tube wall will identically

follow/
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follow the internal axial pressure gradient only if the
veésel is very compliant in the axial directioh. With an
axial component of elasticity the tube wall will distort
into a shape which is dependenf upon the transmural
pressure at the chosen axial position and also dépendent
upon the state of walls expansion at adjacent axial
positions. The disiance through which an expansion of the
wall at one axial point (from a pqint source load around
the tube circumference) will affect the expansion of some
up or downstream position of the tube wall can be defined
as a relaxation length,v . This distance can be calculated
from Timoshenko (42) to be -

Yl = O.bla
for a circular tube with radius a. This means that the
wall of the tube will distort from pressures within the
tube an axial distance of 0.5a awéy. Therefore if the
axial pressure gradient is abruptly changing (within a
distance less than 0.5 radius) we may expect significant
stress concentrations resulting in complex wall configura-
tions. The axial pressure gradient will affect the state
of expansion of the vessel 4 but Ehe shape of the vessel
may also have significant_effect_on the internal flow.
The simplest case, of coupliﬁg between the elastic and
hydrodynamics, is steady fully developed . laminar flow in
an elastic tube. This was studied by Morgan (43)} who
showed that the tube radius decreases in size due to the
axial pressure gradient. The studies of unsteady, fully

developed/
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developed flow in distensible tubes have already been
discussed. Except for the effect of elasticity on the’
pressure wave movement, it was shown that the elasticity
ofAthe bronchi had little efféct on fluid motion in the
oscillatory condition other than fhat expected in the

steady conditions.

Kuchar & Ostrach (44) studied the steady entrance
flow problem in elastic tubing. Thg analysis showed that
the coupling between wall and fluid mechanics results in
a shortened hydrodynamic entrance length, i.e. the flow
develdbs faster.* The elastic entrance length was of the

order of a tube radius.

The airways are a rapidly braﬁching network of tubes
where a new?viscous boundary layer devélops at each
branching point; somewhat like a series of entrance con=
ditions. In this situation it is possible that changes
in the static pressure coﬁld occur over very short axial
distances creating a very complex wall configuration and
coupling_betwéeﬂ the wall shape and developing viscous
boundary layer. To elucidate this possibility, the static

pressures within the life-size cast replica of the central

and middle airways was measured.

The/

*Not to be mistaken for the similar effect of the oscillatory
flow on a developing boundary layer . in an elastic or rigid
tube, as discussed in the previous section,
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The static pressure gradient was also..obtained from
the large scale bifurcation model studies of Chapter 5 |
(see Fig. 5.12). Both cases agree approximately with the o
work of Kuchar & Ostrach (44) in that the axial pressures
change with an axial length scale of the order of a tube
radius or larger. These results suggest that the elastic
bronchi will expand in a simple mode. And this state of
expansion can be approximated by assuming that the tube |
uniformly changes its calibre in response to the mean
internal pressure within any one bronchus. I shall use
this assumption to develop the equation forithe bronchial

distortion and analysis of the pressure wave velocity

within the elastic walls of the bronchi.

Assuming a circular tube with an isotropic elasticity
of E, a wall thickness of h and an initial radius a where
hoce 1 |
& h .
and letting Poisson ratio be defined as g, the equation
for the motion of the wall can be simply derived to be
(Atabek, 2)’

dr . Eh = P(-q) - T4 '
dp ro r (1.2)
where P is the transmural pressure, changes in this pressure

being assumed small, and TA is the axial stress.:

"We further assume an internal oscillatory flow where
the wave length A\ is much longer“than:the tube radius, a,

and only small deformations of the tube walls.

CeH &L ;

We/
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We take the velocity, pressure, and cross-sectional

area respectively to be of the form

K (%-Ct)
w = 'M,Lx’t)-: l),,‘fu,e‘
— N EACEE R
p = ple,t)s No+ pe
A = Alx,t)

and ignore the inertia of the wall substance. In the
above equations, K = 27/, , is the wave number and C is
the wave. speed. Uy and P, are the mean steady valueg of
velocity and preSsufé and these guantities are assumed

dlowly varying with the axial distance x and also uniform

across any one cross section.

We can now.linearise the equation of motion for the
wall and fluid and examine the real parts of the Fourier

component. This gives us

KLU, -S)w, -—'?— K ?f

and 4
A
K (U-C)py = = ( /(m/érﬂm'

from which we can deduce that

c =0VxC, ,
where C is the wave speed, U the mean gas velocity and
Co is the wave speed within the elastic wall. Using our

thin vessel analysis, we can calculate C, as:

_ b.
C, = Eh_ _--E&[;-v-ﬂ] “
2Q0a :ZQ Zae '

With Poisson's ratio, g, set to zero

l
(5% )
e, =\~

(1.3)

where/
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where the term P"/Z? is the initial stress (Atabek, 2)
in the bronchial wall caused by the lung expanéion during

inspiration.

This is then the relation between the wave spéed and
elasticity in thé circumferential direction. The distortion
of the cross-section by the mean transmural bressure is of
course given by equation (l1.2). To calculate these
equations, we must determine the magnitudes of the airway
elasticity, E; This was done by removing the bronchi and
large bronchioles from four normal human lungs taken
immediately after death. Each of the 200 bronchial segments
~ were then individually stretched by imposing a series of
internal pressures. The change in internal volume was
recorded along with the axial deformation. The bronchi
have considerable amounts of muscle co&ting. This muscle
was relaxed by bathing the whole preparation in isotonic
saline, The walls of a bronchus are a composite of three
stretchable fibres,'cartilage, elastin and reticular fibrés.
Each of these fibres has a distinctly different elastiéity
and it is currently accepted that some of the fibres e#ist
in a wrinkled or wavy unstreSsed gtate. Ther-fore some
deformation must occur before these wavy fibres are
straightened and start to exhibit their resistance to
stretch., This gives rise to the possibility that only
discrete areas of the wall take up the stress and that
these stressed areas change depending upon which type of

fibre/



- 49 -

fibre is taking the current load. To evaluate this
possibility each bronchus was "branded" with a tiny
hexagonal pattern and the distortion of the pattern was

observed microscopically.

Several features of the elastic walls of the airways
became readily apparent. The;iinear axiél.deformation is
very much smaller than the circumferential deformation.

This infers a highly anisotropic‘structure with a relatively
rigid axial component. The smaller bronchi are more |
compliant than the larger ones. This relation is quite
definite in that the linear circumferential deformation in
all intra-parenchymal airways is equal. And finally'the
brand distortion showed, apart from the axial to
circumferential anisotropicy, that the wall of the bronchi

acted as a homogeneous elastic structure.

Figure 1.12 shows the linear circumferential deforma-
tion from a varietylof sall bronchi averaged for the four
lungs studied. The orders of the bronchi refer to the
Figure 1.5. It can be seen that:these structures exhibit
elastic characteristics similar to other biological
structures. The defo:'nation of the bronchial wall is at
first large for a given increment in stresé. The walls
begin to act as a more rigid structure once the magnitude
of stress passes a given value. Biologists normally inter-
pret the preliminary strain as the deformation necessary
to unwrinkle the tough elastic fibres. The stress

experienced/
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experiencéd by the bronchi under normal flﬁid mechanic
conditions is always less than this Wunwrinkled stress"
point, and therefore the mégnitude of the elasticity can v
be.determined from the initial shape of the curves in

Figure l.12. Table 1.3 shows the Young's Modulus obtained
by fitting a straight line to the first part of the stress-
strain curve and using the initial cross sectional area of
the bronchial wall. Using these values for Young's Modulus
the radial deformation calculated using equation 1.2 is

simply: -

pl3

where we have neglected.the axial stress an&ﬂprestress
terms. The quantity %F is the percentage of radial
deformation when the transmural pressure is changed by AP.
The alveoli which surround the intra—pafenchYmal Bronchi-
will be at the downstream end of the flow and therefore
the transmural pressure across the bronchial wall will be
equal to the viscous‘préssure loss occurring in the fluid
moving between the bronchus and the terminal alveoli. )
Two recent analyses of pressure drop in the lungs (Pedley,
34; Olson, 5) are usel to predict the viscous pressure
loss, and thus the transmural pressure. The percentage

of radial deformation exhibited by the wall when changing
from a 500 ml/sec inspiration (quiet) to a 1000 m;/sec
inspiration (moderate) is calculated and shown in the table.
We can see that the deformations which occur when changing
the flow conditions by 100% afe quite small; being about

13/



TABLE 1.3

* order of Bronchus Young's Modulus % Radial deformation Wave speed ' Vean Wave Speed " Wave
Bronchus diameter in circum ¥ X (cm/éec) Velocity mean vel. length
(initial) direction Model 1 Model 2 (°“ygcg) (cm)
(dynes/cn?) (%) |
1 1.3 9,1x10% 0.55 0.23  2.13x107 2.4x102 8.9 1.53x10°
3 0.72 12.5x10% 1.24 0.55  2.5x10° 2.,2x102 . 11.2 1.43x10°
4 0.57 9.1x104 1.10 0.25  2.13x103 1.27x10° . 16.8 0.81x107
5 0.45 6.9x104 1.02 0.37  1.86x10° 1.21x102  15.4 0.77x10°
6 0.36 5.0x104 0.85 0.20  1.57x107 0.71x102 22,1 0.45x%107
vi 0.30 4.75x10% 0.75 0.27  1.54x10° 0.63x10°  24.5 0.40x107

# Bronchus of order 1 is not a part of the middle airways and it is not within the parenchyma of the lung.

¥x The % radial defornation is the deformation of the bronchus when increasing the flow from a quiet
inspiration (500 cc/sec) to a moderate inspiration (1000 cc/sec). The deformation going from O to
1100 cc/sec inspiration rate is about 257 greater than the given values. Thus the deformations are
still about 1% of initial size. :

Model 1 was calculated from Pedley et al, and Mcdel 2 from Olson et al.

+ See‘table,figurg 1.5

—'[g—
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12 or less in all cases.

The wave speed in the wall (calculated frém equation
1.3) and the mean velocity of the gas for a quiet
inspiration are also shown in the table. The wave speed
determined in this manner is 10 to 25 times fastef than
the mean velocity of the gas at quiet inspiration and two
to five times faster than the velocity at a maximal rate

of inspiration (2500 cc/sec).

We assumed a long wéve;length for calculation of the
wave speed and radial deformation. The wave length can be
calculated as | = 5%53'
and this ig also shown in the table. The wéve length
predictéd in this manner is of the order of 1000 cm while
the total length of the bronchial tree is only of order
30 cm in length (see Figure 1.5). We therefore cénclude
that the pressure gradient will-not move as a wave in the
pulmonary system, but pressure within the bronchi will
simply follow the imposed pressure oscillations almost

/.VV

instantaneously.

One other feature of the elastiéity in lungs should
be noted. It has recently become apparent thut bronchial
elasticities obtained by cutting up the l&hg and stretching
the tissue in vitro does not produce similar results to
bronéhialrelasticity measured in vivo. Hughes (38) has
recently conducted such in vivo studies, which conflict
with the in witro studies of Hyatt (39). fn ganeral,

Hughes/
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Hughes found a relatively similar Young's-Modulus to those
shown in Table 1.3, but he found no anisotropicity, nor
any depéndence on the elasticity with bronchial size.
Hyatt's lung studies showed higher values of E but similar’
anisoﬁropicity-and similar elastic dependence on bronchial
size as éhown in the table. Hughes and Hyatt used dogs'
lungs, while the data for Table 1.3 is from human lungs.
Hughes' studies can be arranged to give a Young's Mbdulus
of: £= 1.7 C107) DI/ e |

"and these values were also used to determine the wave
speed and wall deformation. The results are very similar

to those of Table l1l.3.

We can therefore conclude that the elasticity of the
bronchial tree will have little effect on the flow during
the inspiration manoeuvres considered iﬁ this study.
Further, the bronchial dimensions will not deform more
than about 1%. This deformation will take place primarily

at the points of bhifurcation and extend axially for about

a distance of one radius.
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CHAPTER 2

A pulsed wire technique for measurement of velocities and

directions in steady, three-dimensional, low speed flows

This chapter will report a method for simultaneously
measuring the velocity and direction of very slowly
moving fluids. The technique consists of measuring the
time of flight for é cloud of heat moving betw=en two fine
wires arranged in parallel, The thermal cloud is préduced
by electrically heating the upstream wire énd sensed by
the downstream wire operated as a simple resistance
thermometer. The time and location of the maximum
response in the sensor wire is used for velocity and
direction determination. The chapter will discuss the
theoretical behaviour of the probe and-tﬁe results of
some calibration experiments, This chapter will also sérVe
to explain the experimental methods used when operating the
pulsed wire probe* in the model flow studies of the

following three chapters. : ‘ T

Introduction

During recent years an active interest in the under-
standing of flows in the human body has motivated the
study of laminar motion in highly complex three-dimensional

flow/

*Yot wires and wall shear probes are also used in the model
studies. The methods used for these instruments and the.
techniques of data handling will be discussed later.
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flow patterns. The availéble techhiques for measurement
of such flows, éither within the body or in moael studies,
are inadequate for a variety of reasons. Essentially what
is needed is a device which can indicate velocity and
direction simultaneously with an accuracy of abou£ 1% for
low speeds (the air used in our model studies moved at
velocities from 0.1 cm/sec to 100 cm/sec). Furthermore,
the instrument must b2 small and must complete its measure-=
ment within a short time interval (to allow for the stu&y
of pulsatile flows). The use of a static pitot tube for
measurement of such flows is ruled out because of the very
low velocities. Hot wire anemometers, with very careful
usage, can be used to measure air velocities down to

about 5 cm/sec. Below these velocities the natural con-
vection interacts with the forced convection to give
ambiguous results. The hot wire can also be used to
indicate the direction of the velocity. Unfortunahely the
- ability of the hot wire to sense direction at low velocities
is severely limited. Furthermore in three-dimensional
flows the hot wire has an ambiguous response from a
simultaneous pitch and yawvreSpoﬂse. The use of crossed

wires does not correct this problem at low, speeds..

This paper describes a measuring technique which over-
comes these difficulties. The measuring system is quite
simple; it consists of two very‘thin wires positioned
parallel to one another and spaced a millimetre or two

apart/
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apart., The upstream wire is electfically heated with a
short pulse of éurrent lasting a few microseconds. This
heats the upstream (pulsed) wire to maximum temperatures

of about 1000°C. The temperature of the upstream wire then
decays through the combined mechanism of forced and free
convection to the immediately sﬁrroundiﬁg gas, radiation

to the surroundings, and conduction to the wire supports.
The heat diffuses and is convected downstream changing the
thermal environment of the”downstream (sensor) wire in a
characterisfic pattern. The downstream wire is operated

as a simple resistance thermometer. The time taken between
the original pulse and the peak signal in the downstream
wire is used to indicate‘the magnitude of the velocity
vector. The direction of flow is sensed by revolving the
downstream (sensor) wire around the pulsed wire to find

the centre of the thermal wake. At very low velocities a
correction has to be made on the directions in the vertical
plane due to buoyancy effects. So far only a simple probe
mounting is used, which requires that the probe be intro-
duced into the flow at two perpendicular planes so as to
obtain all three components of velocity (more complex

probe mountings could eliminate this problem). The £echnique
is very sensitive to velocity and direction, allowing for
measurements of velocities with an accuracy of less than
0.1l cm/sec (1 cm/sec to > 100 cm/sec) and direction measure-
ments of 2°-5° at velocities below 10 cm/sec and less than
0.5° at velocities above iO cm/sec, The instrument is

unfortunately/
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unfortunately very delicate and measurement is difficult
until one becomes very proficient at replacing and aligniné

the thin (0.0001" dia.) wires.

The technique described here is not original, it was
first described by Bauer (45) for application to very_:high
speed flows; both Sato (46) and Kovasznay (47) had
previously used a somewhat similar approach. More reéeﬁtly,
Bradbury & Castro-(48) in England and .Tombash (49) in the
USA have been using modified versions of Bauer's original
probe for use in highly turbulent flows. All of these
authors have used the instrument in a velocity range where
the probe works essentially by convection with thermal
diffusion having secondary influence. The problem we
present is just opposite to the previous efforts. We have
eésentially a thermal diffusion problem being infiuenced

by convection.

Kovasznay and Sato made heated waké velocity measure=-
ments for air speeds of about 500 cm/sec. Both worke;s made
use of a sine wave to heat the upstream wire. They would
then move the downstream wire with respect to the dpstream
wire to detect the length of one heat wave. The air
velocities and heating frequencies were kept low so that
the thermal inertia of each wire did not interfere with

the measurement.

Bauer used a method with two hot wire anemometers
parallel to each other. He briefly analysed the response

characteristics/
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characteristics of his syétem, including the thermal
inertia of the two wires, but since his velocities were
very high (he wanted to mggsure.velocities in the range

of 75 metres/sec) he was able to bartially dismiss the
effects of thermal diffusion. Bauer used his instrument

to indicate both the magnitude and direction of the flow.
The principle of operation was to have two fine wires .
arranged in parallel on a mounting device which could allow
the whole device to rotate along its axis‘and also to allow
the upstream wire to be moved separately. The upstream
wire was heated with a pulse of current, while the down-
stream wire was ope;ated as a simple resistance thermometer.
The time taken for the initial .part of the tracer of heat
to reach the second wire was measured and used to!indicate
the magnitude of the velocity. The direction of flow was
measured by first rotating the probe about its axis and
noting the yaw response on the resistance thermometer wire.
Next the upstream wire was moved until the wake of‘the

upstream wire passed over the downstream sensory wires

Bradbury noted that-the response of Bauer's probe
would be very sensitive to flow direction so that in a
turbulent flow most of the heat pulses would miss the down-
stream sensor wire. To overcome this problem, Bradbury
rearranged the wires of the device so that they were
perpendicular to one another. He also added a third wire
to the instrument, another sensor wire, so that he had
sensors on both sidest.of the pulsing wire. This allowad

him/
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him to investigate reverséd flows. Bradbury made a more
detailed analysis of the response of his'probe at
velocities. large enough so that thermal diffusion made

only a small effect (about 2 meﬁ;es/sec for the pfobe
geometries he used). Bradbury's method was to determine
the initial response of his sensor (resistance thermometers)
wires. Without thermal diffusion or any interference of
thé convection by the viscous wake, the time cf flight fof
the heated cloud of gas would correspond to the time'taken
between the pulse and the initial response of the down-
stream sensor wire (see Figure 2.1); Without the above
effects the sensoy wire would indicate a discontinuity

in slope at the time of flight. The response would then
rise with a linear~slope determined by the thermal inertia
of the sensor wire (and complicated somewhat by conduction
to the sensor wires supports). The thermal diffusivity
would tend to eradicate this discontinuity. Both Bradbury
and Castro, and Tombash, analysed this convection-diffusion
problem to indicate when the effects of diffusion would
have passed the sensor wire. They could then extrapolate
back to zero response to indicate the time of flight.
Tombash did this by digitising his response cuxrve and
analysing the shape of the curve on a computer. Bradbury

& Castro simply used a convenient voltage offset to

indicate a time close to the time of flight.

We use much lower velocitiss "and therefore the effect
of thermal diffusion has a very large influence on the

sensor/
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sensor wire réépousé. In‘essence we have a thermal
diffusion problem being distorted by convection. The
initial response of thé sensor is hopelessly insensitive

to convection at lower velocitiég. This is in contrast

to the location of maximum signal which is quite sensitive
to the fluid velocity. Predicting the location of the
maximum signal in the sensor wire for a messy diffusion-
convection problem such as this is muchvmore difficult than
predicting the initial response. We must predict the

whole shape of the thermal cloud produced by the pulsed
wire, the distortion of this cloud by diffusion and the
convection pattern of the viscous wake, and then the
response by the sensor wire. We experimentally investigated
the parameters of this probiem so:.as to get the analysis
down to a manageable complexity. Théamost sensitive
aspects Qf this problem are: the temperature decay pattern
of the pulsed wire (i.e. the initial shape of the thermal
cloud), the convection-diffusion interaction, thé.variable
diffusivity:diffusion and the natural convection (or ~
buoyancy) effects. The thermal inertia.of either wire,
the viscous wake of the pulsed wire, and the conduction
of heat to the wire supports are of much less importance

for the velocities considered in this study.

Analzsis

In the general case the temperature of a fluid is

governed by the equation:

)
3{ + IO = K@) V'O



(2.1)

‘Two assumptions have to be made before we can attempt
approximate solutions to this‘equation. The’first assump- -
tion is that the velocity is uniform e#erywhere. Thisl
seems to be a good assumption considering the velocities
and Reynolds numbers, based on the wife diameters, used in
this study. The wake produced by the wire will be either

a Stokes or an Oseen wake (Re z:O(lO-2

)). Since the wires
are spaced more than ower 1300 diameters apart, the effect .
of the wake on the temperature field around tﬁe sensor
wire must be small. Furthermore this type of problem, i.e.
a diffusion in a convection field witbhout a boundary, i;

very difficult to solve. Taylor (20),,Aris (?1) and many

subsequent authors (51, 52, 53, 54) have solved the problem.

———

of simultaneous diffusion and convectioﬁ”fbr various con-
vection patterns with a solid boundary,around the flow.
This allows the assumption of almost complete diffusional
mixing in the radial direction. Lighthill (22) solved
a..special case of the diffusion.convection probleﬁ where
a solid boundary was not néceésary, i.e. for flow within
a tube, radial diffusion was small. The solution could
only be found for a parabolicivelocity‘distribution.
Chatwin (23) has recently obtained an_expression; valid
for radial diffusions between the limits required by
Lighthill's and Taylor's theories. If the velocity dis-:
tribution in the wake of our pulsed wire was assumedvto
be an inverted parabola, the Lighthill solution to

simultaneous/
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simultaneous convection-diffusion might be applied. This
was not attempted because of the strong influence of the
thermal diffusivity (k& which can easily overwhelm any
effect contributed by the velocity distribution in the

wake.

The second major assumption is that the thermal
diffusivity, K, is not a function of temperature. As can
be seen in Figure 2.7, temperature has a very strong.
influence on K for the air temperatures of interest»(o—.
1000°C). cCrank (55) discusses the various solutiéns, both
closed form and iterative methods for solving the diffusion
equation with a variable«diffusivity. Fujita (56) creates
several variable transformations to solve the diffusion |
equation where the diffusivity depends on temperature in
special ways. These transformations are not possible with
the addition of the coﬁvective terms in the diffusioﬁ |
equation. The only satisfactory method of handling thé
" variable diffusivity was an empirical one. This will be

discussed in the next section.

Using the above two assumptions, the equation for a
line source of heat within a uniform velocity field with

a constant diffusivity is: ' o .

S, 30 . L (Ve ,Vey

The solution to such an equation can be obtained by the
method of instantaneous line sources (Cars law & Jaeger, 57,

p.261) with ¢ (t) as an arbitrary source term, located at

(x', ¥y")
¢
- Pk (et de’
= —_— ‘ —— (2.3)
6 (x,q4,2¢) ok bty e — ‘
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where B(x,4,t) is the temperature at the chosen poinﬁ,
! ne . . .
ris ):(x—Ut)z“x,Z}*f‘a's) and Qeq&uc) is the rate per unit time at

which the source liberates heat,

Two solutions to this problem are readily available
depending on ¢¢¢). If &) describes an instantaneous line

source of heat equal to a strength of Q, the solution is:

Q - ut
B Lx,y,t)s ine © (2.4)

Also if @4¢d)is a constant equal to Q', the solution is:
4 rl

GCX,‘; ,'t): —"{?YK' EZ‘(;—K,—-b (2-5)

(%)
J <
—E37 t-x) = —u—du-

is the exponential integral. We shall see that the

where

solution of our problem will tend toward equation (2.4)

for the low Peclet number case (low vélocities) and tend
toward solution (2.5) ét the high Peclet number case (high
velocitieé), with moderations for thermal inertias of the
measuring devices. Therefore, the precise function of the
heat .1loss from the source (i.e. ¢(t)) is critical for,under-

standing this diffusion-convection problem.

Heat loss from the pu.sed wire

-

In general the heat balance in the pulsed wire can be
written -

Heat electrically generated = heat stored in wire

+ heat lost due to the stream via forced convection

and natural convection |

+ heat lost to surrounding aue to radiation

+ heat lost to supports via conduction.
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The electrical heat geherationlis produced by a pulse of
essentially constant vbltage for a time of 22 to 150 midro
seconds.. These pulses are shown in.Figure 2.4, The time
of heating ig much less than the tiﬁé constant of the
temperature decay of the wire. Therefore we can éssume
that during the time of the electrical pulse the wire is

heated instantaneously and uniformly without losing any

heat to the surroundings.

The temperature rise of the wire can then be described
2
by QMQ At ?c¢<® e
'Q .
where qca)-_,q'o <,+d o+ %814-2‘_(531*.6634)
and <, is the wire resistivity at room temperature, P the
wire density, C the specific heat of the wire,»and 6 the
temperature increase from room temperature. V is the
voltage, 1 the wire length and &t is the pulse durction.
Nickel was chosen as the material for the pulsad wire (for
reasons to be discussed later). The coefficients &, @,é‘,”
and € are coefficients of a five power least squares fit
to the ¥ vs. @ curve for nickel obtained from a variety of
fits the curve of Fig.2.3 within 1%,

sources (58, 59, 61).The mathematical relation/The high
power fit is needed because nickel undergoes a magnetic
transformation at about 360°C. Figure 2.5 indicates the

temperature obtained by various pulses of different

voltage or time duration.

At high velocities past the wire, forced convection
plays a predominate role in the temperature decay of the
pulsed wire. At the lower velocities considered within

this/
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this study, the heat is lost from the pulsed wire via a
combination of several modes. of heat transfer. We shall

consider each of the modes of heat loss in more detail.

The heat lost to the wire supports by conduction has
been considered by Collis & Williams (61) and analysed
by Bradbury & Castro (62). These efforts show the import-
ance of the aspect ratio (diameter/length) for conductive
heat loss to the wire supports. As we have mentioned,
the volumetric size of the probe is constrained so the
probe may be used for internal flow problems. This con-
straint therefore definee the length of the pulse wire,
creating a>relatively low aspect ratio of aﬁout 200 to
400. A solution of the steady state convective—conductire
heat loss problem will help display this dependence on

aspect ratio,

If we assume that the Nusselt number is constant along
the length of the wire, and that the thermal concuctivities
K, and K  are not functions of temperatrnre (which'is a poor
assumption for K ); then the steady—-state solution to the

heat loss can be obtained.

2* Yo : - | rd® dzéw

A = I Ko Nuw (6 - a:_ﬂ Ka 7 e

(steady electrical _ (forced convection + (conduction
heating) losses) losses)

We can integrate thlS equatlon and rearrange to get

pd” de
ftru,ahc 2K, o I%

nr1<‘L f(ew—e&)dx T Ko fo(e.«—em) dx
where the first term in °the righthand side is the Nusselt

=0

Nwu =

number/
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number if no conduction was present. With aT, Ou = - T

we can solve for the second term in equation (2.6) in terms
of the Nusselt number (with no conduction) if we make the

following assumptions:
1) The wire is not heated to high témpératuré, which
is a poor assumption for the pulsed wire.
2) Aspect ratio is large ; - %B >2 1
3) &»ku, > 1
The boundary conditions are

dow
T = O at x =0

*

O.=0 - at x =tz

and the solution is -

T . Ke V2N
Y. -~ Id ) !

/1. .
We can rearrange equation (2.6) to give

: [}
Nu, = Nu + CNLL/L
Yz

Yo (52)

where Nu is the Nusselt predicted assuming no conduction

with

losses and Nu is a type of Nusselt number incorporatiné
both convective and conductive heat losses. Some typical
values: of C are-—— _ |

C & 0.10 Y2 00
C =~ 0.20 4 = 200
This infers that the correction due to conduction for wiresi
with a constant heat source may be approximately 10% to
20% for the steady state condition with the.asﬁect ratios
(%@) appropriate for the.probes used in this work., The

problem/
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problem using a non-steady heat source will bé less
affected by the conduction term than the above steady
problem. A solution to the non-steady heat loss problem

can be obtained from Carslaw & J;eger, p.135 =
s I ?t - KJSLRnel )z‘n"e
T oo w - N q,g_-._—'"
Cosh % (T HouwS (Ne

., 4) T
Y oCom R (7N T S @] s 17-'%{553"
where =,€§%%%§' , and the second term in the equation

an+))
Cos ze X

has the conduction.lcss within it.

We can see that the magnitude of the terms in this
series rapidly approaches zero :with increasing n so we
take only the first term. Within this.term

- (% s RIVr) E

we have contribution from the forced convection 2 and
conduction K, 7° %f. Now using typical values of % ,k,,d,,
1, we find that the time scale for heat loss due to con-
duction (with the lowest aspect ratio, 200) is of order
% second where the time scale for loss due to convection is
of order 1/80. This implies that the heat is lost pre-
dominately through convection in the initial phase aféér a
heated pulse. Therefore we can conclude that the conductive
heat losses to the supports is not significani in the
transient state and becomes about 10% to 20% of the forced
convection loss in the steady state. We will therefore

neglect conduction for our transient problem.

The above arguments concern the amount of heat lost
via conduction as compared to convection. An aspect of

the conduction related to the above arguments and important

to/
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to the yaw response (see last section of this.chapter)

of the probe's operation, is the distance on each end of

the pulsed wire which wil% be cooled by conduction to the

wire supports. The characterisﬁic distanée of heat

diffusion along a rod to .an infinite sink is appfoximately
X“:"VK,wt

where Kw is the wire thermal diffusivity and t the t;me of

diffusion. Using a time for diffusion equal to the time

constant of temperature decay experimentally found (éee

later) in the pulse wires, we obtain

X = 60.02 ¢wm. )
With the length of the pulsed wire equal to about 0.5 cm
we conclude that the distance cooled by conduction at
each end of the wire will be approximately 5% of the wire

length.

The heat loss from the pulsed wire due to radiation
can be considerable since the initial temperature of the
wire is quite high. Furthermore the heat loss will depend
on the temperature to the fourth power (as opposed towéll
the other mechanisms of heat loss which are a function_of
the témperature to the first power). This means that the
temperature decay function of the pulsed wire, the &),

can be significantly altered by radiation.

Imbedding the conduction and-.natural convection heat
losses into the forced convection term, our energy

balance can now be written:
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.\ d
@Qc—?@ )d—i s - Kd Nu® (e-e,.) - K*(e'-o!)

(combined conduction,
natural and forced (radiation)
convection)

where Nu* is a Nusselt number corrected for conduction to
the supports and natural convection, and K* contains the
Stefawn—~
aBaltzman constant and emissivity for the surface of the

probe wire.

If welet , . = (K“' o A dlL )'t
§= K%‘ Nu./d ‘
Al e ¥ :
then Y ' 8.« 0
95 L (e-6.)+ $67=0

N

oAt ;
If we assume $ ¢¢ | we can then expand the temperature

in powers of§ , ©:0,+ 56, + S 0+

Substituting for @ and separating powers of § we have: -
b - | de L 4 ! 2 - .
(85 coce) e § [Eivoma ] o0 o
Solving for 6; '

we have ZZ +6, - 94:0

-
where we have used the initial condition, at
2‘::-0 @°=e:

Solving for ©.
d B,
de

with the initial condition 9(0)—0 and USlng Laplace

e
+O, + [eo."' (91 -e“-) e }

transforms the solution for B, is e
8, = 6, (e -—1) + 46,,_ (61‘6&)( re ) 1:1 -
Hne,_‘(er-e,_)‘(c e ") + Y04 (6 '9-»)( 'z,‘)

v (ox-en) (e, - e ) .-
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Combining the zeroth and first order solution, we

have

O = - Sea. . _
te {(91 8,) +58. 6569 (ez g 256, ce,:-@) -“(ez'tx)

___.__-
e
-
- N B

S 4 ~4x
Y 2(e1-6a) @

(2.7)

where the three underlined terms are the most important.

If we take a Nusselt number appropriate for very low
velocities past our heated wire and an emissivity for a
corroded nickel wire, we can approximate the coefficients
on each of the exponentials in the above equation. This
approxiﬁation gives the order of magnitude of S as

C= o0 (/o)
which implies that the zeroﬁh and first order expansion
solution presented above is prohably accurate, Using this
§ the coefficients of each exponential for an initial”
pulsed wire temperature (8;) of about 500° are approximately

-r 3 ] - j
©= 6“0‘1 { §(nY) e =ele suat) 1o ? + e %s0)

- - - = =m===
T~ =- -

- R
o max
- e w = =

This shows that the two terms in the coefficient on ‘e_k

are about equal in magnitude at this &, , but opposite in

-HE
sign., The coefficient on @ is also of about the same

magnitude but at this initial pulsed wire température the
-4 A
¢ term will have somewhat greater influence than the

other/
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other terms. At temperatures above &, = 500°C the
term will dominate and below this value ofier(for the

- :
low convection rates chosen) the &€  will dominate. At

higher convection rates the dominance of Q—Evﬁil extend

to somewhat higher temperatufes. This brief analeis is
obviously notgneedea to arrive at the conclusion that at
high temperetures radiation will be the primary mode of heat
loss and at lower temperatures convection will dominete

the problem, The analysis simply ellews a quantification
of this obvious conclusion. This quantification is impor-
tant because at higher convection rates a_stroﬁg infiuence
from radiation occurs at temperatures slightly higher

than the pulsed wire's o;erating temperature. While at
lower convection rates the influence of radiation, extends
down into the operating temperatures of the pulsed'wire and
exhibits its effect in the rate of thermal decay of the
pulsed wire. The conclusions to the temperature decay of

. the pulsed wire are that initially the slope of a 6 vs.
time curve for the pulsed wire should be four times the’
"steady state" slope produced by the convection alone. And
that a smooth transition should oecur between the decay

: NE -
rate of @ to the decay rate of‘@ + 1i.,e., the terms
=37 -At PR - .
@ , & , etc., This also indicates that fo: low convection

rates the decay rate will be a function of temperature.’

The heat loss to the fluid via natural convection is
very difficult to analyse mathematically and very sensitive
to the wire orientation with respect to the horizontal and

to/
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to the direétion of forced convection. Yih (63, 64) and
Cebeci (65) produce mathematical analysis of the natural
convectivé losses and the yelocity'field'induced by these
buoyancy forces with no simultanébus forced convection.
The Grashof numbers based on the wire diameter aﬁd meén
temperature are shown in Table 2. Yih indicates that for
these Grashof numbers the natural convection from a
horizontal line source is in a laminar state, creating a
low heat loss and very small velocities. Assuming véry
low forced convection the heat loss from natural convec-
tion has been theoretically solved by Cole & Rashko (66),
Kasspy (67 and Mahoney (6f), assuming an Oseen wake.
Hodnett (69), Collis & Williams (€1, 70) and Owen &
Pankhurst (71) have empirically analysed the heat loss from
fine wires due to natural convection with and without tﬁe-
presence of forced convection. Collis & Williams indicate
that the natural convection is not significant provided

Re)-Grh.

For our system this means a velocity of greater than
5 cm/sec. For Reynolds numbers below this value the
forced and free convection have an interaction which Qreatly
depends on the orientation of the wire. .Since the probe
is to be used in flows with significant secondary cufrents,
the orientation of the forced convection will vary with
position within the flow field. We therefore include the
natural convection heat loss with the forced convection,
predicting the overall heat loss from the empirical studies

already quoted.
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Forced convection will be the major mode of heat loss
at velocities above 5 cm/sec and at wire tempe;atures below
about 500°C. Many investigators have analysed the problem
of forced convection heat loss from wires. Theoreticai
work has been cohducted by Cole & Roshko assuming.a
constant property continuum fluid. The measurements of
Collis & Williams however show that the Cole & Roshko
result overestimated the Nusselt number, also that thé
Oseen-type analysis yields dnly the zeroth-order term in
an asymptotic expansion for Nusselt number. More recently
the theory has been advanced by making matching asymptotic
expansions of the flow and thermal field around an
infinite wire by Kaplun (72), Lagerstrom (73) and Proudman
(74). More impdrtant for our problem, where the wire
teméerature is quite High, Chang (75), Kassoy (67) and
Aihara (76) have analysed the heat loss with variable
fluid properties due to temperature. It is shown that for
high temperatures the Nusselt number greatly decreases

from the predictions extrapolated from low temperatures.

Many investigators have empirically studied the loss
of heat from wires du: to forced convection. Mosﬁtimportant
for the range of wire Reynolds numbers of “interest are
King (77), Hilpert (78), Collis & Williams (61), Davies &
Fisher (79), Aihara (76) and Bradbury & Castro (62).
The heat transfer law proposed by qulis & Williams for

the wire Reynolds number range 0.02< Re < 44 is given by

~0.1%
0.4s

O '
Nu ("‘“) = 0.24 +0-5b Re (2.8)
_ Oa
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Aihara shows that for high wire temperatures ﬁhe Nusselt
number predicted by this equation is too. high by between
10 to 25%. The relationship prediéted by eguation (2.8)
seems however to describe accurat;ly the forced gonvection

aspects of our experiments.,

Figure 2.6a shows the temperature of the pulsed wire
as a function of time for the indicatéd initial temperature
and velocity of air past the wire. These temperatures
were obtained by measuring the resistance in the wire as
a function of time after initially being pulsed to a
variety of initial temperatures. You will:onote that ‘the
initial slope of the decay is four times the later slope
and that a smooth transition occurs between these two
rates of decay. The st:aight.line indiéated as c-w is the
decay rate predicted b§ the Collis & Williams relation
for the ﬁrescribed velocities and temperature loadings.
The temperature decays are shown for several other initial
temperatures in Figure 2.6b with zefo velocity past the
wire. Figure 2.6c exhibits the temperature decays from
several initial temperatures with a velocity (59 cm/sec)
past the wire which i: approximately mid-range for the
scale of velocities for which the probe ié,designed to
measure. It can be seen that radiation ceases to be.a
major contribution to heat loss with wire temperatures
below 300°C. Equation (2.8) can be made to fit the

measured temperature decay accurately.

The/
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FIGURE 2.6a Measured temperature decay of pulse
wire as a function of time for two velocities past
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The use of severgl powers of the exponential decay
will unfortunately cause difficulties in the.ﬁltimate
solution of the diffusion equation (2.1l). Therefore a
single power exponéntial was fitted via a least squares
method to the emplrical decay rates. Figure 2.7'shows
the resultant single exponential curve fitted to the
measured temperature decay for?convenient initial
temperature. Figure 2.8 shows thé measured time constants _
obtained in this "fitted" manner as a function of velocity.
The dashed line is the time constants predicted from

Collis & Williams, equation (2.8).

We can conclude that the temperature in the pulsed
wire as a function of time will be approximated by the

equation
| =i/
-0 - (O~ p : .
(6w-0s) = (9z-0a) e (2.9)
where ©; 1is the initial temperature and 7; is the
empirical time constant which depends on the Nusselt number

and wire temperature.

fhé magnitude of the decay time constant is of
importance for the solutions to the diffusion equat%on (2.1).
When the velocity is low past the pulseaVWire the time for
the temperature decay in the pulsed wire willvbe about I
five times shorter than the time for diffusion between 
the pulsed and sensor wire (i.e. 0.012 sec vs, 0.060 sec).
This allows the assumption of an instantaneous source |

for/



FIGURE 2.8 Time constants of a single eiponehtial function
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for the solution of equation (271) at the very lowest
velocities. At high velocities the time for temperature
decay of the pulsed wire is several times longer than the
convection time between the two wires. Therefore the
solution will tend toward a continuous heat source as the

fluid velocity becomes infinitely large.

Another problem which involves the convective heat |
transfer between a flowing fluid and a wire is important
in the operaticin of the pulsed wire technique. This
problem involves the transient condition between the warmed
fluid and the sensor wire, operated as a simple resistance
thermometer. Since this problem is similarvin nature'to
the heat loss in the pulsed wire it will be briefly treated

here.

The temperature of the heated air when it reaches the
sensor wire is much lower than the initial temperature of
the pulséd wire. Therefore many of the difficulties
involving radiation in the pulsed wire do not occur in~
the sensor wire. TPFurthermore since a much smaller wire is
used the aspect ratio of the sensor wire is very high,
eliminating any conductive losses to the supports.
‘Empirical investigations were carried out with the sensor
wire operated at much lower temperaturés than the pulsed
wire, to determine the magnitude éf the transient thermal
state in the sensor wire. As expected, the temperature

-t
T: .
decay is a function of @ *and the Nusselt numbers derived

from/
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\

‘ The time constant
are accurately predicted by the Collis-Williams relationship./

from the time constant/can be ?glculated from the equation
. Lo.c
T o

where Nu is the Nusselt number predicted by (2.8). For .
the wire used in the probes the T; is of order .0005 or
less. The time constant with this size wire is'aéproximately
one to two orders of magnitude smaller than the diffusion
time indicated by the probe (.05 to .003). Therefore we
shall neglect the transient response of the sensor wire
and assume that it résponds instantaneously to the
temperature of the gas surrounding it. ‘

\

Solution of the diffusion equation for the high

and low velocity cases

Using the source term described in the previoﬁs section
we can scale the diffusion equation (2.l1) and solve for

two cases.

Scaling equation (2.,1) with the distance between the
wires L= Yx*+4* and the characteristic convection time,

tc’ﬁﬂ_we obtain the dimensionless equation

where C);@9-6¢l49& is the dimensionless temperature,
SE g/k-i nE are the coordinates scaled

by the distance between wires,

> = z /%VU) is the time scaled by the
' convection time between wires,
P= gﬁ is the Peclet number, i.e.

the/
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the ratio of diffusion time to convection time. (Kh is

the thermal diffusivity of air.)

The boundary condition to be applied at the origin is
that heat is supplied by the pulsed wire (per unit length)

at a rate given by -,

g:WKaNLL é\.‘t¢

where Nu is an adjusted Nusselt number derived from the

empirical heat loss miasurement described in the previous

section, ér is the dimensionless maximum temperature of
T _

the wire, and the dimensionless decay time T = is a

function of both the voltage pulse and the velocity u.

The other boundary condition is

B> o ot (T Y s o

The solution to (2.10) is
z N3
- - (S- .)+?’- !
Nu, A &3 %‘P 5-2 3 :i:‘ j"f
®(g,%,v)= % | ©;¢ z —3(2.11)

7

This integral can now be evaluated for two cases to give

Q

the ingtantaneous temperature throughout the fluid.

Making our assumption that the sensor wire responds
instantaneously to the temperature of the fluiij around it,
the measured sensor wire temperature‘toge;her with its
position can be related through this solution to the speed

and direction of the flow.

Consider first the direction of the flow. Notice that‘? ’
the distance of the sensor wire from the axis of the flow,

appears/
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. 3

appears in the integral only in the term Q"-X—j"g-:g' g .
This is a positive monotonically decreasing function of

L7 | « Therefore, the signal should be a maximum for
'7 = 0. That is, the direction of the flow (in the plane
perpendicular to the two wires) can be determined by
rotating the sensor wire about the pulsed wire until the
maximum signal is obtained; i.e. the thermal wake and
the viscous wake are in line. Thié is true e#cept at low
velocities where the buoyancy forces acting on the warmed
gas as it moves from the pulsed to sensor wire cause the
‘thermal wake to be angled upward from horizontal. We shall
discuss this in more detail in the subsequent sections.,
We shall neglect this very low flow region (u £ 3 cm/sec

for the probes used).

Apart from maximising the signal, the most eésily
measured property of the sensor wire signal is theitime
to signal maximum. We will show that this quantiéy can
be related to the speed of the flow. In what follows we

assume that the signal has been maximised and the sensor -

wire is on the axis of the flow.

The time from the iniﬁiation of the pulse to the
maximum temperature measured by the sensor wire located at
(f,%) = (1,0) is the time at which the time derivative of
the temperature is zero. Frém‘equation.(Z.ll) this is the

time determined from the equation

Z . P
NN R 7 I
’ -

e———,

2
dg’
>, T EE ] e e o

z
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This integral equation cannot be solved analytically but
asymptotic solutions can be obtained for.zk <¢i and for
P>> 1. g

The two parameters for expansion are picked so that
the range of velocities for which the solutions hold
almost join, or, for some cases, the two ranges overlap.
This is important.for our pa;tidﬁlar problem because we
wish to predict the instrument's behaviour for Peclet
number ranges from low through to high values., If we use
a low and a high Peclet number as our two expanding para-
~meters then the solutions leave an intolerably large gap.
. where neither solution is at all useful. Fﬁrther the
Peclet numbers only became less than order one at velocities
less than 1 cm/sec, for the particular range of wire
spacings chosen. Therefore the low Peclet number expan-

sion is not of much interest for our problem.

.Solution for low velocity o

}
As we have discussed in the previous sections, the

measured ¢, + the dimensionless aecay time of the pulse
wire, is‘a small number compared to the dimenéionless time
to the maximum signal in the sensor wire for low velocities.
We use this fact to obtain an asymptotic solutian of

equation (2.11).

For/
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Fér the particular case of a delta function source
(i.e. an instantaneous pulse) the t_emper'ature__ given by
equation (2.3) has a maximum at- ?_taJ;' =z § (i.e. see
equation (2.4)). It is convenient, therefore, to rescale

the dimensionless time in equation (2.11), letting

Se’ and T=9 g ‘
n® € s (‘g'_‘ ‘ ..(_l-lﬁgt);// ¢
%, c-c__'-_gé_) \ [ - %) 3)2 $° dg
, = a —5 (2.13)
1% 4 A | g

Assuming that Yf/s << | (observe that this ratio is
-independent of velocity), the integrand is very small for
all § except glz %' Defining the new variable of
integration, |

‘- o v
5§75

we can expand the integrand in powers of t'z?/s . The

equation becomes sz 2
2 o ” (I-Sr'.g?:,‘g")
v —Cl-s:t’) Z'.P ‘S e _—r’,/s W Ols
i e 3 = ——-g @ 7. 3 - T e
Sx o ( =& )
5 7L "
- tp /t‘p_f -1 ‘S ES"L
= s vy ¥ L) L4 .
R e exp { o (- ST+ § >< ST (S*z" )*'

x(%;[ - 2’?5 (z,g ) s )35"

If we examine the exponential we find that it can

be rearranged to separate the orders of % . :

2 (- 52’) "
¢"‘P§ %:expi':é [_(/-S‘c")* (25 (1-§e )t )5

s Loy (st R Cm s )+ - 5?3)5"

v oY(—f)”}

e £ 5 a2 (sl

on

[
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Now substituting into equation (2.13) and expanding in
T )
@xp(?p/g,) and ex P( z”/;) terms, and cancelling
from botht sides, we are left with
e
I""f [ Tr L (;—SZ') z _L(I—S'C) A
N NRE- 72 S )Es E) (4 s

4.%17;_ __Cl—g?-'z:l)>§- +Df_(tp>]']d§

With some rearranglng we can evaluate this integral. We
—S*c.)z, 3
note that all terms involving & Fes <§£) . The

equation now becomes
J Y 2 -5t
( PUTES )+(-§—) T z' &) (2.15)

’ I1 ——
The zeroth order solution then is Sy +E’'—1 =0

- ’ sl J
which has 7, = ! +ZS’:4

o l—-Sz for S« 7, -

Solving for the first order solution we let

where :
¢zt +, =1 =0
The equation then is
e e e\ -2 =
o = +1, *1-'1'[ s z )+ 1“ 3] .}.—O(..'E':)
z’ s z! z' s .
from which a Taylor expansion around 7, can be written and

solved for z, . This results in =1 )

and therefore the first order solution is

' Tp
L' F T+ —

S -—
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Finally, recalling that
= st
then the first order solution of % is
| 2= §% rTHY,

]{ Iy |
1+45 " t’?

8

]// P =
" ‘l *ZP he
7731

In dimensional terms, the time taken between the initial

(2.16)

pulse and the maximum response in the sensor wire which is

-

downstream a distance X is

2 K
t = Y l+4("~3—

where'zi_is the thermal diffusivity of air at same mean

)z L I) +<'T‘?°- Bu) (2.17)

temperature and U is the veloCity,7&)the time constant of
the temperature decay of :he pulse wire at zero velocity
and 7}0-'Bu_ the time constant at all velocities (see
’igure 2.8 for the valve of B). Because of the exponential
terms which have been neglected:'in equation 2,15, this -
solution breaks down at large U when T is of the same

order as tr.

Solution for high velocity

The above solution breaks down when.'ﬁvg becomes of
order one.  This means that the low velocity solution breaks
down when the time of flight for heat moving between the
pulsed and sensor wires by diffusion and convection approachel.

the/
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the time of the temperature decay of the pulsed wire.
Vle can obtain another solution for equation 2.11 under

the assumption that g%= %ﬁ << ] . With this definition

of €, equation 2.11 becomes: A

2 ?-_ _ . —41_-,-12. gt ,
R 22D Ty e
ez '—g;r (2.18)

s
__?:Q
(o]

In the limiting case of no diffusion (P—>°°), the

t4

l:emperature maximum o:xcurs at the convection time,& = 1,
This is because wyehave assumed that the sensor wire
rasponds in§tantaneously to the fempqrature of the gas
sqrroundiﬁg it. Bauer first.analysed this proglem giving

the expression for the temperature field downstream of the

p'1lsed wire as
D\2

"Z ("') | 4 t
e k“ v x 2 *_ E 2 _.g_)
& C.X,La,'i:) = ):)—U;—/-—I(%) e QF“'(&{) e“g(q) ’ xg}ZTlsa)

Brradbury, making a zeroth order asymptotic expansion,

obtained an equation:slightly different to Bauer's in that

‘the shape of the temperature decay of the pulsed wire is

involved:

w ~5&)° - EE fertl@) ety 1)

NuwOr /7r P -
Olxg,t3= “%“L <JF) “ ¢ 1T ers () (2-18D)

The physical interpretation of these results is that when
&y>>l, the diffusion is only significant near the front |
of the>pulse giving the error’functioﬁs.in Bradbury's or
Bauer's equations. This function is like a step function

with a tise time of 41?6#5’ (for about a 90% complete rise).

These/
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These analyses primarily prediét the initial slope of the
res»>onse in the sensor wire. Bradbury and Bauer use the
initial response in the sensor wire to indicate the time

of flight. This indication is quite a sensitive measure of
the convection velocity at very high Peclet numbefs. At
lower Peclet numbers (but still maiﬁtaining the relation2>l)
the initial response of the sensor wire becomas very blurred
by diffusion and éherefore not sensitive to chinges in
velocity. Furthermore the solutions of Bradbury and Bauer
rapidly breakbdown with decreasing Peclet numberss As we
have explained, the maximum response of the sensor wire

now becomes very sensitive to the convective velocity.

We therefore attempt to predict the entire shape of the
response in the sensor wire so that we can find the maximum;
i.e. where the time derivative is zero. Our analysis at
the higher Peclet numbers differs from the previous cnes

in that we do not deal with the solution of the thermal
field directly, @ (x,4,t), but instead with the time
derivative of temperature. Furthermore, we need a solution
of more than the zeroth order because the magnitude of the
Peclet number is only about 50* for the maximum velocities

cons.iidered in this study (500 cm/sec).

For large Peclet numbers we therefore assume that

T4 5

*Calculated with a thermal diffusivity corrected for
temparature and a wire spacing of 0.25 cm.
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where £ <& Yte) 44'1‘1

and Y is a presently undetermined function of £ . With

thesie new variables equation (2.18) becoimei'
*%

W, 2T -3y -u-3%g
te"f‘)[ £ (X ;,)+o((r))] %l e e 65_‘.}_3

3

P X' )‘

o
We Observe that the 1n1:egrand is very small for all 5
except gzl, and therefore define the new variable of

integration

T 1eey

With this, the equation becomes

- LT s\
T, e & :+-(~_z)+0<(“')ﬂ £z

E .
A

-~

Evaluating the integral we obtain

—C%)El r(rt‘?)w((a*)):," £e F?((F E’e4( )—J: Ifc( )
..(___,)‘z )?-[(— +l:)e +0("é

Expanding the error functions under the assumption that

P

€¢eyY'  we obtain

e-c?'/a«)t[u%c e+ ol )J ga ‘)‘—1 _ZQ
-£ Q“(tfé*)[‘_é +(§')j+o(é‘,e"&j} |

z
z,

..42',5.')1

\:IM
)

and to order (¥/y) -

G
TP[I""S“:’ _‘g.;_j__—z')] - S 77‘ e @ 2’ (2.19)

The undetermined function _YLF-) is partially determined by
the requirement that the leading terms be of the same
order., We chose YE= (,ﬂ,._ //&)—,

This choice is convenient and is consistent with our

assumption/
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assumption that & <«<cyY<e] .

With this choice, equation (2.19) can be solved for z’,

which yields to o ( &) ?)

. . .z
= é@"g Ll Y, . Ep
Y £ vee! Y yar’
This equation in dimensional terms is: .£=|)if o ¥ = UTp
ux ) P =

x 4K e} 4K 1 UT: % UTF
= - + — == + s 4K hl o
TR B8 WO o O Y T8 A X
P
o™

4K q_}_(_,AIU )}
7] £ k2
75)

where tmax is the time to maximum signal in the sensor wire.

]

To summarise our results then we have obtained for %§<4L

or the low velocity case,

—32

+ —FL
?ﬂ/s P . (2.21)
T,

For /%>?1, or the high velocity case we have

- ’j PR _’4 TN T Tp
» =1+ W ""é —,;3(7’)/0“;7;’;' 4/]/;)3(‘9)’&“77)7’ (2.22)

where 9 (P) = flﬁw.fﬁi7

The relationship* given by equations 2.21 and 2.22 are

shown in Figures 2.10a and 2.10b, along with expr-rimental data
measured for two values of Ax (the distance between pulsed
and sersor wire). As can be seen the theoretical curves for

the/

*We have not plotted the dimensionless solutions because the
velocity appears in a complicated manner in the parameter ¢p .
This makes a situation where it is virtually impossible to
interpret physically useful results from a dimensionless plot,
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the high velocity corresponds closely to the experimental
curve, and breaké down when the velocity decredses below
30 cm/s5ec. The low velocity solution is plotted as a family
of curves each for a separate thermal diffusivity. None of

these curves fully correspond to the data.

The fundamental limitation of the theoretical analysis
for low velocities is the analytically necessary aséumption
of constant thermal diffusivity. Thermal diffusiﬁity of air
yaries significantly with temperature, as snown in Figure 2.2
so that as the thermal.pulse diffuses, it cools, decreasing
the thermal diffusivity. Since we pulse to quite high
temperatures, E&%E'BOOOC, we can expect a large change in.Kva :
as the air cools back to room temperature, The comparisons
between experiment and theory for the low velocity case ist
the mqst sensitive to a changing thermal diffusivity. This .
is because the time of flight is longer,giving the thermal.
pulse more time to diffuse and cool. This corresponds to

the trend shown by the experimental data at low velocities.

We: can obtain a crude estimate of the mean temperature
nf the gés.during the flight between pulsed and sensor wire
by measuring the indicated temperature in the sensor wire at
the time of maximum and calculating’a mean—ﬁetWeen this
temperature and initial temperature of the pulsed wire;

The resiults are shown in Figure 2.11.* Using this "mean"

*The buoyancy forces which affect the angle measurement are

very sensitive to the temperature of the gas as.a function of
the dlstance between pulsed and sensor wires. Therefore a
numerical solution for the temperature in the wake of the pulsed
wire lis presented in the section on calibration measurements.
This nore complex analysis is not necessary for this argument
where only the mean temperature between wires is needed.
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temperature to indicate the magnitude of the thermal
diffusivity at each velocity, we can solve equations 2.21
and 2.22 to approximate the non-constant thermal diffusivity

case., This is shown in Figure 2;12;

The important feature about Figures 2.10 and 2.12 is
that it shows that there is a unique relationship between
the velocity and the-time of temperature maximum, measured
by the sensor wire. This felationship depends only on the
shape of the pulse, the geometry of the proube, and the
properties of the fluid. This relationship can be measured
experimentally, as shown in Figure 2.13, where the distance
between pulsed and sensor wire is varied. Ourrtheoretical
analysis, particularly if the effects of variable thermal
diffusivity are taken into ‘account, accurately predi;ts the

experimental results at all distances between the wires.

DISCUSSION

General. probe configuration

The general configuration of the probe is shown in

" Figure 2.l4a. With this configuration the average velocity
and direction of the air flowing between the upstream pulsed
wire and the downstream sensor wire is measured. The head of
the probe ié approximately cubic in shape, the length of any
side being much less than the length scale of the internai
flows we wish to measure. The probe sizes used in most of

the calibration experiments was less than 0.5% of the diameter

of/
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09} FIGURE 2.12 Theoretical solutions for wire

: separations of 0.3 and 0.2cm with mean gas
temperature as a function of velocity as
indicated from figure 2,11 Both high and low
-08 velocity solutions are shown along with data for
the two wire separations.
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of the tubes used. The cubic shaﬁe ensures that the probe

can manoeuvre within thé flows with the same detail as it can
measure the velocity and direction.- Both the pulsed wire and °*
sensor wire rotate around the axis of the probe. Therefore
the mean position for measurement never changes when‘the probe
is rotated to find the flow direction. The length from the
sensor wire to the head of the érobe will limit how closely

to a strface velocities can be éeasurea. When protruding from
the sice of a tube (Figure 2.,1l4c) one might be tempted to
measure the flow very close to the wall ?rom which the |
instrument protrudes. In such a circumstance, the pqlsed wire
may be within the hole through the tube wall. This can give
erroneonus results. The size of the wire supports must be
relatively thin and placed as far laterally and downstream as
possible. This is dome to avoid any disturbance in the flow -
field between pulsed and sensor wire by the wake of the wire
supports. This is a relatively minor problem becaﬁse the

' valocity measurements are only taken after the probe has been
aligned with the flow direction. Therefore the wake of the
supports never directly impedes on the sensor wire. Of course
'if the suppofts are very large the diffusion of‘fhe viscous
wake car be rapid enough so that the edge of the wake could
envelop the sensor wire. For the size of the probes used in
this study, the wire supporﬁs caused no interference in the

flow pat:iterns.

The/
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The length of the pulsed wire is much longer than the
sensor wire. This is done so that pulses in a flow with a
yaw angle of up to 750 will be intercepted on the entire
length of the sensor wire. Also the pulse which is inter-
cepted by the sensor wire at this yaw will not be distorted
by end effects in the pulsed wire ksuch as conduction to the
supports or the wake~0f the suéport). The amount of'
electronic noise picked up by the wiré is.directly proportional
to the length of the wires. Finally the length of.the‘
sensor wire, along with the separation between wires, will
define the smallest scale to which the flow can be described.
Therefore the probe was produced with the shortest possible
sensor wire which could repeatably be constructed. The
pulsed wire length was then inferred from the spacing between

the wires and the maximum yaw expected.

The material used for the pulsed wire must ncot oxidise
at the high teﬁperatures at which the pulsed wire is operated.
Nickel or platinum is thereforeiwell suited for the‘pulsed
wire. Platinum was found unsuitable because of the difficulty
in etching the wire in areas close to its supports. Often )
the supports were corrod:d. Nickel is slightly more difficult

to attach and align, but did not need to be etched.

Platinum was used for the sensor wire because it could
be etched over a very short distance (approximately 0.05 cm
to 0.1 cm) and therefore created a very short sensing length.

Furthermore/
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Furthermore, the sensing lehgth could be repeatably positipned
at the projected centre of the pulsed wire. The_size of the
sensior wire (2.5 microns) disallows the use of any non—etched.
wire, therefore only platinum was used. It should.be noted
that. great caré must be taken when attaching and etéhing this
wire. If etching is accomplished By an acid jet the force of
the jet will easily break the wire. A delicate talent for

making this wire is rapidly cultured with repeated failures.

The diameter 0f the sensor is important in that this
wire must be able to respond thermally to a surrounding gas
temperature within a time much shorter than the time.of
flicght between wires. The time constant for such a wire
as previously discussed can be given by

cd®
Te= 4 K, N
where the wire materials are: the density ?; the bheat
capacity, c; the diémeter, d, and K, is the air thermal'

conéuctivity. Using the wire materials for platinum, a mean

K, end Nu given by equation 2.8 is
T = 0.0003 sec.

Since the times we measure are of order ten milliseconds
or greater, the. convection time constant is ahwt three per
cent or less of the measured signal. At Reynolds numbers
based on the sensor wire diameters considered in this study

2

(about 10~ “ to 10-1) the relation to the Nusselt number is

approximately linear (as in an Oseen wake). The time constant,

/

T
sensor
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Tsensor’ calculated by the above equgtlon, then becomes 4
approximately linearly related to the diameter. If the time
consitant for the sensor wire, TS, was of the same order or

lar¢er than the time to maximum signal, t r then the

max
measured tmax waould become less sensitive to the veiocity.
Also the analytical evaluation. of ﬁhe probe's response would
be nmuch harder.' For this reason, very small wires are
prefierable for the sensing elemént, even though the probe
becomes very fragile and difficult to bﬁild. The diameter of
2.5 microns for the sensor wire is a compromise, in that 2.5

microns is the largest diameter which gives a maximum signal

delay of two per cent,

The diameter of the pulsed wire is less stringently
determined. Again a compromise must be made for a variety of
considerations, each of about equal importance. The laréer
the diameter of the pulsed wire,the more current will be
needed to heat the wire to the prescribed temperature. A
large diameter wire will resist the thermal stress developed
in the wire when pulsed. With pﬁlses of about lOOOQCr iﬁitial
temperature, the thermal stresses are very 1arge,’causing
breakage in a 12 micron vire after only a few.pulses. At~
initial temperatures of 500°C to BOOOC, thezlife of the wire
is much longer but the sudden thermal expansion and contraction
of the pulsed wire can cause a vibration in the probe,
creating an anomalous response in the sensor wire or breaking

the fragile sensor wire.

The/
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The temperature decay of the pulsed wire 1is fastef with
a smaller wire. This créates a more sharply peaked thermal
cloud moving between wires and ultimately a more sharply peaked
response in the sensor wire. Therefore it is easier to
determine the position of maximum signal in the sensor wire.
A small diameter pulse wire will have a larger aspect ratio

lose via

and therefore /less heat/conduction to the wire supports.,
The conduction to the supports is not a desirable .condition
beciause it may cause large énd effects in the pulsed wire.
This means that flows with large yaws cannot be measﬁred
(i.e. the sensor wire will receive a temperature signal
derived from the end effectg of the pulsed wire at larger yaw
angles). The aspect ratio also affects thé direction indica-
tion. The direction is determined by sendihg a train of
pulses through the pulse wire, rotating the wires aréund'
the axis of ‘the probe until the centre position of the
thernal wake is found. This operation depends on the prinéiple
that each pulse identically heats the air surrounding the
bulsed wire. If conduction to the supports is significahﬁ,
then the frequency of the train of pulses would have to be
determined by the heat cipacity and heat dissipation of the
supports. Furthermore the physical connection between’pulée
wires and support would have to be similar for each pulse
wire in order to maintain the same conduction paﬁhway. Also
the abnfiguration of the support itself would have to be

similar for each probe. It is therefore desirable to create

the/
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the largest aspect ratio (or the smallest diameter) possible
to décrease the conduction to the suppofts? It ié also
des.irable that the viscous wake of thg pulsed wire be laminar.
This. gives a.more sharply defined thermal wake, which in furn

allows a more accurately defined direction.

Thé diameter of the pulseé wire used for operation in
the velocity ranging from 1 cm/sec to 100 cm/sec was 12.5
microns. This seemed to be a good compromise between the wire
life and accuracy and ease of bperation. The thermal vibra-
tion problem was largely negated by soldering the pulse.wire
in a slightly slack position. Then, under a microscope,
we carefully kinked the wire close to each support, so thaE
the resulting wire was straight and in parallel to the sensor
wire. This gave a pulse wire with a long life, but the
position of the pulse wire had to be repeatedly checked auring

operation.

The distance between the pulse and sensor wires is the
single most important parameter of the configuration. This

parameter will define the convection time %, and the Peclet

" number 9%? . As can be seen in the theoretical evaluation

of the probes response, the wire spacing will determine the
shape of the t__  to velocity curve. By considering the range
of velocities to be measured, the spacing can be adjusted

to give the maximum change in tma for a given change in

X

velocity. The amplitude of the signal in the sensor wire

will/
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will decrease with increasing spacing. This is 5ecause the

two wires are in parallel and would ﬁot be true if the wires
werz perpendicular to one another, as in‘the‘probes of

Braibury & Castro. The spacing of the wires will bevinfluenced
by the amount of noise existing in the sensor signal so

that a good signal to noise ratio can be obtained. Finally

the sensitivity to direction will also depend on the wire
spacing. The effect of wire sPécing.ﬁill be analysed in the

calibration experiments.

General operation

. The general principle for operation of thé probe in
internal, laminar flows is shown in Figure 2.l14c. To measure
the "zhree components of velocity at any one point the probe
must be inserted in two mutually perpendicular positions;

The time to maximum and direction is measured for each probe
posi:zion. The probercan be uéed on either horizontal or
vertical planes, but corrections to the indicated direction
caused by buoyancy effects must be made when operating the

_ probe in the horizontal plane with velocities less than about
10 cm/sec; The wires are set parallel to the ax.s of the
tube and all directions indicated relative to this. The
signal in the pulse wire is used to initiate the sweep of

an oscilloscope displaying the response in the sensor wire.
Several such displays areAshOWn in Figure 2,15, which shows

that/
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that as the velocity changes the position of the maximum signal
changes as does the ampl££ude. The wires are then rotated
about the axis of the probe, while creating a train of pulses.
The change in amplitude of £he sensor signal is noted; a
typical example is shown in Figure 2.16. The largest
amplitude indicates the centré of ﬁhe thermal wake and hence
direction of flow if the buoyancy forces are not significant.
The probe is then aligned on the direction of flcw and the
time to maximum measured. This measurement is presently
being made directly from the oscilloscope. The sensér wire
signal is first amplified with a low noise amplifier. The
time sweep for the oscilloscope is delayed until just before.
the maximum and then swept through at a faét rate. We
therefore only look at a greatly enlarged portioncof’ the
senscr signal around the maximum response. We simpl& measure
the distance to the.maximum peak of the signal from the |
scope, Using the two diréctions andvtime to maximum we Ehén

correct for any buoyancy zffect in the direction indication

and yaw effect in the velocity magnitude indication (tmax).

In practice the buoyancy correction is seldom made. This
uorrectioﬁ is only appliea when measuring very low flows with
the probe on the horizontal. Usually when measuring low flows
we rotate our models so that the probe is always vertical.

The yaw correction will be discussed further in the calibration
experiments. The accuracy of the indicated velocity and
direction is determined by the noise in the sensor signal

and repeatability of the pulse., In génerai an accuracy of

abott/
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about 0.1 mm/sec can be obtained for velocity magnitude
measurements and an accuracy of abaut 0.5% or less for

direction (this depends on the velocity)..

Figure 2.17 shows the two positiOns A, B} of the probe.
In position A the probe is rotqted by angle « into the plane
made by V and VA and the magnitude of VA along with « measured.
Likewise the probe in position B is rotatedAby angle § into
the plane defined by V and V, and the magnitude of V, and R
measured. Experiments on the yaw response Sf the probe show
~ that VA.is related to V by V= V (cos @ >
and © . Ng= V (cos)”3

x! Vz

Using these relations V is then calculated and Vy' v
- 5n

Vy= Vi w R

V3 = \ycoSd

where Vz is the primary velocity and Vy and VX are the secondary

obtained by

velocity.

In practice each point is not determined by two separate
measurements. Instead the probe is traversed in a hexagonal
pattern, as shown in Figure 2,l4c, and the angles « , or @l
(along with Va and VB) measured at.frequent intervals aloné
each traverse. Then a Fourier'analysis is used to extrapolate
the cata from each 'plane to eVery point within the flow.

The points where the hexagonal pattern cross are the only
positions where two actual measuremeﬁts occur. If we deem
~an accuracy of 2% to be acceptable, then the equations can

be/
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be simplified for flows with angles of 10% or less. The

equation then becomes
V(,é'-' VSW\Q
\1x= VS‘:‘\d\
Viz \/Coo}

and Na2VE Va

Within most internal flows studied, this is the case, and
axperimentally the magnitude of VA and'VB are the same. With

this low angle condition only one measurement needs to be
taken. The three components:.0of velocity found by vectorial
summation. This assumption of low angle was.not made for any

of the calibration experiments or subsequent experiments.

One last feature about the general operation’of the prohe
should be noted: unlike hot wire anemometers the pu}sing
probe need not be frequently calibrated. A series of caiibra—
tions for different separation distances between the wire and
different puise intehsities were done. If the size of both
pulse and sensor wire are always the same and the same pulse
intensity is always..used, thén the only parameter which can
change the relation between tmax and velocity is the wire
separation distance. Thurefore instead of calibrating the
probe in a known flow, as one would need with‘a hot wire,
the separation distance between pulse aﬁd sensor wire need
only be measured (using a microscope). If it were not for
this feature, the use of this extremely delicate device would
be very limiting.. That is, one would have to build the probe,

calibrate/
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calibrate in a known flow, and use it before it broke. If a
calibration was required with each wire repair then the

progress of data taking would be very slow indeed.

Circuitry for pulse and Sensor wire

The general purpose of-the circuitry for the pulsed wire
is o create a symmetrical square pulse of a desired voltage
and time duration. The cirduitry was designed to.give a
volt.age pulse which could be varied continuously from O to 12
volts across a 3 ohm resistor.and thé time duration varied
in multiple increments from 22 microseconds to 50 milliseconds.
By iacreasing the voltage or time duration, a hotter pulse
is created. Figure 2.1% shows pulses of differing t}me
duraizion across a 3.3 ohm nickel pulse wire (12.5 u diameter
and 0.4 cm inl!length). The rise and decay times.éf the
voltage pulse are of the order of one microsecond. Since thé
time scale of thermal decay in the Qulse wire is of the order
of 10 milliseconds, then any pulse duration shorter than about
a millisecond will not interfere with the thermal decay of
- the wire. Usually a pulse of 12 volts and 70 microsecénds
was used so thHat the initial temperature of the pulse wire
was about 800°C. Thig .gives a 1argeienough<response in the
sensor wire so that the signal to noise ratio is large.
Further, the pulse created in this manner is cool enough to
allow a long pulse wire life and also to minimise perturbations
in the direction indication due to buoyancy.A The most

important/
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important aspect of the pulse is that it be accurately

rep2atable.

The circuitry developed was patterned after Bradbury &
Castro with some modifications. The power source vas simply a
larjye bank of capacitors which were charged between pulses.
This gave a repeatable voltage pulse as long as enough time
was given between pulses for the capacitors to chargg‘(ébout
0.1 seconds). The pulse generator allows either a single .,
pulse or a train of pulses to be produced at.a variety of
freguencies. The singie pulse Qperatién is useful in determin-
ing the gross direction of the flow, whereas‘the pulse train
is used for the finer direction measurement. All of thé
circuitry electrically floated in that there was no internal
ground to the probe. This was done to create very fast rise
ana decay times for the pﬁlse. To eliminate any ground i00ps

v
or inductive electronic noise, all the equipment was screened

and the screening mutually grounded.

The sensor wire circuitry was very simple;‘consistiﬁél
of a simple bridge powered by a battery and a low noise
amplifier,as shown in Figure 2.19% The sensor wire is
operated as a simple resistance thermometer by supplying it
with current from a 9-volt battery. The éifcuitry ensured
a constant voltage across the sensor wire. In principle the
current through the sensor wire should be as high as possible
for the maximum signal in the-sensor wire. In practice when

‘the/
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the tempe;ature of the sensor wire becomes high enough, the
sensior wire starts to act as a hot wire anemometer, The
vélocities we studied are steé@y, but nevertheless the signal
from the sensor wire when acting as a hot wire anemometer
sometimes fluctuated with an amplitude of about 10-20 micro
volts. This is probably due to small‘changes in the
temperature of the gas (even though great care was taken to
remove any velocity fluctuations and to isolate the system
thermaliy). To eliminaté these fluctuations the current
thrcugh the sensor wire was reduced so that the degree of
anemometering was small. This slightly reduces the  amplitude
of the sensor wire response. Electronic noise-can be a problem
in the sensor wire circuitry. The sensor wire readily picks
up noise inductively from the pulsed wire because the two
wires and their supports are arranged in parallel loops. To
diminaish thig problem, all the circuitry, both sensor and
pulsez, was screened and the screening mutually grounded.

Thié reduced the noise to the order of 5-10 microvolts. A
low noise amplifier was used for the sensor wire signal.

The amplifier also allowed the filtering of noise signals
which_had frequencies outside the range of the frequency of
the signal measured. In practice these precautions allowed

a noise level of about 10-15 microvolts with the lowest

" signal of about 20 millivolts (at 0-3 cm/sec). With this
nois2 level measurements of the magnitude and direction of
the #low can be made to an accuracy of 0.1 cm/sec and about

k4

0.5 to 0.1 degrees.

The/
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The output of the low noise amplifier was displayed on
an oscilloscope. The sweep 0f the scope was delayed and the
tire base expanded so that oﬂly the vicinity of the maximum
signal in the sensor wire was shown. The time to maximum
signal was measured directly from the oscilloScope.v An
alternative approach would be to differentiate the sensor
signal and indicate the time to maximum by starting an
electronic clock with the pulse to the pulsed wire and stopping
when the differential of the sensor wire signal becomes zero.
Since a display of a series of sensor signals must be
present to determine the direction, it was oconvenient to use
this display simply to measure the magnitude of the vélocity,

and no attempt was made to further automate the procedure.

Cal:.bration experiments

Experiﬁepts were carried out in two calibrations rigs
to further study the properties of the pulsed probe. The
features investigated were the separation between pulse and
sensor wire, the direction sensitivity, the buoyancy effect

on direction, and the yaw response of the probe.

The calibration rigs were developed to produce steady;
isothermal, laminar flow, which was parallel to the axis of
the tube. It is actually surprisingly difficult to develop
a flow repeatedly accurate to less than 0.l cm/sec and
parallel to the axis of the tube by less than 0.1°, One rig

consisted/
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consisted of a 1.5" entrance bell which mas féd from a
centrifugal pump through a series of heét exchanges and
pleniums. The pleniums had large volumes, which dampened
any fluctuations caused by the pump. The volume flow to
the bell was measured by special rotameters. The bell was
fed from a large plenium containing screening and flow
straighteners just proximal to the bell. This eliminated the
condition where any random vortex occurring in -the
entrance plenium could be concentrated as the flow was
forced into the mouth of the bell. The flow straighéeners
were positioned to be parallel to the axis of the bell and to
the downstream outrun. This outrun is needed because the
system is run by very low préssures; therefore fluctuation
in Ehe environment distal to the outrun can affect the flow
at the bell. The bell was calibrated by taking veloéity |
profiles,using both the pulsed probe or.a;hot wire\anemometer,‘
at four planes within the mouth of the bell, each /4
degrees apart. Ten different volume flow rates ware.measured.
The profiles were then integrated and the calibration ofﬁ
the pulsing probe and hot wire were adjusted until the
integrated velocity profiles matched the volume flow fates
indicated by the rotameter within 0.5%. BgthAthe presence
of the probe and the témperature of the gas were compensated
for. Simultaneous to this, the secohd rig was also calibrated.
This rig consisted of a long straight 2" tube fitted with a
similar entrance bell (2"), plenium,‘flow straighteners and
fhaymally insulated. The tube was over 100 diameters in

length/



- 118 -

length, had polished inner walls, and was straightened by
cold rolling to one mil in ten feet. Velbcity'profiles at
plane each “74 degrees were also taken in this rig and the

> integrated volume flow rates compared to the rotameter
indication. The profiles in the entrance bell were of

course very flat, whereas those in the long tube were para-
bolic ===y~ The profiles in the calibration bell‘
and subsequent outrun were compared to profiles by -

Nikuradse (8C) and analysis by Langhaar (8I) and Shiller (82);

very favourable comparisons were obtained.

The theoretical analysis, previouslyﬁdiscussed, concludes
that. at any velocity past the'brobe the indication used for
measuring velocity (the Eime EB maximum sénsor signal) 'is a
function of tﬁo?nOn-dimensiOn&i groupings; the Peclet

. Bl A .
numker (which is the Reynolds number multiplied by the Prandtl

M

-

number) and the temperature decay of the pulse wire,

w- feRz,) |

T = fMW/(a./x_) .
P = W ’C/K. (o)
= Zp (s, w) '/( "/u..)

Theoretically, the data for the parametérs x and tp should

be collapsed by these non-dimensional groupings. Figure

where

2,13 displays the dimension associatiOn between toax and U

yifh a variety of x, holding tp cOnstant.% It is bowever,not-
convenient to uée the above dimensionless: parameter, because

all these groupings contain u, the quantiﬁy we Seek experimentally.

This/
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This creates a severe limitation in elucidating each

parameter's influence.

Another major difficulty may possibly be in the dependence

of ihe thermal diffusivity, K

~ on temperature., We can

. part:ially get around this difficulty. R .

If we analyse the temperature of a moving line as a

function of time with an instantaneous source, then
68 / - ¢ (e=X2DF 40y 4 ke

= e
o1 4kt - '
If the coordinates move with the line the equatioﬁ can be

/

approximated as: 6 (L)
O T 4rKt

which infers that the temperature is an inverse function of

K  and t. If we approximate the thermal diffusivity as a

, 6 (¢t) -
linear function of & then K, = K1 ‘Z;"JQF + Ko

i€ O 6 owa Ko >> Koy tuew

V.
ect) / e ‘
;.’-[— = [a{n'lot ] ' (2.25)

and

With a constant source of heat the temperature is_a function

of the exponential integral as we have previously mentioned,
equation (2.5). Expanding the integral with a tmax appropriate
for the higher velocities'measureq, we find that the
temperature of the gas'sﬁrrounding the sensor wi;e at t .o
does not change much with changing velocity. Thérefore we can

grossly ‘predict that the temperature around the sensor wire

at t should increase with decreasing t

r increasir
max (9 e ng

max
velocity) until a maximum is reached and then further
~ decrease in tmax (increase in U)will have little change in

this/
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this gas temperature at tmax’ Essentially what this says is
that: at low velocities the thermal decay of the pulse wire is
short compared to the time of flight and the pulse approximates
an Lnstantaneous.source. Since no more heat is then being
supplied to the gas, the temperature of the thermal éloud
convecting toward the sensor wire'is‘béing dissipated by
difffusion. And the temperature of the cloud depends on how
long diffusion has taken place, At highef velocities the

pulie wire thermal decay is long compared to the time of fiight
so that the heat supplied ﬁo the gas approaches a constant
source. In this condition the temperature of the therﬁal

cloﬁd is determined by the amount supplied by the source minus
diffusion 1osseé. As the convection time decreases the
effect of diffusion becomes less and the temperature at tmax
(there is of course no maximum in the sensor signal for a
truly constant source) is less affected by changing velocity.
A conplete solution for the temperaturé of the gas (as opposed
to the rate of change of temperature which was analysed)

would be very difficult. As was discussed previously, the
solutions by Bradbury or Bauer are not applicable because of

the low velocities, and therefore low Peclet numbers,involved

in oar study.

A - numerical solution was conducted using a computer
program, TIGER V, kindly supplied by the General Electric
Company, San Jose, California. The results were compared to

the temperatures measured in the sensor wire at toa but

Xl

agrzement/
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agrizement between calculated and measured was only fair.
Figure 2.20 shows the indicated maximum temperatures measured
at progressive distances from the puise wire for three
velocities. This figure infers that the temperature of the
gas rapidly decays from the.wire temperature of BOOOC to
about 100°C at about 100 diameters»déwﬂstream of the pulse
wire. The averagé temperature of the gas between pulse.and

sen3or wire is of course

.
f o LX) 4
E)Cu”z)== ajfua)c
4]

Graphically evaluating the integral, the mean temperature as

a function of U and x can.be obtained and the results have the
same trend as tﬁose shown in Figure 2.11l. This empirically
derived function shows that equation 2.25 (or the numerical
solution) expresses the general trend of the mean temperature

of the gas correctly.

Two other features of the problem could affect our
effort to.non-dimensionalise the experimentalidata. These.
are the thermal inertia of thé sensor wire and the effect of
the wake. Both these features have been assumed negligible
jn the analysis, and therefore.are not included in the
theoretical non-dimensional parameters. The thermal inertia
could delay the indicated maximum signals as shown in Figure
2.1. Not only would the signal be delayed, but the maximum
signal would decrease in amplitude. The amplitude of the
sensor wire signal for a probe with a separation distance of

0.29/
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0.29 cm and an initial temperature ofvthe pulse wire of 800°_

is shown in Figure 2.21. ©No decrease in amplitude is measured
for velocities up to 200 cm/sec. Therefore, for the velocity

range of O to 1 meter/sec, both the theoretical and empirical

results indicate that the sensor wire'thermal inertié is

significant.

The wake may cause an effect which is not accounted for
by zhe nondimensional parameters ¢ , P and'tb. No simple
empirical measurement is solely influenced by the wake.
Therrefore only the theoretical results (Schlichting, 83) applied
for distances of over (say) 500 diameters downstream 6f a
laminar Oseen wake can be put forth to infer the negligible

influence of the wake.

The buoyancy forces at low velocities may also affect

the relation between ¥, P and tp.

In c0nclusi0n, we can see that the nondimengional para-
neters put forth by our theoretical analysis will not completely
collapse the experimental calibration data. We can introduce
a variable thermal diffusivity determined from the empirical
temperature field which «.ccounts for some of the discrepancy,
but other effects from the wake and buoyancy forces cannot be

accounted for well.

An empirical collapse of the data was however accomplished.
If the data is plotted as Axﬂ/twwmvs. u, as shown in

Figure/
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Figure 2,22, the curves can be represented by a straight line
for velocities over 10 cm/sec.* The slope of each of the
curves in Figure 2.22 is a function of the separation
distance as shown in Figure 2.23. For separation distances
greater than 0.2 cm, this relatlon is best fit by the
equation Aﬁcvi* Figure 2.24 shows the relationship between
the guantity JQE'V-AN;ZbS. velocity. The best fit linear
equation is shé;:‘as the solid line in the figure and the
relation is |

>C Vs

&>
= 0. + J.000 (——-— ax
\V/ 0. .367A 8 Z oy

From which we see that the relation is almost the line of
identity. No theoretical justification seemsﬁfo be aﬁailable
for this observation (the wake would influence the resulté

by ax v ), and therefore we consider this result
forf:uituous., For velocities below 10 cm/sec, the data for

a range of separation distances from 0.2 to 0.5 cm could be

col.apsed with the edguation

( tmo—-{ .

V = 31.026— 3.9 —— .

Aga:.n a quadratic relation provided a slightly better fit to

the/

*The data can be fitted with a slightly lower error by u51ng
a quadratic.

**Powers ofA*rfrom n=-=-1ton=+1 were fitted to the
calibration data for ax between 0.2 and 0.5 cm., The fit
giving the least error occurred at n = -=0.332,
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-the data, but the linear relation is sufficient to(provide an

accuracy of 0.3 cm/sec.

These observations have greatly simplified the calibration
procedure, in_that a calibration is not needed for évery

separation distance.

The shape of the tmax Vs, velocity curve is associated
with the error of measurement and also indicates the minimum
velocity which can be measured. The measurement of'the time to the
maximum signal becomes less accurate as the signai decreases
in amplitude. It is convenient that the slope of the thax
vs. velocity curve increases at about the same velocities where
the accuracy of measuring the £max decreases. These_of%-
settiing features result in an éccuracy of velocity measﬁre-
ment of about 0.l cm/sec for all velocities above the minimum -
measurable Velocity. Figuré 2.13 shows that the thax for
low velocities becomes ambiguous (i;e..the curve humps over
and therefore has two solutions for t ax 8t low velocities).
The lowest measurable velocity is a sensitive function of the
separation distance. At a seéératiQn distance of 0.5 cm the
minimum meaéurable velocity is about 1 cm/sec, and at
separations of 0.25 to 0.30 em the minimum measurable véloéiﬁy

is about 2.5 cm/sec.

The empirical evaluation of the parameters x and tp
indicate several features of operation. First with a constant
tp (always using the same pulse voltagé and duration) the only

parameter/
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parameter which determines the relation between tméx and
velocity i$ the separation distance, ax, Therefore frequent
calibration of the pulsed probe is not necessary as 1on§ as
a3 is known. This is a great advantage over hot wire
anenometry, especially when.measurihg low Velocities; It
should be pointed out that for accuracy in velocity measure-
ment of approximately 0.1l cm/sec, the separation distance
must be determined within 0.0l cm, which usually neans
measuring ax with a microscope. Also the probe must be
operated and handled sﬁch thatawidoes not changé. Therefore
frecuent calibrations are simply replaced by fregquent measure-
men£ of 4%, A second feature of &x is that it can be set

to ¢ive a maximum accuracy over a given velocity range. Also

AX can be set to measure very slowly moving air.

Direction measurement

The direétion of the velocity is found by determining
the centre of the thermal wake. The accuracy of direction
indication will therefore depend on the width of the wake.
The half-width of the thermal wake will be of order

]
9=o(21%2%)
which means that as we increase the velocity or decrease 4aXx,
the wake will becomg smaller, The'influence of Ké as a
function of the tempefature will have the effect of increasing
the width of the wake at high velocities and smaller aX .’
Figure 2,25 showé the width of the thermal wake at three

typical/
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typical velocities. Two methods can be used for direction
indication. With Peclet numbers above 10 (Veigaaties over
20 cm/sec for the probe shown) the maximum signal can be
det.ermined by rotating the probe until a maximum is found.
Thi.s. procedure gives an accuracy better than 0.5°. ‘For
Peclet numbers below 10 the symmetry of the thermal wake
can be used to simplify the direction indicator procedure.
With these low velocities the procedure is to revqlve'the
PFObe to 5° (say) on each side of the maximum. As the
figure shows, the slope increases'with increasing distance
from the centre of the wake.. Therefore a set angle on each
sidle of the centre of the wake can be easily determined.
Using this procedure an accuracy of below 2° can be achieved
at 5 cm/sec and below 19 at 10 cm/sec. Figure 2.26 shows

the repeatability of the direction indication as a function

of velocity.

Wheﬁ the probe is operated on the horizontal the
buoyancy forces will tend to give an erroneous direction .
indication at low velocities. This natural convection pfoblem
is very difficult to analyse theoretically. Yih (63) con-
ducted ah analysis for a line source of heat predicting the
resialtant heat loss and buoyant velocity pattérns. If we
use the empirically determined temperature at the centre of
the thermal cloud (Figure 2.20) and moving coordinates then
'We can approximate a line source of heat with decaying

temperature. If we could determine a time constant for

development/.
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development of the buoyancy velocities'then,we might be able
to analytically approximate the solution. Without this we
can grossly estimate the effect of buoyancy by neglecting'the
transient effects and following Yih, attempt to approximate
the amount of upward velocity at distances downstream of the
pulse wire of 100, 200 and 300 diameters. After 300 diameters
the temperature is too low to introduce significant buoyancy
effects. We can conclude several general features from this
gross calculation. First, with an initial pulse wire
temperature of 800°c or less, the buoyancy velocity pattern
downstream from the pulse wiré will probably be laminar.
Second, the amount of the upward movement will be a function
of :he Archimedes number; which is simply

A = Grashof number/(Reynolds number)2

B 2
B w- Y,

where ¥, is the density at room temperature and &¥ is the
density change resulting from the increased temperature. D

is the width of the thermal cloud with a mean temperature

sucl. that 2-8 gives the resulting &y . The Reynolds
. 5, B
‘numker and Grashof number are both calculated using D as

the length scale. Clearly D is a function of the thermal
diffusion and can be measured by the width of the sensor wire
sigral at a given x. We then wish to determine D as a
function of A® or o¥ . Since only the very lowest velocities
are invalid, we approximate the pulse wire as an insgtantaneous

source. With this we can aolve for G(t,x) as in equation 2.4

and,/ -
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‘ , e . N
and obtain g&k . After a bit of algebra the relation between
4% and D is:

a8 | DAw AW
By Kt t"[ ):'(

- (l+—— )(( +I)7.—I)
1) /] ]

where t is the tmax measured at a given x with velocity u,
mean thermal diffusivity K and 86 is the maximum temperature
change measured in the sensor wire. We can then determine A
at: distances downstream from the pulse wire of 100, 200 and
300 diameters. Using the calculated A at each position w®e
can grossly approximate.the upward displacement of the centre
of the thermal:cloud from Yih‘s calculations. Using the
Grashof and Reynﬁlds numbers based on the initial temperature
and diameter of the pulsed wire, a distortioﬁ of 1° in the
direction measured occurs at an Archimedes number of about

4 10-3. Further, the effect of the buoyancy forces will
not he a strong function of the separation distance. What
this means is that most of the buoyancy effect takes place
within 300 diameters downstream of the pulsed wire and
therefore for distances of separation larger than 300 .-
diameters the distortion will be similar. The calculation
also indicates that the distortion will be approximaﬁely a
linear function of velocity until small velocities (about 2
cm/sec) are reached. The maximum signal at zero velocity is,
of course, directly above the pulse wire, or in other words,

the angle of distortion is 90°. Figure 2,27 shows the

emoirical angle of distortion caused by buoyancy in the

entrance/
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entrance bell calibration rig. The calculated distortion is
als> indicated. It.is easily noted that the data is quite
scattered. This can result from improper alignment of pulsed
to sensor wire, or from velocities in the calibration rig not
beiag parallel to the axis of the rig. The latter of these
reasons seems to be most important. This is indicated by

the unequal distortions measured when the calibration rig is
used in the upright or inverted position. The improper align-
men: of the flow to the axis of the rig seemed to be a
function of very small thermal differences of the air in the

plenium before entering the calibration rig.

When the probe is operated on a vertical ﬁlane, the
buovancy forces, of course, do not affect the direction. The
buoyancy forces do, however, create an effective yaw response
in the vertical probe with very low velocities ( {3 cm/sec).
This yaw effect tends to give an indicated magnitude of

velcocity less than the real velocity.

Yaw response

The operation of measuring a three dimensional flow field
is to align the probe in one plane of the velocity vector, as
shown in Figure 2.17. This usually involves measuring a floé
withk a yaw on the pulsed wire. SThe indication used for
measuring the magnitude of velocity is the perturbation caused

by the convection on to the thermal diffusion. No matter

what/
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what the convection pattern is, the diffusion problem is
always the same, i.e. the length scale of the diffusion is
simply the perpendicular distance between wires (separation
distance). Therefore all that is changing in the problem
with the introduction of a yaw is the length scale of
coavectioﬁ by X cos¥ . Figure 2.28 shows the response of

the probe which has been yawed by the indicated angle. It

can be concluded that the effect of yaw on the probe is simpiy
to change}%%fective separation distance. Again the data can
be collapsed by the parameter £¥;j6which in this case is
Qrzc«r%)-ys . The relationship relating velocity to t_

ax

is thus )
73

v A + B ‘33‘—935—_5—{ (ax.cos#-y
tuw%

This relationship holds until the yaw angle, #, becomes

large enough so that the sensor wire either intercepts a

sicnal distorted by the:isupports of the pulse wire, or the

thermal pulse misses the sensor completely. For the probes

produced in this study the minimum yaw was about 70°.

-
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'CHAPTER 3

2rimary and secondary flow of fluid in the entrance of a

curved circular pipe

ﬁummarz

The flow.éntering a circular curved tube was
vexperimentally investigated using the pulsed probe described
in the previous chapter, along with hot wire anemometérs.
The primary and secondary velocities were determined for
Reynolds numbers ranging from 150 to 1500 and Dean numbers
Zrom 45 to 800. The total kinetic energy, viscous energy
dissipation and wall shear were determined from the velocity
distributions. The results are compared to several of

the numerous theoretical studies reported in the literature.

Introduction

The character of fliuid motion in a bend has been well
studied for the case of laminar fully developed curvedr
flow and for turbulent flow entering a bend (Zanker &
Erock,'84). In general the fully developed curved flow
crganises itself in response to the centrifugal force
arising from the curvature. A pressure gradient is set up
across the tube to balance the centrifugal force with the
highest pressure at the outer wall of the curvature. In

the/
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the case of a circular curved pipe lying in a horizontal
plane, the fluid near the top and bottom walls of the tube
is moving more slowly than the fluid in the centre plane
due to viscosity and therefore requires a smaller pressure
gradient to balance the local centrifugal force.
Consequently a secondary current results where the fluid
in the boundary layer near the upper or lower walls is
forced toward the centre of curvature, while tHe fluid in
the core of the tube moves outward (Schlichting, 83).

This pattern of a twin pair of helices was first
theoretically explained by Thompson (85). The condition
of fully developed curved flow only exists after the fluid
has traversed what Hawthorne (86) térms the "bend
transition region". Within this transition region the
secondary currents undergo an oscillatory development
experimentally described by Squire (87). The pattern of
development depends strongly on the upstream velocity
profile, the regime of the flow, the curvature and the
Reynolds number. Pickett (2a) and Squire & Winter (95)
have formulated theoretical arguments for the hydrodynamic
laminar entrance flow in a curved pipe. Theoretical
arguments have also appeared for fully developed laminar
curved flow (Akiyama & Cheng, 88; Barva,'89; Pickett, 2a;
Dean & Hurst, 90; Ito, 91; McConalogue & Srivastava, 92;
Mori & Nakayama, 93) which conflict in the predicted

secondary flow patterns at high Dean numbkers. No experimental

data/
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dlata is, however, available for the entrance case with
laminar flow at medium or high Dean numbers, nor is data
available which accurately displays the secondary currents

in either the entrance or fully developed cases.

A. Flow in the inlet region of a curved circular pipe

Theoretical considerations

In the majority of engineering situations, bends are
generally in the region of 90 to 180° and therefore fully-
developed curved flow does not occur. :hlso the flow}in
such pipe fittings is almos% always tufEulent. Heat
exchangé% differ from this %eneral case in ﬁhat they.may
¢contain a coil of tubing;\hére a régioﬁlof fully developed
fflow exists (93). The theoretical work carried out
primarily coricerns itself with fully developed laminar
c¢urved tube flow; whereas experimental work conducted
wvithin the entry region of'a curve concerns itself with
tturbulent flow (Rowe, 94). The application to engineering
situations often requires the knoyledge of the increase
in resistance due to curvature whereas the application we

seek requires a knowledge of the velocity distribution.

Theoretical consideration of'flow;in the inlet
‘iregion of a curved pipe waé first undeftaken by Sqﬁi:e &
Winter (95). They reasoned that at th; inlet of a bend
izhe inertial forces will pfedominate over the viscous

forces/
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forces. Thus in this initial stage of curvature the
centrifugal forces will act on the velocity distribution.
: ﬂthih the inviscid core flow generatihg_g component of
vorticity in the direction of the flow, consequently a
secondary velocity field is set up. Squire & Winter used
the assnmption of an inviscid, incompressible,steady,
laminar flow to develop a simple equation relating the
streamwise component of vorticity,jf, to the angular_<9>
distance from the start of the curve, and tofk, the
upstream vorticity component in the plane of the bend and

perpendicular to the main flow:
fi.: - 26 L

A major difficulty in applying this equation is that
the position of the primary streamlines must be known.
A potential flow analysis can be conducted to fina these
streamlines in the iniiial region of the bend. If the
assumption is made that the secondary flow will not distort
the primary flow, then such an inviscid analysis requi:es
the solution of a Poisson egquation for a secondary fléw
stream function. Since the secondary velocities are
linear in®, the distortion of the flow will be proportional
Ua(%:@) 6 where thée constant of proportionality depends
on the inlet velocity profile. Detra (96) found that for
an inlet condition of fully developed turbulent flow into
a curved pipe (%R * lé?JJ), the region of linear increase
in vorticity extended through 21°. Both Squire and Rowe

considered/
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considered a bend angle of 30° to be the extent of the
linear region found in their experiments with similar
curvatures and entrance conditions. For different

curvatures the equation _
-
OL-Y /& .

could be applied where ¥ 1is about 125° for the above
experiments, but could vary by a factor of two depending

upon the inlet velocity distribution.

These analyses, however, depend upon the upstream
velocity distribution., If,the incoming flow was without

vorticity/
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vorticity no secondary currents would be predicted from
these inertial arguments. This shows how dependent the
development of secondary currents is on the upstream

‘relocity distribution.

Pickett obtained theoretical solutions using the
opposite arguments; he attempted to isolate the effects
0f viscosity in determining the three dimensional velocity
7ield at the inlet of a pipe. Pickett's assumptions
require that no worticity be present within the incoming
Zlow. This is, however, not an unreasonable regquirement
i.f the curved tube is fed by an entrance bell creating a
flat velocity profile at the entrance to the curve.
Essentially Pickett's method was similar to the method
used by Atkinson & Goldstein (99) for the flow devglopment
into a straight circular pipe, but with the additional
feature of a curvature being present. DPickett cxpanded
the boundary layer eqguations in powers of Re:%Lﬁ% (where
a is the radius of the tube, R the radius of curvature
cf the centre line, and Re the Reynolds number). He also
cbtained a solution for the velocity distribution in.the
inviscid core éf the pipe. He numerically evaluated the
coefficients in the resulting equations erlthe primary,
tangential and radial components of velocity for oné

curvature and Reynolds number and for the special case of

!

a flat entrance profile. (Re = 9000, R@_= 0.05). The

solution/
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solution unfortunately breaks doﬁn rapidly for the curvatures
of interest in this study. The solution only holds within
4 length from the entrance of the curve which is of the
same order as the length in which the Atkinson-Goldstein
so0lution holds for entrance-flow into a straight tube,
For curvatures of a% 7| the solution breaks down even
more rapidly. This means that for the curves and Reynolds

aumbers studied in this chapter, Pickett's solution'is

applicable only for-the first 4° of the bend, or less., ,

I evaluated the coefficients on the expansion para-
meters reguired in Pickett's eguations for the velocity
components to compare with one of the sets of exPerimehtal
data later to be presented. for this I chose the case of
Reynolds (1039) and curvature (%p® /) which allow the
application of Pickett's solution over the max imum axiai
distance (4°). Predictions concerning the primary
velocity distribution, the relative strength of the
“fzangential component of velocity in the boundary laver,
izhe viscous energy dissipation can be thus éxfracted )
“rom Pickett's solution and compared to the experimental

data; this will be dcne within the discussion section.

lxperimental studies

The first studies toward understanding the three
dimensional flow field within a bend were conducted by

Zustrice/
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Eustrice (101) who introduced streams of coloured dyes

into glass bends of various curvatures and bend angles

from about 20° to 360°. Eustrice demonstrated the
existence and general shape of the iﬁtricate and
beautiful* three dimensional laminar flow field within
the bends. Accurate descriptiqn and quantitation of the

three dimensional field from the reportéd two dimensional

drawings is, however, difficulg.

Most of the experimental studies carried out
measuring the velocity field of the flow within the bend
transition region of a circular curved pipe have dealt
with turbulent fully-developed floﬁ as the inlet condition
to the bend. These studies are primarily concerned with
avaluating the inertial development of the secondary
currents. Detra, Eichenberger and Hawthorne measﬁred the
total pressure field ohly. Squire (87) went further by
inferring the gross directions of the secondary clurrents
nased upon changes in the measured total pressure
distribution supplemehted by apparent** direction meaéure-
ments on the axis of the bend and near the upper and

lower/

*The patterns must have been indeed a beautiful kaleidoscope
nf colour since Eustrice used streaks of six different

vivid colours which all remained distinct while twisting
among one another.

**Sguire states that he attempted yaw measurements bhut
these measurements were not completely successful.



- 145 =~

lower walls of the tube. Sguire interpreted the results -
of his measurements in a 180° pipe bend with R/d = 12 and
Zeed with fully developed turbulent flow to imply that

ithe secondary flow in the transition region is oscillatory,
with the oscillations being damped out as the flow in

ithe curve becomes fully developed. He produced diagrams
which imply that the direction of the secondary flow is

at first similar to the fully developed curved flow
situation and then reverses direction at an angle into

<he bend of 909. The secondary currents again change within
:he.next 30°, approaching fully developed curved flow at
L20° within the bend. Figure 3.1 is a reproduction of

-he indicated direction of the secondary currents by

Squire.

Squire's attempts to measure the secondary velocities
directly were, however, unsuccessful. Rowe extended the
experimental measurements of Sguire by obtaining the
component of secondary velocity 'in the plane of a 180°
bend with the same experimental conditions as Squire.

"rom the measured changes in the primary velocity,

netween each 30° station within a bhend, along with the
measured component of the secondary velocity, he produced
zomplex secondary current patterns. These patterns always
maintain the general direction of the fully developed flow

currents but with areas of smaller scale vortices embedded

in/
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in the general pattern but opposite in direction. These
twin vortices first appear near the inside of the bend.
Rowe attributed these reversals to the drift of the stream-
wise vorticity predicted by the Squire & Winter analysis.
This vorticity is produced within the first Zdoto‘4oo of
the bend at the upper and lower regions of tube where the
velocity gradient is perpendicular to the plane of the
bend. The vorticity is conveyed by the secondary flow
toward the inner wall. The secondary flow in Rowe's
measurements was slower at the inner wall (this is
contrary to the results of this chapter), allowing the
vortex fiiaments to drift closer together and form a twin
vortex roll-up. This concentrated area of vorticity is

then apparently propelled toward the outer wall by the

secondary current in the plane of the bend.

Rowe's primary velocities were, however, similar to
Squire's and showed the same trends. Both investigators
found that at about a 45° bend angle the measured pressure
contours appear most distorted from their initial
pqsition, and that after 120° little change in the
contours were noted (i.e. the fully developed condition
was reached). The magnitude of the secondéry flows in
Rovwe's experiments showed a linear increase from the inlet
of the ﬁend to the first measured position (309 and
thereafter decreased in magnitude until at about 90° the
total secondary flow reached a steady value. Rowe also
made calculations (94b) using an inviscid analysis,

combined/
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combined with Squire & Winter's results, and the boundary
condition of a fully developed turbulent profiie at the
bend inlet. The measurements and calculations showed

reasonable agreement.

Two investigations have studied flow in the transition
region of a bend with entrance profiles other than fully
developed turbulent flow. Eichenberger (98) artificially
oroduced a velocity profile for entrance into the bend
which was linear in a plane perpendicular to the axis
of the bend. The period of oscillations occcurring in fhe
total pressure field as the flow moves around the bend
was less than that found for a fully developed turbulent
inlet. Bansod & Bradshaw (100) studied the flow in an
53-shaped duct with a flat entrance condition. If we
consider the first curve of the hend as the inlet to a
curved tube (assuming that the upstream influence of down=-
s3tream conditions is small) then we can compare their
results to those of Rowe. The curvature of Bansod's ‘/
section (¥, =7) was, however, much smaller than Rowe's
configuration. Bansod found contours of total pressure
which were similar to those of Rowe and Sqguire in shape.
He also measured yaw in the tangential direction from
which he could interpret the direction of the seccndary
currents. The direction of these currents was similar
o those measured by Rowe within the boundary layer, but

were opposite in direction just outside it. Bansod could

only/
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only measure tangential components of velocity, not radial,
so his observations are not inconsistent with the other |
studies. The tangential component of velocity is probably
a good indication of the total secondary flow within the
boundary layer,.but not within‘the core where the general

direction of secondary flow is probably parallel to the

plane of the bend.

The above mentioned theéretical and exper.mental:
studies have the most direct relevance to the work reported
in this thesis. Many other experimental investigations
have been reported, primarily concerned with the measure-
ment of pressure loss within the transition region of a
oend. These studies are well reviewed by Zanker & Brock
and by Hawthorne. In general these studies show wide

variation in the measurements of energy dissipation.

3. Fully developed flow in a curve

Two basic approaches are used for solving the flow
field within a curve for the fully developed laminar case.
i\ perturbation method is applicable for flows with a low
Dean number. The perturbaﬁion parameter is QVR which
must be small. Dean (102) expanded the Navier-Stokes
.equation as a power series in this parameter and gave
solutions as far as the fourth power. He showed by
dynamical similarity that the flow depends on a single

non-dimensional/
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K = Re (/R

where Re is the Reynolds number, a the radius of the

'/7,

¢ircular tube and R the radius of curvature of the centre
' 1% now known
line, and this non-dimensional parameter/as the Dean
rnumber. Dean showed that his analysis was reasonébly
reliable for values of K up to 17. Cuming {103) extended
the same method to cuvved pipes which are elliptical in
section and showed that the aspect gatio of the pipe haS;/
considerable effect on the intensity of the'éecondary flow.,
Dean & Hurst investigated the flow with Déan numbers of
_order one, in order to describe the secondary flow
pattern. They predicted a siﬁple pattern of secondary
flow in that the direction of the secondary velocity in
the core area of the tube was parallel to the plané of the
hend and toward the outer wall. McConalogue & Srivastava;
used a Fourier-series to connect the fluid elements |
‘vrithin the plane of cross section and then numerically
solved the resulting coupled non-~linear equétions. Thé
riumerical solution was obtainable up to Dean numbers of
102.9. They produced patterns of—secondary flow which,
like those of Dean and Hurst, were directed approximately
parallel to the pléne of the;bend in-thé éore. The
secondary flow patterns near the upper and lowér walls were
shown to move in an approximately tangential direction.

he centre of the secondary vortex moves outward as the

Dean/ ‘ .
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Dean number increases (as does the position of maximum
axial velocity). Also the thickness of the tangential

boundary layer decreases.

The other approach to the‘piéblem is to use a
boundary layer analysis which may be expected to hold for
aAigh Dean numbers. Adler (104) was the first to do this,
Je expérimentally examined the axial velocity field for
fully developed laminar and turbulent flow in curved
tubes with larger curvatures. He found i-hat the velocity
field was arranged with a boundary layer near the wall;
the layer beiné thin at the outer edge of curvature and
progressively becoming thicker on the wall in the
tangential direction toward the inner wall of curvature.
Adler then solved the boundary laver equations to predict
zhe resistance to flow in a curve. Barva (89) used the
same assumptions as Adler for the analysis of the velocity
Zield and obtained reasonable agreement with experiment
at Dean numbers of order 100. Pickett and Mori & Nakayama
(93) have used similar boundary analyses for a laminar
Zlow while ITto (91) has produced an analysis based on a
Pohnhausen approximation to obtain solutions which have
seemingly better agreement with experimental data.
Recently, Akiyama & Cheng (88) have obtained a finite-
difference solution using what they termed a "boundary
wvorticity method" which gives good agreement with the
velocity distribution found by Adler. These theories can

be/



be grouped into two classes. Barva and Pickett predict
separation occurring near the inner wall of curvature,
while the others do not. This prediction of separation
comes about when solving the boundary layer equations (and
matching to the core solutibn% in a step-like progression
starting at the outer wall. The solution blows up at
about 63° from tﬁé axis at the inﬁer wall in Barva's
calculation. He predicts that the secondary velocities
are separating at this point and that a large swirl in

-he secondary pattern would exist there. Pickett's
solution predicts that the separation is caused by distorted
distribution of the axial velocity but notes that the
bhoundary layer approximations break down at such a
position of separation. The solution of Mori & Nakayama
(which is most comparable to Barva's and Pickett's
so0lutions) and the solution by Ito do not show this

phenomenon occurring.

Experimental techniques* : .

Two circular curved tubes were constructed from
blocks of Perspex. The tubes were constructed by machining
+two half sections along the prescribed‘curvature with a
semi-circular cutter; this ensured that the cross-section
of the model remained circular. The inside surface was

polished/

*The experimental methods used in all the flow studies
throughout this thesis are similar and therefore these
;methods will not be discussed elsevhere.
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polished and slots (or holes) were milled into the model
to give access to the probes. The tube diameter was 1.5
inches and two radii of curvature were used, 12 inches and
3.5 inches, resulting in curvature ratios of 1/16 and
1/4.66. TFigure 3.2 shows one half-section of the model
with a radius of curvature of'12 inches. Each curve
extended through a bend angle of 270° but only the first
180° was used for measurement. We therefore assumed that
end effects were negligible within the test section. The
slots not in use were filled or taped over ccompletely.
The slot in use was filled (or taped) over partially,
allowing only enough space for the probe to protrude

through.

The model was not extended past 270° so as to avoid
introducing a helical curvature in the malel. Such helical
curvatures can affect the secondary velocity field, as
analysed by Pickett. The resultant test section is
relatively short, limiting the ability to ascertain when
the fully developed flow condition is reuched. Fully .
developed flow was determined by two methods. The first
was simply to find the ancular position within the bend
where the velocity field does not change betwecn measured
stations (see Figure 3.14 as an example). An alternative
method was to determine the secondary flux across a plane
within the cross section (in particular the vertical

diameter)/
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diameter) of the tube and perpendicular to the plane of
net
the bend. When the?secondary flux was zero, and remained

zero, the condition of fully developed flow was reached.

Two entrance profiles, flat and parabolic, were used
for each model; the flat entrance pfofile was produced by
en entrance bell feeding directly into the model.* The
flow was screened and straightened immediately priof to
the bell. The profiles produced at:the mouth of the bell‘
vvere measured with a‘straight outrun of 30 cm attaphed-té
the bell and the results of these measurements.are shown
¢s the first of the series of profiles in Figure 3.5 to
Z.14. The direction of the velocities within the mouth of
the bell was also‘ﬁeasured and shown to be parallél to the
exis of the tube within 0.5°. a parabolic Veloéitf
profile was produced by a straight, thermally isolated
tube of over 100 diameters in length, Tﬂé Veiocity
rrofiles were within 1% of a parabolic distribution and
the direction of flow was parallel to the axis within -
$0.5°, It should be noted that thermally isolating the
system is quite important. A temperature difference of
about 5° between the air within the long tube and the tube
walls causes buoyancy effects whicﬁ become progressively
larger as the flow moves down the tube. This results in
¢ skewed axial velocity field along with a component of

csecondary/

*A distance of 0.5 diameters existed between the mouth of
the bell and the 0° position in the model.
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secondary velocity of about 5% of the total velocity.

fince the vorticity produced in the curve is related to the
tpstream vorticity, this buoyancy effect thus disturbs the
velocity field within the test section. The magnitude

of this thermal effect will change as the environmental
temperature changes and therefore the measurements in the
test section will vary from day to day. Curvature of the

upstream entrance tube will also cause similar effects.

The volume flow into the system was delivered from an
exial fan (a Hoover vacuum cieaner) thrsugh a volume plenum
end heat exchanger. This ensured a conétant flowrate”and
e¢voided any rapid thermal fiﬁctuations in the gas. Tﬁe
vvolume flow rate was measured by'roﬁameters, accuraterto
1%. The temperature of the gas was conStantly monito}ed

eénd the rotaqmeter reading corrected for'temperature.

Measurements were carried out using‘the pulsed probe
&s was discussed in Chapter 2, along with specially
" ¢onstructed hét wire anemométers. The 6peration and
calibration of the pulsed pfobe has alréady been discussed.
The hot wires were used primarily to déﬁermine the
vrelocity gradients near the walls, altﬁough velocity
profiles werevalso taken wiﬁh this instfument. The hot
viire probes, like the pulsed probe, wefé calibrated
within an entrance bell (sée Chapter 2). Pitch and yaw
calibrations were also qarried out on the hot wire probes

but/
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but these calibrations were much less frequent than a
simple veldcity calibration which was run before and after
each experiment. The pulsed probe is limited in its
ability to measure velocities close to a .surface. For

i-he pulséd probes used in this thesis, velocities could
only be measured at distances of_d.l cm from the wall of
-he tube (& 0.93 nondimensional radius in the curved tube
models). The hot wire probes Qere used to extend the
velocity measurements to 1ocations'very near the wall

(=0.99 nondimensional radii), and thus wall correction.

calibrations were also carried out.

Multiple wall calibrations must be carried out when
neasuring low velocities ( {5 cm/sec) near a wall. This
i.s because the natural convection currents, which are
important at these velocities, will be distorted Ly the
presence of ﬁhe wall., Wall calibrations were conducted
for three wall orientations: vertical, horizontal and
sbove the probe, and horizontal and below the probe.
Igain these calibrations were conducted at ﬁuch less
frequent intervals than the simple velocity calibrations.
7. wall correction factsr was obtained for the three wall
orientations at progressive distances betweén the hot wire
probe and wall and for a variety of velocities. These
calibrations were carried out within a long straight tube
with parabolic velocity profiles. The hot wires used in

this study were abie to give adequate velocity measurement

only/
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 on1y down to velocities of about 5 cm/sec. Fortunately
then the velocities become this low, the viscous boundary
layer is so large that the pulsed probe protrudes well into
the viscous boundary layer, giving adequéte description of
the velocity gradient at the wall. Pitch or yaw
corrections were made on the hot wire measurements. The
magnitude of these corrections was ascertained by the
direction iﬁdications from the pulsed probe measurements

and extrapolated to the positions where the hot wire

measurements were taken,

Most of the studies were carried out by protruding.the
orobes from the side of the models. The probes used thus
sensed the velocity directly off the end of the probe's
shaft. The presence of the probe shaft can affect the
velocity field. This effect was studied in the eﬁtrance
oell by orienting the hot wires both along the axis of the
tube and perpendicular to the axis (protruding from the
side). The change in magnitude of the indicated velocity
was dmply related to the amount of blockage which the‘
orobe shaft presented (approximately 3% at maximum).
Jistortions of the three dimensional velocity rield were
more difficult to ascertain. -These distortions were
assumed negligible. The measurements of the velocity
field indicate a symmetrical distribution which seems

to validate the assumption that the probe caused little

distortion.

Figure/
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Figqure 3.3 shows the manipulating device used fof most
of the measurements. The micro manipulator was used to
position the probe (note: only the vertical manipulator
is shown) in the vertical and horizontal directions. The
swing arm on the protractor shown in the figurevwas used
to indicate the direction of the velocity. The device was
machined so that its baseiwas paﬁgllel to the zero angle
reading of the protractor, and this base was aligned
perpendicular to the axis of the tube. The probe waé
clamped into the device and the orientatioﬁ of the wires
vere set perpendicular to the bhase of the manipulator by
a microscope. The whole procedure gave repeatable align-
ments of tﬁe pulsed and sensor wire parallel to the axis
of the tube to within 0.5°, The fiqure also shows the
small curve model used and the entrance bell with' flow
straighteners and plenum. Measurements were taken by
traversing the probe within five planes parallel to the
axis of the bend (a horizontal orientation in Figqure 3.3)
and five planes perpendicular to the axis of the bend.”
Seven of such traverses are shown in Figure 3.4. Velocity
measurements were taken at each millimetre increment and
direction indications at each two millimetres. The
direction indications were inéerpolated-to each millimetre,
thus giving an indication of the velocity at approximately

each 0.05 increment of the nondimensional radius.

In all, 350 measurements were taken at each station
within the tube, This relatively large number of measure-

nents/
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TYPICAL DATA SET

FIGURE 3.4  Eight of the ten traverses used for measurement
indicating the typical location of data.
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measurements was required to describe the intricate
secondary flow field. Het wire velocity profiles were
zaken at only two planes; ﬁarallel and perpendicular to
-he axis of the bend, Measurements Qere taken at millimetre
increments within the core and at more frequent increments

\

near the walls.

Methods of data handling .

-

The velocity profiles from both the pulsed probe and
hot wire probe were analysed to obtain the‘integrated
volume flow rate (the zeroﬁh moment) , the first through
zhird moment of the velocity distribution, the energy
dissipation and the totd kinetic energy. This analysis
‘was carried out numerically on the CDC 6600 computer
Facility at Imperial College. Each profile was first
interpolated using a five power Lagrangen method to
obtain velocities at each position of 0.05 nondimensionéi
“:radius (r). The end points of the profiles were inter-
polated with progressively smaller powers of a polynoﬁiAal
reaching a linear interpolation between the last measured
7elocity and the wall. The resulting pulsed probe
profiles were handled differently than the hot wire.profile.
7or the pulsed probe an interpolation of éach angle
(measured parallel or perpendicular to the pléne of the
bend) measurement was conducted in a radial direction
by fitting é four term Fourier series via a least squares

method to the data. This interpolation was carried out

at/
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at each 0.05r. The angles measured on the planes 1 through
5 are shown in Figure 3.4, where thus interpolated to
nlanes 6-10., This angle is the yaw which the probe
2ncounters when used in planes 6-10, and therefore is the
vaw correction needed for velocity determination. This
correction, (FOSVO is usually small since the maximum
anagles measured within the boundary layer in any one

profile are usually less than about 30° (@0539) = 0.908),

and the direction angles within the core flow are usually
less than 10° (correction = 0.990). The velocity field,
cofrected for yaw, is thus obtained andvis displayed
directly from the data while the calculations of the
moments, energy dissiﬁatioqeand total kinetic energy are
done with a set of'Fourier equations fitted to the velocity
distribution. The velocity distributions obtained suggest
that a four term Fourier equation willhedequately describe
the contours, i.e. .

V(ey=s Ar Beosg + C5mO *:’)COSZQI .,
The total velocity and each Cartesian component were thus
fitted with this four term Fourier series via a least
squares method. The solution for the Fourier coefficient
is not streight forward, because the number of data points
along the outer circumferences are more numefous than
along the inner circumferences, i.e. 22 fitted points at
r = 0.95 to 12 points.at r-® 0.6). This situation
creates an algebraically messy problem. Within the centre
of the tube from r = O.to r = 0,25 the: fit is of course

exact/
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sxact, because there are only four data points.

The direction of the total secondary velocity was
nbtained by interpolation of each measured component. of
the secondary velocity with a procedure similar to that
used for vaw correction. In this case, however, the
2xpected changes in direction, especially if separation

.phenomena are present, may occur within smaller circum-
ferential lengths. This requires that a higher order
Fourier series be used. Unfortunately it was found that
when the number of terms in the Fourier series approached
the number of data points being fit,instgbilities in the
2quations occur. This isidue to the fact that the
direction of the total secondary velocity can vary con-
siderably with small ch%nges in eithef of the secondary
velocity components, provided that both componenté are
near zero. This difficulty limited the ability to describe
khe pattern of secondary flow in detail. Work is con-

izinuing on this aSpéct of the study.

.Results

Table 3.1 shows the Reynolds and Dean numbers at
which the experiments were carried out. These flow rates
and curvatures were chosen éo that each Reynolds nunber
nad two similar Dean number cbnditions and also vice versa:

2ach Dean number had two similar Reynolds number conditions,

as/



TABLE 3.1

REYNOLDS NUMBRERS AND DEAN NUMBERS

Reynolcs
Number
Re
1634
1630
1031
1029
540
539
501
300
180
180

OF EXPERIMENTS

Dean

756
407
476
257
250
135
139

75
83

Curvature

Ratio
1/4.66
1/16
1/4.66
1/16
1/4.66
1/16
1/4.66
1/16

. 1/4.66

1/16

- S9T -
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as can be seen in the Table. Each of the éen flow con-
ditions was studied with the two entrance profiles (flat
and parabolic). The flow within the'curve with a flat
inlet profile develops in a more compléx manner than
flow with a parabolic inlet. Therefore measurements were
taken at more frecuent intervals for the flow entry
condition. Measurements were taken within the enﬁrance
oipe at the start of the bend, and at each 10° of bend

-

angle up to 90° for the flat inlet; and aﬁ each 30° for
the parabolic. After 90° the changes in the vélocity field
are much less rapid. Therefore measurements were taken

at each 45° position after 90°, i.e. 135° and 180°. Tt
was assumed from the work of Squire and Rowe that fully
developed flow would have been reached before 180° and
~herefore no systematic attempt was made to study‘the
7elocity distribution after 180° of the bend.. In all,

380 velocity distributions were determined, which makes
<he presentation of the results in this study very
difficult. Clearly 380 polar contours of primary and
secondary velocity distributions are unpreseqtable.
Marther, the interactién between'the viscous erfects and
itnertial effects causes an intricate deve;opnent of the
flow, disallowing gross generalisations to be made.

‘The presentation of the basic ideas of this study can
best he served by displaying one total analysis of the
Flow (all velocity components and directions) at a fully
developed state. This allows comparison witlr the theories

For/
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1

1

for fully developed flow. In addition to £his, the linear
velocity profiles in the plane of the bend at each measured
position are presented. This adeqhately displays the
viscous-inertial interactijion. Finally‘the secondary
profiles are shown at less frequent angular interyals than
the primary velocity profile and are shown for seven of
the ten traverses measured within each station. fhis
¢ives information as to the magnitud:?gattern of the
secondary velocities as a function of Reynblds number,
Dean number, bend angle and entrance condi£ion; AS was

shown in the previous sections of this chapter, all of

these dimensionless parameters are required for an

c¢deguate description of developing curved tube flow.

Figures 3.5 to 3.14 display the measured priﬁar&
velocity profilés in the plane of the bend, for the ten-
Feynolds and Dean number conditions measured. 1In general;
the pattern of development of the primary velocity dis-

tribution has similar trends for all Reynolds numbers

neasured with a similar entrance condition.

For a flat distribution of velocity at the inlet, an
initial velocity skew is present at the inner wall of
curvature, as would be the case in an ideal flow devoid.
cf vorticity at the inlet. Further, this skew is present
at the onset of the curve and slightly upstream, inferring
that the fluid mechanics at the start of the bend must be

described/
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cdlescribed by equations which are elliptical in nature.
The magnitude of the skew is related to the curvature.
The development proceeds by a further increase in the
potential skew within the first 20° to 30° of the bend.
fhe total secondary flow is growing approximately linearly
in magnitude, being maximum at about a 60° bend angle.
"he influence of the secondary currents in distérting the
primary velocity distributian first becomes apparent at. .
about 30° to 40°, depending on the Reynolds number. At
his point the fluid with higher velocity is béing pushed
outward from the centre of curvature and is replaced at
the inner wall by the slower movipg fluid from the
vicinity of the upper and lower walls of the tube. This
causes a sharp decrease:in the velocity, field at the
position of the inner wall. Between 40° and 90° of the
bend angle, for the higher Reynolds numbers, the effect
of the secondary currents "overshoots" .- pulling the .
higher velocity fluid from the vicinity of ﬁhe outer wall
around toward the inner wall, creating a double humped
appearance in the profiles Xor a ‘'wing-like shape in the
velocity contours). Beyond.90° the developmert of the
flow within the core slows -due to a rapid decrease in
secondary flow within the core. The development within
‘the boundary layer (which is now much -thicker) at the |
apper and lower walls continues, and the high velocity
fluid pulled; from the outer'wéll is now more strongly

affected by vscosity  as it moves toward. the inner wall of

curvature/
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curvature. This process continues between 90° and 180°
of bend angle where the flow approximates to the fully

developed condition.

With a parabolic entrance profile, the higher velocity
fluid deviates directly toward the outer wall of
curvature. In this case the influence of the flow on the
downstream velocity profiles is much less than for the
flat entrance condition. Again the magnitude of secondary
flow increases in an approximately linear manner within
the first 60° of the bend.' The effect of the.secondary
currents "overshooting" is ‘more pronounced because the
velocitiés on the outer walls (which are being pulled in.
a tangential direction by the secondary currents from
outer tolinner wall before,viscosity can reduce the
velocity) ére higher than the.comparable velocities in
the flat entrance condition. After 90° the development
proceeds in similar manner-to the flat entrance condition

for the lower Dean numbers.

The secondary flows produced in the curve with a
parabolic entrance become greater in magnitude than those
produced from a flat entrance condition., This fits well
with Squire and Winter's equation relating the secondary
flows to the upstream vorticity. The patterns are also
more intricate with a parabolic input and the length

¢
required to reach the fully developed 'state is longer.

The/
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The magnitude of the Reynolds number and Dean number
(curvature) have strong effects on'ﬁoderating the general
pattern of flow development within the curve. This can
easily be seen by comparing the figures. The most
striking feature (besides the thickened boundary laver)
of the development with lower Reynolds numbers ié that
this expression of secondary flow "overshoot" is absent.
The secondarv flows are-relatively stronger at lower
layer
Reynolds numbers but the viscous bound%ry/grows more
rapidly disallowing the seccondary curfénts to carry high
velocity fluid elements from the outer to inner wall
without being affected by viscosity. The dissimilarity
in curved flow development between the parabolic and flat
inlet conditions became much less at the lower Reynolds
numhers; the two inlet conditions giving approximately
the same development pattern at the lowest Reynoids and
Dean numbers measured. It can be easily seen that the

Dean number is the unifying parameter only for fully

. developed curved flow. In the bend transition region the

curvature, Reynolds number and the entrance conditions

all must be present to satisfy similarity.

The primary flow development for the condition of a
parabolic inlet p;ofile or for the condition of low
Reynolds number cén be classified as a simple damped
oscillation. The flat inlet condition at higher Reynolds
number can also be classified in this manner after the

initial 30° to 50° of the bend. In general the flow

developed/
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developed at a slower rate than measured by Squire or
Rowe, but the sequence of primary and secondary (with
exceptions) flow development measured in this thesis is
generally similar to the previous work for the experiments

run at lower Dean numbers.

~

Comparison of primary and secondarv velccities at

180° in a bend (the fully developed condition)

Figures 3.15 to 3.18 display the distribution of
primafy and secondary velocities measured at 180° of bend
ancgle for a parabolic entrance condition ?ﬁi== 1/4.66, a
Reynolds number of 1030 and a Dean number of 476. The
contours of primary velocity are similar to the measure-
ments of Adler, Rowe and Squire, where the areas of high
velocity extend from the outer wall circumferentiélly
towards the inner wall of curvature at the higher Dean
numbers. At lower Dean numbers the primary velocity
distribution loses this wing-like shape and the point of
highest velocity is found in closer proximity to the -
centre line. The primary velocity contours at 180° for
Dean numbers below 100 are very similar to those calculated
by McConologue & Srivastava. TFigure 3.16 shows the ten
profiles of secaondary velocity. These prbfiles are very
nearly symmetrical with respect to the plane of the bend,
approximately justifying the previous assumption that the
oresence of the measuring probes did not disturb the flow
pattern, These profiles are similar in pattern to those

found/
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found by Rowe, but show a higher magnitude of secondary
velocity. The transverse boundary layer indicated by the
measurements is of approximately the same configuration as
that calculated by Rowe and Adler, but the thickness is
somewhat greater than predicted by these theories. The
maximum secondary velocity is approximately 40% of the
primary, and the position of this maximum is at about
0.0Ba from the wall. Figure 3,17 shows the contours of
equal total secondary velocities, showing that the secondary
velocity reaches a maximum at about 60° above and below the
axis of the bend at the inner wall. Figure 3.18 depicts
the directions (and giving indication of the magnitude of
the vector as shown) of the secondary flow. The figure
cdlisplays the basic simple patterh of secondary flow moving
the fluid from inner to outer wall in the core of the flow,
with a direction approximately parallel to the plane of

the bend and then returning to the inner wall in a
tangential direction near the upper and lower walls. This

rattern predominates in all of the secondary currents at

& 180° pend angle with Dean numbers below 500.

For the fully developed flow at Dean numbers above
200 (as in the example of Figﬁre 3.18) a smaller scale
circulation becomes superimposed on the general pattern.
This is shown by four secondary vortices at positions of
50° and 120° from the plane of bend meaéured from the
outer wall. These reversals are shown in Fiqure 3,18 as

eddies/
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1

sddies in a clockwise direction below the éxis_of the

send and counter-clockwise ahove., The vortex at 50° is
simply the centre of the general Cirpulation pattern which
has moved from a position at‘the vertical axis of the

tube (90° from outer wall) toward the outer wall.v This
movement of the centre of circulation is a function of the
Dean number and is cvident at all the Dean numbers studied
in this thesis. The position of this centre of circula-
tion agrees well with predictions by NcConéiogue & Srivastava
for the experiments with Dean numbers up to 1l00. The
vortex at 120° is less notable. This eddy is present only
. at the higher Dean numbers and mav be due to either a
local separation of the tangential boundary layer, as
nredicted by Baura and Pickett, or could be a residual of
the flow development wthich has not dissipated. This

"aspect of the flow could not be further elucidated with

-he present apparatus.

Figures 3.19 to 3.22 depict some of the secondary
velocity profiles within the bend transition region.
These diagrams display the basic features of the secondary
flow development found in all of the experiments. The
general pattern of seccndary flow is similar to the
pattern described by Squire, and shown in Figure 3.1.
Several features of the secondary flow in my experimepté
(more viscous flow) are not typical of either Squire's
or Rowe's measurements. In general the secondary

velocities/
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velocities increase in a linear manner until a bend
angle of about 40° is reached. This can be best seen by
comparing the centre line velocity to the maximum velocity -
in the tangential boundary layer. After about 50° the
secondary velocity in the plane of the bend répidiy
decreases, becoming negative (toward the centre of
curvature) near the outer walls at. the medium Dean numbers
and negative at all points across the tube forVFhe
experiments at Deaﬁ;humbers about 500. The tangential
boundary.layer grows raﬁidly up to a bend angle of 60°

and thereafter remains constant or decreases slightly.

The thickness of this boundary layer is of course
dependent on the Reynolds number, being approximately

0.25a for the flow at Reynolds numbers of 300 or below.

A prominent feaﬁure of the secondary flow me%sured
in the first 90° of bend angle is that continuity does’
not hold for the secondary flow in a plane perpendicular
to the axis of the tube. This results from the net
axial circulation being generated by changes in the
distribution of primary velocity. Only in the fully
-developed flow condit’'on do all the secondary velocity

profiles preserve continuity.

‘A second prominant feature is the complexity of the
pattern of secondary flow with the higher Dean numbers
for bend angles between 90° and 180°, This condition is

4

onlv/
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cniy prominent with the parabolic entry profile. The
reasons for fhe existence of such regions of vorticity
which is opposite in sign to the vorticity produced in

the initial 40° of the bend is complex. This probably
results from the strong tangential component of sécondary
flow which creates the winged shape of the primary
velocity contours shown in Figure 3.15 and referred to

as overshoot. The velocihy profiles along the Qértical
rlane will have\aﬁr“N~shaped" appearance after 60° to 90°.
Therefore the vorticitv of the primary velocity along

the vertical plane in the core of the tube is in the
opposite direction to that in the boundary layer. The
effect of curvature is that the vortex lines are advected
in a plane parallel to the plane of the bend, creating

an axial component of vorticity (the Squire agd Winter
'argument)t In the boundary layer the resultant axzial
conmponent of vorticity creates the secondary flow pattern
whi ch predominates in the first 40° of the bend. The
advection of the vortex lines in the core of the tube
(vhere the vorticity is now opposite in sign) creates
local areas of secondary currents which are opposite in
direction to the sécondary currents created within the
boundary layer. When the curvature is high and the enter-
ing flow contains vorticity thé axial vorticity developed
in the first 40° to 60° will be relatively strong (see 60°

position in Figure 3.16), causing an exaggerated condition

of/
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of negative vorticity development downstream from the
linear region.. This results in local reversal; of the
secondary flowfpattern followed by a possible total
reversal of the secdndary flow within the core of the

tube (only). The production of "positive" axial vorticity
(positive defined as in the sense of the vorticity
produced in the inlet region) continues but the net axial
vorticity is now the summation of the "positived and
"negative" vorticity.produced. The steady state condition
of "poéitive" and "negative" vorticity production is
reached between 135 and 270° of the bend where the net
vorticity is constant. It is expectéd that the production
of "positive" and "negative" axial vorticity within a

bend will proceed as in Fig.3.23.

Separation from the inner wall of the bend could
rause the complicated patterns seen in Figure 3.18. This
separation is not expected with the curvatures usced in
this study. This is deduced from the exreriments of _-
Joy (106) in bent channels. Further, the primary flow
patterns do not suggest sepération occurring at the inner

viall,

The magnitude of the maximum secondafy velocity in
the tangential boundary layer indicates the direction oﬁ
the total velocity (the direction is of course the measured
qﬁantity, but this is not displaved in the figures). At
this point in the tangential boundary laver the direction

cf/
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of the total velocity can bhe obtained from:the ratio of

the secondary to primary velocities. The direction obtained
in this manner was found to be egual to the direction of

i-he limiting streamline against the wall (at leasﬁ as

close to the wall as could be measured). Table 3.2

depicts the direction of the limiting streamline én the

wall at the vertical axis of the tube. The experimental
rresults of Rowe and Bansod, along with theoretical

calculations from Pickett's analysis, are also shown.

The sécondary velocity profiles also show thaﬁ the
nagnitude of secondary velocities increases relative to
i:the primary velocity as Reynolds number decreases and
curvature increases within the bend transition region. At
the higher Revnolds numbéfs or lower curvatures (Ré =
1030, %R = 1/16) the maximum secondary velocity is 0.25 -
nondimensional velocity at a bend anale of 20° and at
" 0.05r from the wall on the vertical axis. For lower
Reynolds numbers and higher curvatures (Re = 300 , ¥R =
./4.66) the maximum secondary velocity is 0.72 non-
dimensional veléc;ty at bend angle of 60° and 0.08r from
:he wall on the vertical axis. These values are higher
:han have been measured in turbulent flows but seem to
give similar limiting streamline directions to those
observed by Eustrice. The position of ma%imum secondary
flow is a function of the inlet condition and Reynolds
number. For a parabolic entrance the largest secondary

velocities/



TABLE 3.2
AVGLE BETWEEN LIMITING STREAVLING AND AXTAL DIRECTIOH
T THE VERTICAL AXIS

OF TUBE &

Re = 1030 Re = 300 Taken From Rowe -
Bend a/R = a/R = a/R = a/R = Theory of Re = 2.36 x 10°
‘Angle 1/16 1/4.66 1/16 1/4.66 Pickett a/R = 1/24
0.5 0 5
1.0 -150 |
2.0 -50° /
20 -54° -21.5°  -45°  -45° /
22.5 ;
30 ' -18°
40 -13° -31.5° -25% -40°
60 -14° -29° -28° -42° - 9°
90" - 5° -29,5°  -10° -38°
(-18.5°) (~12.5°) -12°
120 -12°
150 -12°
180 -10° -31.5° -27° -40°
(-13.5°)  (-24.5°)  (-23°)  (-26°) ~12°

LEGEND

FLAT ENTRANCE PROFILE FOR

~ Data at Re = 1030 and 300, Picketts theory Re = 1030 and Bansod measurements

( ) indicates Parabolic entrance profile
Rowe's data with fully developed turbulent entrance

negative sign indicates direction toward centre of curvature.

- L6T -



- 198 -

velocities occur between the upper or lowef wall and thei
inner wall, at a position of 100 to 120° from the horizontal
measured from the outer wall. For a.filat entrance con-
dition the position of maximum secondary velocity occurs

at approximately 30° from the outey?gg a bend ané;e of

20°. This position of maximum secondary velocity shifts
l.angentially toward the inner wall as the £ low progresses

around the bend.

Comparison of the results with other experimental

studies and theoretical predictions

Two major differences are apparent whenvcomparing
the results of this thesis and previous experimental “work
in the bend trénsition region. Viscosit§ pléys a‘much
¢qreater role in my résults than the previous studies; all
carried out with turbulent flow (either fully deﬁeloped
or developing) as the inlet condition. This can easily be
sseen when comparing the thickness of the tangential .
boundary layer; being 0.08r to 0.15r in my results, as
compared to values of less than 0.05r in the results of
Fowe. The second majof discrepancy is that the develop-
ment of curved flow takes place at a slowér-rate in my
experiments than in the previous experiments. This is
similar in nature to comparing the developmént of laminar
to turbulent flow'in the entrance of a long straight pipe.
Essentially the low Reynolds number flow will develop

nore secondary flows in the bend transition region, primarily

from/
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from the thicker boundary lavers. This caused a more
severe overshoot of the secondary currents in the initial
part of the bend resulting in a more complex pattern of
secondary currents downstream, Eventually the flow (both
primary and secondary) will of course be typified'by the
Dean number (assuming that the incoming turbulént flow

is now below the critical Reynolds number for the
curvature) . The delay in development to the condition

of laminar fully-developed wurved flow comes when |
dissipating the complex patterns of secondary currents,

resulting from the overshoot.

Theoretical predictions made for fully developed
laminar flow at Dean numbers up to approximately 500 fit
the data well for the velocity distributions at 180° in
the bend. For Dean numbers higher than 500 the exberiments
indicate that fully developed curved flow has not
developed by 180° of bend angle. The separation of the
secondary boundary laver predicted by Barva and Pickeft
was not observed at Dean numbers below 300 but tendencies

toward separation seemed to occur at higher Dean numbers.

The theoretical predictions by Squire and Winter
seem to explain the initial flow development for a
parabolic velocity inlet. The flat entrance pfofile also
seemed to generate the axial vorticity in a linear
mannexr. This is a bit bewildering, since essentiélly the

incoming flow was devoid of vorticity except in the very

thin/
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thin boundary layer and therefore the Squire and Winter

result would predict no development of streamwise

vorticity in the core.

Pickett's solution for the first 4° of bend angle may
give some insight into the vorticity production within the
curve with a flat inlet profile. The coefficients in

Pickett's solution were evaluated for the condition
Re= /030

= YVie
The axial velocity component calculated from Pickett's

solution show a slightly higher velocity toward the inner
wall. This predicted skew was,however, smaller than

" the skew shown in Figure 3.5. The magnitude of tangential
velocity predicted from Pickett is at first very smafi

but rapidly increases as the bend angle becomes about 30.
vhis can be seen by the large deflection in the limiting
streamliqe predicted by Pickett and shown in 7wable 2.2 .-
‘The measured component of tangential velocity at 10° was

rot as large as predicted. e

After the initial linear rise in secondary flows the
nagnitude and pattern of secondary flow oscill:tes at a
frequency in general agreement to that predicted by
llawthorne. This occurs between 40° and 1éo° of the benq
engle, depending strongly on curvature, Reynolds number
znd entrance conditions. No fheoretical predictions -
clescribe the complex sequence of patterns through which

the/
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the seéondary flow develops in this region. This situation
imposes a severe limitation on our understanding of the
fiow within the lung,  our primary goai; The bifurcation
described as typical of the airways in Chapter 1 creates
a curvature which extends to angles of 35° to 450. The
pattern of secondary flow at the end bf curvature may
then be typical of this oscillatory region of é cur&ed
tube. And therefore, existing theoreticél predictions
for the secondary flows due to curvature:will not
adequately describe the convective mixing occdrring.as

the air is propelled through the bronchﬁs.

Velocity gradient at the tube wall

The shear against the wall of biological vessels may
be importaht-in the transport of diffusible materials
(Caro, 105) or particle deposition. Therefore measurements
were taken of the velocities near the wall by hot wires:
corrected for yaw, as explained in the*meﬁhods séction.

It should be made clear that these measurements may not be
true indications of the wall shear. What was measured was
the velocity at distances of about 0.0lr from the wall and
outward. This is well within the boundary layers |
encountered in this study.. Therefore extrapolation of the
velocity gradient to the‘wall seems to, be a good indication
of wall shear. Figure 3.24 and 3.25 show the velocity
gradients measured on the horizontal and vertical axis of

the/ ‘ ; {_
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FIGURE 3.24 Velocity gradient at inner, outer and "mean"
walls of curvature as measured by hot wires with wall
corrections. Tleasurements in curve with flat entrance velocity
profile is on left. Neasurements with parabolic entrance
-profile are on right,
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the curved tube for the ten experimental flow cond;tion
and the two entrance conditions. The "wall shear” indicated
by the experiments shows a characteristic distribution

at each bend angle for each of the two entry conditions,
being only a weak functioﬁ of Reynolds number‘or curvature,
This at first seems to contradict ouf previous observation
concerning the velocity distribution in that for slower
flow the boundary layer grew more rapidly. But although :
the measurements of the boundary thickness indicated a
thicke; layer at slow flows, the nondimensional velocity

| grédient, well into the boundary layer, near to the wall,
was measured to be cénstant; Careful checks were made to
evaluate possible errors from improper wall calibrations
or yaw corrections, but no such error was obvious. An
interesting feature of the wall shear distribution is

shown for the flat inlet conditipn, in. that the distribution
of shear between mean and outer wall seems to be a
function of curvature alone. For the large curve the

‘high wall shearszriginally;at the inner wall which is
consistent with the initial potential flow velocity

skew observed. As the bend angle increases; the shear
moves tangentially to the mean wall and fina}ly at bend
angles of about 120° the shear is highest at.the outer
wall. This movement of the gradient is in opposite.seﬁse
to the secondary velocity near the wall and cdoes not
correlate‘well with the position of maximum secondary flow
in the tangential boundary.layer. In the model of higher

curvature/



curvature the shear on the outer seems to lead the mean

vvall shear,.

The parabolic inlet condition shows a mofe'gradual
Zluctuation with bend angle but the "shear" diséribution
at bend ancles up to approximately 60° does no£ seem to
be consistent with the expectedshear from the cofe
velocity distributions. The shear is, of course, lower
as the flow enters the tube, in a parabolic velocity
profile. Therefore ;apid development in secondary flow
at the mean wall may initiélly account for the increase in
shear on the vertical axis. This is, of course, where we
' expect the vorticity to be first developed from the

arguments of Sguire and Winter.

Moments of velocitv distribution

Table 3.3 displavs the calculated moments from thé
wvelocity distributions measured. The first moment is
the pos;tion of mass flow, and therefore indicates thé net
secondary flows occurring .as the fluid moves around the
bend., Figure 3.2% shows the positions of mass flow as a
function of‘bend aﬁgle for four Dean numbers and two inlet
conditions., This figure simplyv summarises what the
secondary velocity profiles showed. At the inlet to the
curve for a flat entrance profile, there is a net shift

in mass toward the centre of curvature, followed at about

O , ' .
<07 by .a net shift outward, which overshoots the final

steady/
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steady state position of mass flow. For the parabolic
condition, the centre of mass flow simply progresses

toward the outer wall of curvature.

The second moﬁent indicates the spread of the velocity
¢istribution and is simply the standard deviation of
¢ statistical three-dimensional distribution. For a
parabolic' profile the second ﬁoment is 0.5%?¢ and for a -
totally flat velocity distribution the second moment
viould be equal to 0.707v . The third moment is a heasure
of the skewness of the veloéity distribﬁtion and woulé
he. zero for an‘axisymmetricél flow. These highgg?gggs

calculated to facilitate the guantitative comparison of

flow in bifurcations to flow in curves.-

IEnerqgyv dissipation "

The rate of energy lost through viscous dissipation
was calculated from the measured velocify distributions. ’
This was done'by calculatiné the dissipétion functioﬂ*with

- -

ihe total velécity at any point in theléross sectionlof the’
=ube being_reéresented by a:four term fburiér seriesfitted
0 the measured distributioh, as was dfécussed in thé
section on dééa handling. ﬁssentially the calculation
consists simply of summing the square of the velocity
gradients inffhe radial andqtangential'direction with the
assumption that the velocity gradient in the axial
direction is.small. This assumption seems well founded

when/

¥ - . ; .
Ref 99, poge 99 - Cguation ¢29). ‘



when comparing the measured axial velocity‘gradient to
the measured radial or tangential gradients. Difficulties
may arise in predicting the rate of energy”ioss if' the
length scale of the numerical summation technique is
larger than the length scale of the velocity gradients,
especially in the radial direction, when obtaining the
velocity gradients within the viscous boundary layer.
‘Figure 3.27 shows the results of such calculations. )

As in the case of the wall shear and first moments, the

experiments for each inlet condition show a characteristic

distribution with respect to bend angle alone.

These calculations for the rate of energy dissipation
can be compared to predictions upon increased drag
obtained from Pickett's theoretical solutioﬁ for the )
first few degrees of thé curve with a flat inlet profilé.
If the tube was straight one would expect the rate of
_ enefgy dissipation to decrease rapidly downstream of the
entrance to the tube, as predicted by the Atkinson-
Soldstein result, With a curvature present, Pickett's
solution predicts that the drag will increase relative
to the drag in a straight pipe, and that the discrepancy
between curved and straight tubes will be a function of
curvature. For curvatures present in the prerimental‘
models the drag as a function of distance along the curved
tube would be predicted from Pickett's solution to be

approximately constant for the first few degrees. This does

not/
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nét compare well with the experiments whicﬁ indicate that
the viscous dissipation is rapidly increasing. This
»rediction does, however, show the trend fo? the viscous
dissipation within the initial region of the cur&e not to
decrease as would be expected at the entrance to a long

straight tube, and that this dissipation will be a function

of curvature (as can be seen in the ficure) in the region

v
of the curve. /

The indication of -s- and -L- at the right 5f the
figure is the energv dissipation calculéted for fully'
developed curved flow from the data of White and Ito and
' #:he theoretical predictions of Ito for. the friction
ifactor, for the small and large curvature models usedw}n
this study. As can be seen, onl? fair comparisons are
nade between this friction factor at the-energy dissipaﬁion
rate calculated from the velocfty distributions measured
at 180° bend angle. It is interesting to note that these
calcuiationé predict a large fluctuation in energy =~
dissipation as the flo& moves around the bend, possibly

indicating why the results of preésure drop in bends have

such scatter (Zanker & Brock).

¥inetic enerav

The total kinetic energy was calculated from the
cistributions of total velocity. This was done to
predict the mean static pressure from the energy

dissipation/
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dissipation and the changes in average kinetic enerqgy.

The mean velocity of the models does not change in the
axial directioﬁ but 2 change in average kinetic

can come about from a change in the velocity distribution.

2 :
Table 3.2 shows the kinetic energy factor defined as

S qavacde
% — ffv‘u',eﬁ rdrd 8

This, of course, gives

kinetic energy = %*}- '!:,_ Q-\‘J“'
and therefore changes in‘§ express percentage changes in
kinetic energy. The changes in kinetic energy for the
curved tube models are small compared to the energy

dissipation rate.

'Conclusion

I have attempted to describe the three-dimensional
velocity field for laminar_flow entering a bend and
developing to the fully developed curved flow conditibn
for a range of Reynolds and Dean numbers. The experiments
were arranged to compare the flow development from two
inlet velocity distributions which differ in their content
of vorticity. The measurements have been compared to
theoretical predictions for the initial development and
for fully developed curved flow. The measurements are

in qualitative agreement with the theories of Pickett and

Squire/
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Squire & Winter in the initial region of the bend where
the secondary currents increase in magnitude at a linear
rate. The measurements show partial arguments with the
velocitv distribution predicted by Pickett for a flat
inlet velocity profile.- At 180° bend angl-e thie measure-
ments are in good agreement with the theories of fully
developed curved flow at Dean numbers below 500; above
this value the flow is probably not fully developed at a
bend angle of 180°. Between fhe linear inlet region and
the fully developed condition the experiments show complex
secondarv flow patterns. At Dean numbers below 300 the
general directions of the secondary flow are similar to
those found by Squire and Rowe. And the qualitative argu-
nents concerning the drift of the developing streanwise
vorticity put forth by Rowe to explain the patterns of

secondary currents may possibly be applicable. At Dean

numbers oreater than 300 the patterns of secondafy currents

are much more complex and show large areas of axial
vorticity which is opposite in sign to the axial vorticity
generated in the linear region of the bend. At present

no arqument is put forth to explain the deQeIOpment

of this vorticity.

The rate of energy dissipation calcﬁlated from the
total velocity field was shown to have a characteristic
pattern with respect to the position of the flow within
the bend. This calculation ;howed fair comparison with

theory/
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theory within the initial region of the bend and fair
comparison with the measurements and theory for the fully

Jeveloped condition to the calculations at 180° of the

nend.

Finally the velocity gradient at the wall was
measured and shown to have a characteristic pattern which
strongly depends on the inlet velocity profile. This
measured wall velocity gradient within the bend transition
region does not have a similar tangential distribution

to that within the fully developed curved case.



TABLE 3.3

MOMENTS AND XINETIC ENERGY FFACTOR

FOR FLOW ENTERING A CURVED TUBE

Moments of Kinetic
Velocity Distribution Energy Reynolds Average Dean
Position Pirst Second  Third Factor Number Velocit Number a/R
(cm/secg
¥lat Inlet
Profile 0 .658 0 1.237 1634 66,2 756 1/4.66
O Degree -.069 653 .019 1.295
10(Bend ingle) -.070 654 .021 1.282 .
20 -.060 .658 .023 1.254 =
30 ~.048 .655 .019 1.248 -
40 -.010 649 011 1.271 1
- 50 017 653 .01l 1.256
60 041 654 .023 1.289
70 .053 .658 .027 1.290
80 .052" 659 .02 1.298
- 90 044 .662 .027 1.281
135 .055 661 .026 1.261
180 .049 .668 .021 1.204
Parabolic Inlet
Profile ‘ .000 578 .003 1.976
30 Degree .042 631 .030 1.443%
60 .084 .694 .043 1.380
90 U85 .688 .035 1.311
135 .089 664 .036 1.317
180 105 .666 .041 1.312
Flat Inlet
Profile .000 .658 .000 1.237 1630 66.2 407 1/16
O Degree 049 620 .015 1.297
10 .060 .650 .01¢ 1.309
20 037 .653 .018 1.266
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G0 045 P18 025 1.200
135 .046 653 .027 1.315
180 .064 657 .031 1.313
Parabolic Inlet
Profile .015 .575 .010 2.053
30 .085 .639 041 1.464
60 077 .685 .032 1.361
90 .082 657 .023 1.321
1325 .091 -ABA .031 1,351
180 .061 656 .029 1.311
Tlat Inlet |
Profile -.008 634 .001 1.383 540 21.8
0 Degree -.045 632 .015 1.425
10 -.074 637 .022. 1.379
20 ~-.073 636 .024 1.3%87
30 -.0%8 637 .016 1.%41
40 .001 637 .005 1.339
50 .014 647 .008 1.288
60 .03%6 645 .019 1.358
70 .057 660 .025 1,340
80 .053 .662 .025 1.335
90 L0444 .659 .035 1.%61
135 .035 648 .029 1.371
180 .029 654 .015 1,257
Parabolic Inlet '
Profile -.0L3 576 .008 2.074
30 .012 .613 .026 1.620
60 116 666 . 035 1.503
90 .090 .668 024 1.391
135 .062 650 .025 1.335
180 O7L 635 .030 1.312
Flat Inlet
Profile -.008 634 .00L 1.3%83 539 21.9
0 Degrae ~-.064 633 .018 1.402
10 -.064 530 .018 1.425
20 ~.040 631 L0L3 1.389
30 .005, 631 .008 1.391
40 .066 .635 .023 1.401
50 .045 549 .023 1.353
60 .063 652 .042 1.404
70 .064 .656 .040 1.380
80 .049 .658 .026 1.315
90 .052 657 .030 1.334
135 .049 647 .0%0 1.356
180 .060 .651 .027 1.334
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GEND

+ Indicates outward from centre of curvature.
For definition of Kinetic Energy Factor see
text.

Bend Angle is angular position from inlet of
curved tube.

Entrance condition shown at 0.5 diameters
upstream from start of curvature.
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CHAPTER 4

Flow within a straight tube which progressivelv chancaes

cross section from circular to elliptical

In this chapter we shall study the flow within models
of the transition zone of a bronchus, as definea in
Chapter One. This zone has a changing cross section with
respect to axial distance. Originally the tube is
circular, and progressively becomes ellipticel in shape
while maintaining a constant cross sectional area., We
have noted in Chapter 3 that the development of stream-
wise vorticity within the bend transition zone of a
curved tube depends sﬁrongly upon the amount (and
distribution) of vorticity present in the flow entering
the curve. This chapter describes the flow entering the

¢urvature of a bifurcation.

The study of flow within a developing elliptical
tube is conducted in this chapter by finding solutions to
a potential flow condition and a low Reynolds condition
for a tube which slowly develops an elliiptical shape.
Neither of the conditions for the theoretical solution
strictly applies to the flow conditions of interest in
the models. Instead the condition of potential flow and
the condition of highly viscous flow will be the bounds
of the conditions of interest. We shall show that the
secondary velocity patterns are similar for each of the

theoretical/
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theoretical solutions, and we therefore assume that an
interpolation of the predictions made for the bounding
conditions will explain the experimental data. The
experimental part'of this chapter considers laminar flow
into the developing ellipse at Reynolds numbers from 300
to 2200, with two entrance conditions: a flat and a '
parabolic velocity distribution at entrance. The model

used for the experiments in this chapter is similar to

the transition zone (the region defined»between,a and ¢
in Figure 1.7) in the large scale model bifurcations.
Thé rate at which the crosgs sectioﬁ'ofjthe models used
in these studies develop an elliptical; shape with

axial distance is identical to that found in the models
in the following chapter*,.but unlike the bifurcations,
the models in this cha?ter carry on developing an
elliptical shape long after the region, used for
measurement. Figure 4.1 shows the modei used and a
scale drawing of the major.and minor axis. The length
ofvthe major axis is defined by a curvature of the
outer wall of the bifurcation (see Chapter 1) . This
curvature was set at the value of five times the radius
in the model, -which is initially circular. We define
the initial radius of the tube as ag and the

coordinate/ -

*Phis is strictly true for only three of the five bifurcating
models. Two of the symmetric bifurcations have elliptical
regions which develop ellipticity at a slower rate than

the model of this chapter, and the one asymmetric model

has a transition zone which is not truly elliptical in

cross section but rather egg-shaped.
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in dimension of each axis in the model used for
experimentation.
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A . . . A
coordinate system where x is the axial dimension, vy is
. . N . .
#along the major axis and z along the minor axis. We
s ’\ A . s s »
further define a,b as the major and minor dimensional

axis at the axial position, and use the notation *

to
indicate dimensional qguantities. The parameter,,?, is

a characteristic axial distance within which a significént
-:hange of cross sectional shape will take place and

we require that ,

E = a‘o/”Q <<1 )

Therefore the function a(%) and %(%) are arbitrary, but

‘
must be slowly varyving with z.
Nondimensionalising with respect to the radial and
axial length scales, we obtain A
N BT T
n a -
and a e S Lesed = 2/a,
where the latter gquantities are.the nondimensional lengths
of the major and minor axis, which are a function of
axial distancé, %, alone, Tor the particular case of the
models used in the experiments, the major axis is
defined by € =7 R=2a,
atxy b - L2s- (uﬂ%'
and the minor axis is defined so that the cross sectional
area remains constant;

otxed lotx) = ComnsTALDT

and

b( S T 2%
. / z 1.. (25 )2 ’
'Iherefore/
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Therefore the rate of change of the axis for the

experimental model is:
daexy _ Y "
d e [25;‘ék1) ]
and d 'aCX) A —~4 5 -

.
d= T [ o-Bs-@olv] e @y
which means that the major axis will be expanding and
the minor axis contracting at a rate which at low values
of x will be small, but as x approaches Qékthe rate of

change of the elliptical section becomes infinite.

We shall only be concerned with the regions of slowly
varying cross section. This region is shown in Fig.4.l
as the four heavy lines,marking the locations where

experimental studies are carried out.

Potential flow solution for a flat entrance profile

entering a tube proaressively becoming elliptical

The boundary of the ellipse is defined as

d 27' — = : ~ 5 3 = 0

At the entrance to the system the tube is circular with
radius a, and the velocity 1is everywhere uniform with
magnitude U,. We neglect the effect of the boundary

layer and seek a solution in the form

% = U [ 2 U + v¢] (4.2)
= - o ~ _
where ¢ is the potential function, i.e.
we U+ by v ¢§ ; W= b

vhere/
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where (u,v,w) are the velocity components in the (x,v,z)
directions and subscripts (X,¥,7) denote partial

differentiation with respect to (§,§,Q) respectively.,

Continuity requires
N-oy =0
which for the form of the velocity in equation (4.2)

hecomes U
' .d——:-f2 “—V2¢ :O

The boundary condition is that on F = O

-
and A A "o n
~ da 2
2 —2‘{‘%’3"'7"‘7;’-—0l%\%
a L d%

Using the nondimensional notation from'above, the

continuity equation becomes

ad uc¢ 3
dxx) * d>"«)’a + (bzz < 'd)x’- =0 (4.3)

and the boundary condition becomes

e (Ve +EQ)Fy +dy Fy v, Fy 20 (-4

We now expand the potential function in powers of & such

that

¢=6¢, 4—61¢L+€3¢3+"'

Eqguation/
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Equation (4.3) then becomes
d ux)

X;_ [é“(da)% Pet() s e, | - —& o2

and equation (4.4) becomes

. n C - - 42
F:ggéh(cb“)‘} .’_'_ Fz E:_E ((bn\z + 6_}‘,_ (UCX)‘P‘%G (Lbn))(_ =0

Collecting like powers of & the equation for ihe first

order is _ d Ucs)
4%¢3% *'4% za d e
with the boundary condition that on F = O .
4. 2 } 4> da  27db
a Py T b Vi 2 %75 =)
The solution to these equations is "
o ’ 24l
o - L . de L jedb
' Za(é A 2L >,

which satisfies the boundary conditions for all values

of F.

The velocity components of the first order solution

o

are thus '
v, 4e
v = Cb,% = o % dx (4.5)
U db
LU:: ('brz - f z d > (4.6)

The solution for the second order is simply

(j)L:O

Solutions for the’third order become much more difficult.

Since/
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Since we onlv wish to characterise the flow by obtaining
the general direction and approximate magnitude of the
- secondary currents, we include only the first and second

order solution in our general solution.

For a numerical example of equations (4.5) and (4.6),
we choose an axial length of 1,625 diameters from the
origin of the tube with a(x) and ﬁ(x) taken from the
experimental model at that location; the equations
hecome: 1},: + 0.5 g/a_

we = — ©.2! Z/L
The velocities and directions for this example are shown

in Figure 4.2a.

Low Revnolds number solution for flow in a tube which .

slowlv changes its ellipticity

An asymﬁtoéic series solution for laminar flow with
low Reynolds numbers within a tube which slowly changes'its
ellipticity is obtained in powers of& . The assumptions
nade for this solution are that at eéch axial position
there is a quasi-parallel fully developed flow in
response to a uniform axjial pressure gradient. This
assumption is equivalent to neglectiﬁg terms in the
equations of order &€ while retaining those of order th

and/
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end the solution therefore holds for Reynolds numbers of
order e"ﬂ In practice though, as € =0 (very slow éxial
variation in tube shape) the theory will hold only when
Feynolds numbers are not too large so that the assumption
of a fully developed condition at each axial posifion is
rot violated. The zeroth and first order solutions are
cbtained; the zeroth order being Poiseuille flow when the
tube is circular. The details of this analysis can be

found in the appendix.

The solution for the zeroth and first order expansions

c¢f the primary velocity u is:
Zof‘a ( 21)
J_. _‘ — —

WUy © N *’az (4.7)

2 2 .
_9% a2 ) 27 4
(F-E)(treads v v (4.8)
y2a & 2
-+ D(b_. azl? ‘}-O(lo ’o‘l
where the o 's are defined in the appendix. And the

first order solution for the secondary velocities are:

ey .~ T

4o db '
62l (363+%7)(b ﬁ‘“dx\ L, 8" za)m 9)
b *

vi s (ot + ) a Lal
2 da db '
e (243 (LR - e R ) % e zZ)m .10)
w = N e %
! 2 (a? + L,z) b a o

These equations are not applicable to a tube which
eérbitrarily changes its ellipticity (of course any change

nust/



must be slow); that is, the solution cculd only be found

for a particular function of a and b. This relation is

(@Y%)

at+b™

= constant

This relation approximately holds in this experimental

model for the first two diameters.

We choose the same location within the experimental
model for a numerical evaluation of equations (4.9) and
(4.10) as for the case of the potential flow solution.

Ejuations (4.9) and (A 10) become - '
vy =+ 0.SH3 5%("‘3/& /“’z>

— 093 2y CI“W“ 25r)

where the velocities are scaled to the mean velocity;
N

"

a)-"

]

these examples are shown in Figure 4.2b.

Discussion of thecoretical results

Figure 4.2 displays the magnitude of the two Carfesién
components of the secondary velocity with respect to'tﬁé
mean velocity. The figure also indicates the direction
and magnitude of the total secondary velocity. In
general the potential flow solution predicts higher
secondary velocities, espec%ally close to‘the walls, than
the viscous flow solution. The directions of the secondary
velocity for both cases are, however, guite similar. The z
component (parailel to minor axis) of the secondary

velocity/
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velocity is always negative, while the y component (parallel
"to major axis) is always poéitive. Thus the sﬁreamlines
are not closed. This is because the secondary motion is
set up as a response to the change in shape of the tube.
Por the potential flow the changing shape of the tube

i.s the only influence in developing the secondary
velocities., This con be seen from equations (4.5) and (4.6)
wvhich indicate that cantéurs of equal total secondary
velocities are concentric e;lipses. The secondary
velocities predicted for the viscous condition are
.nfluenced by the change in shape and the consequent
variation in the basic flow; i.e. the zeroth order
solution of primary velocity given by equation (4.7);

This latter influence is the reason why the y component

of secondary flow decreases after appraximafely the 0.5a

position along the major axis (as opposed to the potential

flow condition).

It should be carefully notgd that the potential flow
s0lution contains no effects of the boundary laver,
This mayv be a good approximation if the boundary laver is
wvery thin, but the results of the potential flow
analysis must be suspect for locations near to the walls.
Therefore comparisons between the potential and viscous

flow conditions near the walls will not be made.

Examination of the viscous solutions for the primary

flow/



flow (combination of equations (4.7) and (4.8) indicates
enother general feature of the flow. These equations
indicate that the velocity gradient at the wall on the
najor axis will be less than that on the minor axis;

the ratio of these gradients being simply the ratioiof the

two axes.

The conclusions to our theoretical arguments about
flow in tubes becoming progressively elliptical may be
intuitively obvious. The secondary currents are simply
resulting from the minor axis encroaching on the flow,
while simultancously the major axis is expanding. Thus
the pattern of secondary currents could be.thoﬁght of as
resulting from a force parallel to the minor axis pushing
the fluid toward the centre, while a force parallel to
the major axis pulls the fluid away from the centre. The
wvall shear results also seem reasonable when compared to
the predictions of shear in tubes with divergent or

convergent walls.

We shall use the theoretical results of this section
-0 compare with the experimental results of the following

section,

Zxperimental techniques

The experimental techniques used in this chapter are

similar/
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similar to those discussed in Chapters 2 and 3 and only
the modifications of technique unique to the experiments

in the elliptical models will be discussed.

The three dimensional velocity field was determined
¢t five axial positions within the model. The model is
cshown in Figure 4.1 and the\axial planes where measure-
ments were taken are indicated as the heavy lines within
the tube, perpendicular to the axis. These planes of
neasurement are located at 0.5, 1.125, 1.625 and 2.375
ciameters downstream from the circular origin of the
nodel. The model extended axially an additional 1.5
ciameters from the last measured position, éontinually
changing its ellipticity in the same manner as in the test
cection. Measurements taken near the outlet end of the
nodel did not suggest separation of the flow from the
walls at the major axis. Such separation can cause upstream
effects on the wall shear and on the symmetry of the mass
tlow. This latter influence comes as a result of separation

occurring at only one wall.

From these-observations we have assumed that the
Ilow within the test section is not influenced by down-
sstream conditions. The model ended at an axial distance
of approximately four diameters and discharged into the

dtmosphere.

The velocity field was determined at five Reynolds
numberé, each with a parabolic and flat entrance profile.

"The/
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The Reynolds numbers, based on the diameter of the initial
circular section, are shown in Table 4.1, All the flow
regimes were laminar. Initial studies showed that the
velocity field was very svmmetrical within the test
section. Therefore only one 90° quadrant of the tube was
measured; the other three gquadrants assumed to be
symmetrical. At each axial station, eight traverses of
the probe were made, at positions of 0, 0.25, 0.5 and

C.75 nondimensional positions parallel to both the majof
and minor axes. Suqh traverses are shown in Figures 4.9

and 4.10.

Velocity gradients at the walls of the major and
rinor axis were measured with hot wires in the same manner
¢s for the curved tube studies. The data obtained was
Fandled in similar.manner to that of Chapter 3. One
important ' difference between the data analysis on the
- c¢ircular curved tubes is that all interpolations and
integrations were carried out upon lines of concentric
e¢llipses, not circles as in Chapter 3. This was done
‘simply‘by introducing a weighting factor which adjusted
the length of the rad:as at each point around the

circumference of the ellipse,

The moments of the velocity field (zeroth through third),
energy dissipation rate, and total kinetic energy were
calculated., The first moment, indicating the location of
the centre of mass flow, was forced to zero by our

assumption/
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TABLE 4.1

Reynolds Number of Experiments carried out
on Wodel which progressively changes ellipticity
(Based on radius of circular section)

Mean Velocity Reynolds Numbers

(en/sec)

66.1 . 2164 (Laminar)
49.3 1617
23.5 | 770
13.8 453

10.4 341
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assunption of symmetry in the velocity field,

fesults

The same type of displayvs are used for the experimental
results in the elliptical model as was used for the

experimental results in the curved tube models.

FFigures 4.3 to 4.8 show the primary velocity profiles
for three of the five flow conditions along the major and
rinor axes for the flat entrance profile (Figs. 4.3 to

4.5) and the parabolic entrance profile (Figs. 4.5 - 4.8).

The abscissa is now the dimensional radius. The diagrams
for the flat velocity profile entrance condition show the
effect that the changing elliptical shape has on develop-
rent of the boundary layers. The boundary layer thickness
along the_major axis grows much more rapidly than within

a circular straight tube ( gché”3' but this change in
arowth is not uniform with respect to axial length. The
boundary layer on the wall at the major axis at first =~
shows little effect from the changing ellipticity, but at
a distance of about one diameter into the model, the
boundary layer suddenly increases its growth rate on the
rajor axis. This situation is opposed to the change in
koundary layer growth on the convergent, minor axis. Here
the boundary layer becomes thinner at an almost linear
rate, starting from an axial location just downstream from

the circular origin of the model.

The/
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The inflection which can be seen developing within
the boundary layer on the major axis will eventuallv lead
to separation of the flow from the wall; but as was
discussed, this phenomenon was not observed withiﬁ the
axial length of the model used. The magnitude of the
Reynolds number has a major influence on the change in
the growth rate of the boundary layer at both the major
- and minor axes. The tendency for separation is also a
function of the Reynolds number, but this relation is nbt
simple. If we assume that the tendency for separation
is expressed by the magnitude of the inflection of the‘
velocity profile within the boundary layer, then we
observe that this inflection has a maximum at a Reynolds
number of about 1000, for the specific dimensions of the
experimental model used. It would be expected that a
direct relationship should be observed between the
separation and Reynolds number, and possibly the actual
cnset of separation is related in such a manner. Our
experimental model did not allow investigation into
establishing the point of separation, since the flow into
the model would not separate from the walls for all the

Jaminar flow conditions studied.

Another prominent feature of the flow with a flat
entrance profile is that, for the higher Reynolds numbers,
the primary velocity within the core of the flow has only
second ordef effects from the ellipticity. This effgct

becomes/
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becomes more pronounced in the experiments at lower
Reynolds numbers. Therefore this observation implies that
the potential flow solution put forth in the first section
of this chapter is probably more accurate for conaitions

of the higher Reynolds numbers.

Figures 4.5 to 4.8 show the primary velocity profiles
measured within the test model ‘with a pérabolic inlet
velocity distribution. The profiles, in general, show
similar patterns of chance as the‘experiments with flat-

. inlet conditicn. With the parabolic entrance condition,
the inflection.of the velocity profile near the wall on
the major axis becomes more pronounced than cbserved with
the flat inlet condition. Separation was also not

observed with this inlet condition.

Figures 4.9 and 4.10 display the Cartesian components
of the secondary flow at three of the four axial positions.
The results are shown for two of the five Reynolds numbers
and both entrance conditions. Thé results at these two
Reynolds numbers are typical of the measurements at high

and low Reynolds number conditions.

' In general the secondary velocities are higher (with
raspect to the mean velocity) for lower Reynolds numbers
with a flat inlet velocity distribution. The reverse is

true/
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true for the parabolic inlet, i.e. the ndndimensibnal
sacondary velocities decrease with decreasing Reynolds
number. Further, the nondimensional secondary velocities
are, in general, higher for the flat inlet profilé than

for the parabolic at all Reynolds numbers measured.

The results theoretically predicted in the first
section are in fair agreement with the experiments.
Comparing the potential flow solution to the experiments
with a flat inlet velocity distribution, obvious
discrepancies appear near the wall. The experiments imply
a secondary velocity distribution which has significant
influence from the developing boundary layef, hence the
secondary velocity profiles are not flat, as theoretically
predicted. The magnitude of the secondary velocity with
respect to its position along the major or minor gxis of
the cross section is well accounted for by the theory.

The predicted changes of secondary velocity with axial
length is also in line with the experiments. The change
in the magnitude of the average secondary velocity wifh
respect to Reynolds cannot be accounted for by the

inviscid theorv.

The viscous theoretical solution has good comparisons
to the experiments conducted with a parabolic inlet
velocity distribution. The predictions of the general'
shape of the secondary velocity profile have good
comparison with the experiments, as does the prediction

of/
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of a lower averége secondary velocity in the viscbus

case than in the potential flow condition. The theory

does not, howéver, explain the dependence of the non-
dimensional macnitude of the secondary flow on thé Revnolds
number., This situation comes about because the parameter,
¢ *»Reynolds, becomes large with some of the experimental
conditions, and therefore our expansion solution becomes

inavalid,

In general we conclude that the theoretical solutions
predict the experimental observations of the cgeneral
direction of the secondary motions, the relative magnitude
of the secondary velocities, and the effect of the secondary

va2locities on the axial velocity distribution.

M2asurements of velocitv aradients at the walls on the

major and minor axis

Figure 4.11 displays the velocity gradieni: projected
to wall from velocity measurements within the viscouspﬁ
boundary layer. In general the velocity gradients follow
the changes in boundary laver thickness shown in TFigures
.4.3 to 4.8. This "wall shear" distribution shows similar
trends at all Reynolds numbers and entrance conditions
measured. The shear on the minor axis increases in an
anproximately linear relation with axial distance; the
slope of increase related to the Reynolds number., The
snear against the wall of the divergent major axis at

first/
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first increases, then decreases sharplv for the flat
entrance condition. The reasons for the initial increase
in shear at this location are not known; possibly the
secondary currents, forcing fluid against the wall at the
major axis, may cause this effect. The shecar on the walls
ol the major axis for the parabolic condition shows a
similar relation to axial distance as the flat“iplet
condition. The parabolic condition differs from the flat
entrance condition in that after one diameter of axial
distance, there is less of a decrease in shear against

the outer wall.

Eneragy dissipation rate

The dissipation function was numerically evaluated,
as discussed in Chapter 3. The calculated energy‘dissipa-
tiion rate follows the houndary thickness (or wall shear)
for the flat entrance profile condition, in that at first

an increase in energy dissipation is predicted up to

an axial distance of one diameter. After this location

the rate of energy dissipation decreases rapidly. This
rate of decrease in calculated energy dissipation after

one diameter is faster than predicted for an equivalent
axial position of an entrance flow into a straight circular
~tube. This implies that the di&ergent walls (at the |
major axis) are promoting boundary layer development at

a faster rate than the convergent walls (at a minor axis)

are/ -
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are retarding boundary layer development, The parabolic
entrénce condition also follows the wall shear.observations,
but in this case the shear on the walls of the major Sxis
shows little change after 1.25 aiameter$ of axial.length.
Therefore the energy dissipation rate increases linearly

similar to the wall shear on the minor axis.

Moments of velocitv aistribution and kinetic enerqgy

The moments and kinetic energy factor are shown in
Table 4.2. As in the studies conducted within the curved
tubes, the changes in kinetic énergy are small compared

~

to the viscous energy dissipation.

The moments are of less interest than the curved
tube data. The second moment indicates the spread of the
wass flow and therefore shows how rapidly the disttibution
of mass flow responds to the changes in tube shape; this
in@ex is, however, not a direct indication; The first
moment is forced to zero from our assumption of symmetry
in the flow field. The moments are included for
quantitative comparison to the dafa in the regions of the
kifurcation models, which correspond to a tube with

changing ellipticity.

Tonclusions -

In this chapter we have theoretically and experimentally

studieg/
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studied the three dimensional flow patterns in tubes which
are originally circular and progressively become elliptical.
The theoretical predictions of secondary velocities maée
for potential and viscous flow-conQitions show that the
direction of secondary flow streamlines originates from

tie wall on the minor axis and moves toward the wall on
tae major axis, This pattern of streamlines, which are

not closed, is a conseguence of'the changing cross |
sectional shape of the tube and occurs at all Reynolds
numbers for both viscid and inviscidvconditions.

Experimental studies compare favourably with these

predictions.

The boundary layer thickness and shape, along with
the wall shear and energy dissipation rate, all show changes
with axial distance which can be explained by the effects
c¢f the di&ergent and cohvergent walls on the flow, with

nodifications from the secondary flow.



TABLE 4.2

srasevaymyy 43T srTAYTYTIYA TIYTIATIAY T A AAMATY
NUNMENLDD KN RNANILDL AV LixZalal U Sw LUzl

FOR PLOW ENTZRING AN BLIPTICAL TUBE

lioments of Kinetic Average
Velocity Distribution Energy Reynolds Velocity
Position First Second Third Factor Nuzmber (em/s=c)
. Flat Inlet
Profile 2164 66.1
: (Laminar)
L/D = 0.5 0 .654 0 1.243
1.125 663 ©1.178
1.625 .645 1.287
2.375 . 636 1,368
Parabolic Inlet
Profile
L/D = 0.5 ' 0 589 0 1.841
1.125 .599 1.761
1.625 <599 1.890 -
2.375 .605 $1.868 '
Flat Inlet
Profile : . 1617 49.4
L/D = 0.5 0 .649 0 1.274 '
1.125 .659 1.202
1,625 644 1.3%05
2.375 634 ) 1.384
Parabolic Inlet ' :
Profile
L/D = 0.5 Y0 579 o . 1.967 -
1.125 .589 1.871 )
1.625 .587 1.979

2.375 ' ‘ <595 1.971

- T1S¢ =~
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L/ = 0.5 0 638 0 1.331
1.125 . 645 ' 1.280
1.625 624 1.446
2.375 620 1.501
Parabvolic Inlet
Profile
/D - 0.5 o) .530 0 1.994
1.125 .585 1.928
1.625 .578 2.110
2.575 .586 2.002
Mat Inlet
Profile 453 13.9
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1.125 - .638 1,312
1.625 522 1.451
2.375 .619 1.499
Parabolic Inlet
Profile
L/D = 0.5 0 598 0 . 1.780
1.125 .600 1.738
1.625 .596 1.815
2.375 ) 601 1.750
lat Inlet . '
Profile ' 341 " 10.4
L/D = 0.5 0 .639 0 1.305 R
1.125 645 1.257
1.625 630 $1.382
2.375 626 1.435
Parabolic Inlet
Profile
L/D = 0.5 o - 607 0 1.643
1.125 616 1.541
1.625 : .610 ‘ 1.630

2.375 .610 ' 1.617"
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CHAPTER 5

Flow within model bifurcations of the human pulmonarv .
- 3

svstem

In this concluding chapter the three dimensional
velocity field is measured in models of biological
bifurcations. Information from each of the jrevious
chapters is drawn upon. The models were constructed to
mimic the biolegical configuration discussed in Chapter'l.
The pulsed probe developed in Chaptef ? was used for the
measurements. Understaﬁdinq of the flow properties
experimentally found in the bifurcation is promoted by
comparing the results of these experiments to the results

and analyses of Chapters 3 and 4.

Six model bifurcations are studied with lamiﬁar flow
cver a range of Reynolids numbers and with two differing
2ntrance conditions. The models are syvstematically varied
to incorporate the biclogical variation discussed in
Chapter 1., It is not, however, attempted to catalogué all
the intricacies of the flow properties found within the

sixty differing experimental conditions. The primary

rurpose of the studv is to understand the rhyvsical bases
for the phenomena observed in the models. Therefore this
chapter will present the complete set of measuremehts for
only one experimental condition (the most typical,
hiologicallv, of the symmetrical bifurcations) and relate

=11/



all the other experimental conditions to. this.

The results discussed in this chapter are completely
experimental. DMNo attempt is made to develop quantitative
theoretical arguments, nor can any such afquments be
found in the literature for the range of flow conditions

of interest in the bifurcations.

We shall show thet the flow properties within a
h:iifurcation are determined from a complex interaction of
the elliptical transition éone, curvature of the daughter
brranch, and a new boundary laver developing on the flow
divider. The most prominent influence is that of-the flow

divider.

The pattern of secondary flow in the ellipticgl
trransition region of the bifurcation is ih general similar
to those found in the elliptical models of Chapter 4.
Likewise the general pattern of secondary flcw within the
curvature of the bifurcation is at first similar to the‘
carved tube studies of Chapter 3. The secondary flow
progressively deviates from the patterns expected within
carves, as the fluid moves downstream from the fl@w

divider.

In general the primaryv velocity field within the
first few diameters of axial length from the flow dividér
has the same basic distribution for all the bifurcations
studied, althouch significant differences are found in

the/
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the flow stability and separation from the walls. The

primary velocity distribution at distances of over two
. \

diameters downstream from the flow divider shows a

dependence on curvature and bifurcqtion angle.

The secondary flow field also shoﬁs a basic pattern
which can be observed in mdst of the experimental
conditions. The seccondary flow, however, sths less
uniformity between experimental conditions than does the

primary flow at axial location near the flow divider.

The energy dissipation, moments, total kinetic
enerqgy and static pressure distribution are calculated

from the measured velocity fields.

introduction

The study of flow patterns within branching systemns,
vwhich attempt to mimic flow conditions within the body,
Fas some hichly interesting historical developments.
Leonardo da Vinci, in about 1500, conducted experiments
on branched channel flow for biological application.

Da Vinci sketched (beautifully, of course) the flow
patterns in his experiments which clearly show the division
of the fluid stream into the two branches, an eddy
formation on the surface of the flow divider, gradﬁal
disappearanée of the large eddy as it moves downstream,

and separation at the inner wall of curvature (which‘was

sharp/
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snarp for the experiment sketched), alonguﬁith reattachment
at a downstream position. Thié sketch, which can be

found in Rouse & Ince (107), generally describes some of
the principal fluid mechanic phéhomena which can ﬁotentially
develop at a branch point. Several other such observations
concerning branch points in rivefs or channels can be

found in the historical literature (107). Within the

rast twenty vyears, several ad hoc stulies (10&. 10, 11, 1?2)
vwere produced to understand the flow Ft'a specific bréndh
point within the cardiovascular or pﬁlmonary system,

More recently, the effects of branch points upon pressure
vave reflections (33) or upon flow stability (lO9J'has‘
been investigated. More general investigations of the

flow properties within a branched tube have recently been
reported (26, 34, 110, 111, 112, 113, 114). Lew's (26)
theoretical investigation neglected the inertial terms in
the equations of motion to solve for the primary and
secondary velocity distribution in a two dimensional
channel bifurcation. The flow was thus restricted to:”“

1 2

Reynolds numbers in the range of 107~ to 10~ 4,

Naumann (113) and Zeller (114) conducped experimental
studies on large scale model bifurcations_with laminar
flow for a range of Reynolds numbers from 400 to 1100
under steady and pulsatile conditions. Like Eustrice's
original observations in curved tubes, Naumann and Zeller
used coloured dye streams to describe the basic pattern

of/
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of flow. They found.a secondary velocity‘component
daveloping just downstream from the flow divider and then
dyving away after a few diameters. The pattérn of secondary -
currents observed in this manner were similar in &irection
to fully developed curved tube flow. Separation was
apparent in some of their studies. Strong components of
secondary flow in the transition zone of the bifurcation
vas also apparent in some of the experiments. These
csecondary currents originated from the separated region'on
the inner wall of cgrvature at one siée of the bifurcation,
énd moved within a tangential boundary laver, upstream and
tangentially, arriving at the inner wall of curvature én
the opposite side of the bifurcation. These complicated
patterns of secondary flow probabhly resulted from the
combined influence of the stagnation point at the. edge of
zhe blunt flow divider and the two areas of separation, at
each inner wall of cﬁrvature (see Figure 5.,1), Such
highly complex flow patterns may be expected to occur when
the higher pressure region around the stagnation point at
the edge of the flow divider is in close proximity to the
low pressure region created by separation at two inner
walls cf curvature. Such complex flow patterns have often
been observed (109, 115) and are usually erroneously
attributed to the onset of instabilities. The results of
these studies point out the fact that the transition
region is very important in determining the secondary

flow patterns, especially if prominent stagnation and

separation/
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separation reagions exist and are in close proximity.

The velocity field has been measured in model \
bifurcations by Schroter & Sudlow (110) and Schreck &
Mcckros (111). Schroter & Sudlow u;ed hoﬁ wires to
determine the velocity profiles in the plane of the
bifurcations and normal to the plane for svmmetrical
bifurcations with a sharp flow divider, a totai Branching
argle of 70° and a sharp curvature. They also used
snoke streams to visualise the secondéry currents; showing
a secondaryv flow patﬁern downstream from the flow divider
which was similar in direction to the secondaryv flow in
fullv developed curved tube flow conditions. At the inner
wall of curvature they also showed separation occurring.
Schreck and Mockros also used hot wires to measure the
velocity profiles at each W/y position té determina the
velocity 6ontoqrs in a series of bifurcations. Schreck &
Mockros' models were simiiar to the ones used by Schroter
and Sudlow, but they used two svmmetrical branching models
with total branching angles of 42° and 80°. The |
ozcurrence of separation in their models was probable,_ﬁut
n> mention was made of such a phenomenon oqcurfinq. The
velocity distributions obtained by Schreck é Mockros vere
in general similar to the measurements of Schroter and
Sudlow. Further, Schreck and Mockros found little éhanqe
in the velocity distribution within either of the models

studied.

The/
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The studies of Schreck and Schroter could only gagive
ar. approximation to the primary velocity distribution.;
Tris is because the components of secondary'vclocity cause
a combined pitch and vaw on the single hot wire distorting
the measurement. The experiments reported in this
chapter attempt to extend these previous studies by :
describing each component of the three dimensional

velocity field within a set of bifurcations which do not

v

cireate separation at the inner wall of curvature.

rarther, the region of high static pressure caused by the

s-acnation point at the edge of the flow divider is small
for the bifurcations used in our studies, Thus the

patterns of seccndary currents should have minimum influence

from these areas of high and low pressure. This seems to
bhe dition i ) . '

bz/condition in the biological system.

Evperimental techniques

Experiments were carried out within bifurcations
constructed from Perspex and produced by milling two half
sections along a prescribed pattern. »The models produced
in this manner have a 2 inch diameter parent t.be, and
1.5 inch diameter daughter tubes (for the symmetrical
nodels) . The transition zone within the parent tube was
milled such that the cross section chanced éhape from
circular to elliptical in the same manner as discussed in

Chapter 1, and identical to the internal dimensions of

the/
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tne first 1.75 diameters of the models uséd in Chapter

4. After 1,75 diameters the area increased by.l3% in

the same manner as found in the pulmonary airwavys. At

the origin of the daughter tubes (the location of the flow
divider) each daughter branch had a 1.5 inch diameter

and was circular in cross section; this shape and
diameter was maintained throughout the length of the
daughter tubes. The half sections were bolted\together
and slots or holes were milled into tpe model for access

cf the probes.

Figure 5.1 shows thé 70° symmetrical bifurcation
vith curvature ratio of the daughter tube equal éo the
nean value found in the pulmonary airways; i.e. %@=‘/; .
Figure 5.2 shows the axial variation of .diameter in a
plane perpendicular to the plane of the bend (defined as
vertical). As can be seen, this vertical length decreases
vithin the transition region of the parent tube, as -
described in Chapter 1. Fiqure 5.3 is 2 view along the
axis of the parent branch at the flow divider, showiné
hat the flow divider is sharp at the plane of bifurcation
and becoming more blunt near the upper and lover walls
of the tube, This figure can be compared with Figure 1.9
and 1.8 of Chapter 1, which is the same view within the

lung-..

The positions of measurement are shown in Figure 5.1

as/
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as the milled slots into the tube. Trequent measurements
were taken near the location of the flow divider. Less
frequent mcasurements were taken’after two diameters
dovmnstream firom the flow divider; the last measured
position being 25 diameters downstream. Table 5.la
irndicates the positions of measurement, relative to the
axial position of the flow divider. Table 5.1b shows the
Revnolds number of both parent and daughter tuge along
with the Dean number within the dauther tube. At each.
flow rate, a flat and a parabolic enErance velccity

profile was produced in the same manner as for the

experimental studies of Chapters 3 and 4,

The other five bifurcations used were studied under
the same flow conditions but measurements were taken only
al: axial positions of -0.5, 0, 1.0, and é.o diameters
from the flow divider. Each of the bifurcations varied
in their geometry as shown in Table 5.1lc, five of the six
nifurcations had equal daughter branches; the sixth
was asymmetric, as shown in Figure 1.6. Straight tubes
ol over 40 diameters in length were attached to the
d:.stal end of -each bw¢nich. These outruns are required SO
that the flow splits egually into the two‘déughter b;anches

o:f the symmetric bifurcations.

The same measurement and data handling techniques
were used in the circular curved daughter branches as was
used in the curved tube studies of Chapter 3. Likewisge

the/



TABLE 5.1a

AXTIAL POSITICHS
QF MEASURMMENT
L/D
"1 - 6 1

-1.33
-0.88
-0.34
0
+0.21
+0.47
+0.73
1.23
1.73
2.23
5.0
10.0 ' .

25.0

. * '
!2 X _ CurvATURE STOPS AT 1.23
0 ;

-



TABLE 5.1b

EXPERIMERTAL FLCW CCONDITIONS

Mean Velocity Reynolds Number Wean Velocity " Reynolds Number Dezn TNumber
Parent tube {(Parent tube) . {Daughter tube) (Dzughter tube) (Daughter tube)
(cm/sec)

66.1 2235 58.7 1495 690

49.4 | 1670 3.9 1115 515

41.4 1400 56.7 935 450

23.5 - 795 20.8 530 ¢ 244

13.8 468 12.2 311 143

10.4 ' 352 9.2 234 108

- §9¢ -
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TABLE 5.10

1od :
GEOMETRIC CONFIGURAT. OF MODELS STUDIED

Curvature Ratio

Total Branch Angle Diameter
oo T o of Daughter tube
cm.
70° ' s
90° | 1.5
50° 1.5
70° s
90° ' 1.5
500 and 90° 1.25 and 1.75

% Asymetrical Bifurcation

a/R

1/1
1/1
1/1
1/14
1/14
1/5 and 1/16

- 99¢ =~
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the same technigues were used for the measurements and
eénalysis in the elliptical transition zone of the parent
tube as was used in the elliptical tubes of Chapter 4.
Further, the same parameters are used to nondimensionalise
the measurements in the bifurcations as was used in
Chapters 3 and 4. Therefore the mean velocity and radius
.n the parent branch are ﬁsed to nondimensionalise the )
velocities and radial lengths measured in the parent tube.
Also the mean velocity and radius in the daughter tubes

are used to nondimensionalise the meaSurementé taken in
these tubes.:. This choice of parameters to nondimensionalise
:he data facilitates compa;ison of the velocity fields
neasured in the bifurcation to those measured in the
elliptical and curved tubes. These multiple nondimensional
parameters cannot, of course, be used when displaying the
energy dissipation célcula;ions or the wall shear
measurements, as a function of axial position throughout

the bifurcation. Therefore the radius and mean velocity

in the daughter tubes were; used to nondimensionalise

‘the data for these displays.

Results/
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Bgsults

Primary velocity distribution in model 1

Figure 5.4 displays the contours of equal primary
velocity at a flow condition of Reynolds = 660, with a

flat entrance velocity profile. These contours are

typical of the primary velocity field found in all éhe
experiments. The basic features of the distribﬁtion are
ttat the high velocity is toward the outer wall of -
curvature (or inner wall of the bifurcation), and with
increasing axial distance down the daughter tube the
“wiﬁg-like" features of thegcontours become evident.
This is similar to the conditions found with a pérabolic
ertrance profile'in the experiments within curved tubes
of Chapter 3.

Figure 5.5 and 5.6 show the primar& velocity prdfile
ir. the plane of the bifurcaéion for four of the five
flow rates with a flat veloéity profileiat entrance to
tte parent tube. In general the profilés show similér
trends for all Reynolds num%ers and cu£vatures. The first
four profileé‘are from thé elliptical gransition zone
within the pérent tube (FiQﬁre 5.1). fhe velocity dis-
tributions taken in this aréé of the bifurcation are hot
vg}rectlz comparable to the velocity distributions taken
within the elliptical models. This is-because the plane

of measurements in the elliptical models was perpendicular

to/ ' : f
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LaR  vEACCITY  PLOTY
PO EiruncATION

FIGURE 5.4 Velccity contours measured in Model 1 at
indicated positions. Re = 660 K = 290 Fach contour
is at C.2 ncendimensional velocity. Flat velocity
dictribution at inlet,
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ta the axis of the tube, while the plane of measurement

in the bifurcations was taken pefpendicular to the outer
wall (and thus normal. to the projected axis of curééture
shown in Fiqures 1.6 and 5.1). Comparisons between the
twvo sets of measurements can bhe made for the‘primary
velocity fields without great errérs, but the compensat%on
must be made when comparing the secondary velocity fields.
A3 shown in the studies of Chagter 4, the boundary laver
davelops on the wall at the major daxis at a faster'rate
than for a straicht tube and the boundary layer develop-
mznt is retarded on the wall of the. minor axis. The
effects of viscésity in determining the boundary layer
thickness and the corevflow velocity distribution, rapidly
become prominent at the lower Réynolds numbers in both
the elliptical areas of the bifurcation énd'in the studies
of Chapter 4. The profiles in this reglon show good
comparison to the primary velocity distribution found
within the first 1.75 diameters of axial length in the
elliptical tubes studied in Chapter 4. The velocity
distribution at -0.34 diameters (upstream) from the

flow divider shows the effects of the upstream stagnatzon
point at the edge of the flow divider. This effect
Lecomes more prominent at lower Peynolds numbers (as would
Le expected for the flow just upstream from the stagnation

roint on a "bldntish" vedge) .

The/
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The velocityv distribution enteringithé daughter tubes
(axial length of (0)) with higher Revynolds numbers shows
a potential flow skew toward the inne¥?é% curvature,
as was noted in the curved tube experiments with higher
Reynolds numbers and flat entrance conditions. The
situation in the bhifurcation experiments is similar for
the high Reynolds numbers and a flat entrance Veloéity
profile because the velocity distribution retains itsl
flat shape through the elliptical area. Further, the
effects 6f the new boundary layer development upon the
flow divider are far removed from the inner wall of
curvature where the skew is deveIOped. At lower -Reynolds
numbers, or with a paraboiic velocity distribution at.
entrance, the skew is not present. This is simply because
the primary velocity distribution is strongly modified |
from the original flat shape at lower Reynolds numbers,

while the distribution is never flat with a parabolic

velocity distribution at inlet.

A region of low velocity fluid is developed at the
inner wall of curvature downstream from the flow divider.
This region shows a similar primary velocity distribution
to the comparable area in the curved tube experiments.
The development of a double humped appearance is an
expression of the extent of the "winged shape" appearance
of the velocity contours. These are developed from the
large tangential components of secondary flow convecting

i:he/
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the high velocity fluid elements from the outer wall of
curvature circumferentially around the tube to the inner
wall of curvature. A somewhat unexpected,result is that
this humped shape development continues past the curvature
region of the daughter tube into the straight region.
This change from a curved to a straight tube takes place
a: the 1.23 diameter axial position within the éxample
model used for demonstrating the'flow parameters (Model l/
of Table 5.lc). At an axial length of five diameters
dowﬁst:eam from the flow divider the flow pattérns
originating from the bifurcation are decaying. By 25
diameters the flow is approaching the fully developed

laminar condition for Reynolds numbers in the daughter

tube below 1000,

Instabilities in the flow downstream from the flow

divider with laminar flow input into the models

Above Reynolds numbers of 1000 a very interesting
development of instability is found. Two distinctly
different types of flow instability are found. One source
of instability arises from the precision symmetry of the
rodels and bccurs at low Reynolds number.conditions.

The other instabilities come f;om vortices being shed
cff the flow divider at high Reynolds numbers. The
instability at low Reynolds numbers occurs Qhen the
resistance to flow within one armlof the bifurCation is

transiently/
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transiently affected by a random occurrence in the
atmosphere at the termination of the ldng outrﬁns or

from a fluctuation in the flow input. At low Reynolds
numbers the pressure drop is small within the outruns,
which are 40 diameters in length. Thus significant
changes in the sink pressure can affect the distribution
in flow between éach branch of éhe bifurcation., With a
bifurcation which is liighly symmetric, a temporal
asymmetric distribution of flow caused an oscillatory con-
dition of the flow into each branch, which is only

slowly damped. Therefore extreme caution must be under-
taken to preserve a uniform flow into the model-with a
symmetric velocity distribution at entrance and also avoid-

ing differences in the sink pressure between each branch

of the model.

The region of instabilities caused by the probable
vcrtex shedding from the flow divider can be easily -
detected by the pulsed probe, which is wvery sensitive to
temporal or direction changes of the total velocity.

Tkese instabilities are only observed within a distincﬁly
de fined space. The region of instable flow is in the

shape of a cone whose axis is parallel to the axis of the
tube and is about 0.8a from the centre line of the daughter
ttbe toward the outer wall of curvature. The firsty
observance of instabilities (the point of the cone) comes

at. about two diameters downstream from the flow divider

at/
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at: the highest Reynolds number conditions.. The reagion of
instabilities slowly grows with axial distance (while
maintaining a distinct boundary); engulfiﬁg the eﬂ%ire
tube at a distance between 20 and 2?5 diameters downstream:
frrom the flow divider, with a daughter tube Peynolds
number of 1500. The‘onset>and sp?ead of these )
instabilities are delayed at lower Peynolds numbers until
a-: daughéor tube Peynonlds numbers below 1000, no
datectable instabilities are noted.  The primary effort:
in this thesis was to evaluate the laminar three

dimensional velocity fields, so further elucidation of

this interesting phenomenon was not carried out.

Comparison of primarv velocitv distribution in

Models 2=5 with Model 1

The flow within all the bifurcating models studied
in this thesis showed the same general trend of primary
velocity distribution with axial distance for each of the
inlet velocity conditions. The higher velocity was always
found ncar the outer wall of curvature, after one diameter
oI axial distance downstream from the flow.div1der. A
region of low velocity was confined to areas neér the
inner wall of curvature, as shown in the experiments within
Model 1. The magnitude and shape of this low velocity
area was, however, dependeht on the_curvature ratio, being

l2ss prominent (i.e. high velocity near the inner wall)

in/
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ir. the models with curvature ratios of i/lﬂ. The boundarv
lever development on the outer wall of curvature, star£inq
at. the flow divider, was also dependent on fhe curvature
réetio and the branching angle. This boundary la?er
developed at a somewhat faster rate for the models with
a larger radius of curvature. The development of the °
boundary laver is an inverse function of the branching
angle, in that with larger branching angles, the develop-
ment}?etarded and with small branching, the developme;£
is prbmoted. The difference in boundary layer thickness
becomes apparent when calculating the viscous enerqy
dissipation. The models with?higher'branchinq aﬁqle and
a smaller radius of curvature show more viscous enerqgy

lcss within the first five diameters of axial length

dcwnstream from the flow di&ider.

Secondaryv velocity field in Model 1

The secondary profiles obtained within Model 1 .for
two Reynolds numbers with a flat velocity distribution
at. the entrance to the model are'éhown in Figure 5.7. The
profiles shown in the «~lliptical section of the‘bifurcation
( VD = =0,34) were measured in plane (shown in Figlure 5.1)
normal to the axis of the curved daughter tube, projected
irto the parent trénsition zone. This plane is positioned
at. an 18° angle with respect to the axis of the parent
tube, Figure 5,8 is the same data?ggrrected for the 18°

angle/



Inner Wall of
Curvature

Fiqure 5.7 Profiles of cartesian compénents of secondary

veloc:ties in Model 1.

axial position in diameters from the flow divider.
wall of curvature is to the right. :
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Secondary Velocjties in Transition Zone of Parent Branch
Sectjon-Normal to Axis of Branch
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_Figqure 5.8 Profiles of cartesian components of secondarv velocities in '
transition zone .of Model 1. Plane of measurements is normal to the ax1=

of the parent tube; for _comparison to results of Chapter 4.
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argle for comparison to the data of Chapter 4. 1In general
tte secondary velocities within the core of the flow

are similar to the results of Chapter 4, e#cept at the
minor axis. The secondary velocity profiles on this
vertical centreline are stronglv affected by tpe
stagnation point at the edge of the flow divider, which
is 0.34 diameters (daughter tube diameters) upstream.

The secondary profiles in Figure 5,7 show that the flow
in the core of the tube does not follow the lines of»
curvature projected‘forward from the daughter tube,

Thus the configuration within the elliptical transition
zone of the parent tube does not divert the flow,  so tﬂat
ii: enters the daughter tube in a direction parallel to
the axis of the tube. Instead.the flow enters the
daughter tube with a component of velocity toward-the
outer wall of curvature. This component of velocity is
only strong near the region of the outer wall of

curvature.

The patterns of secondary currents within the
entrance of the daughter tube are in general similar
to,the‘secondary currents found within the transition bend
rzgion of a curved tube. This comparison‘is quite good
for the experiments carried out at low Revnolds numbers,
but does not compare well with the flow in the entrance
of a curve near the outer wall of curvature (proximate to
the flow divider) for the hicher Reynolds number conditions.

At/
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At. these higher Revnolds numbers the flow near the

outer wall of curvature shows a motion totally‘toward the
outer wall. This is a result carried over.from the
secondary velocities upstream in the elliptical section.
The component of secondary velocity in the horizontal
plane also shows siagnificant influence from the secondary
velocity pattern carried over from the elliptical

section.

The pattern of secondary flow gocs through a rapid
change dovnstream from the flow divider. The tangential
component of secondarv velocity increases within the
tangential boundary layer from the vertical axi; to the
inner wall of curvature. This is similar in nature to
the Squire & Winter equation depicting a linear increase
in secondary flow within the initial curvature of a bent
tube. The sécondary velocities in the region near the
developing boundary laver at the outer wall of curvatufe
.do not participate in this general pattern of secondaryf
currents. TInstead the secondary velocities within this
region are quite small and directed toward the outer wall
of curvature. At about one diameter downstrezmn from the
flow divider the secondary velocities diminish wvhile
maintaining the general pattern of the current. After 1.23
diameters the daughter tube becomes straight. The secondary
velocities for axial positions within the straight ‘

portion of the daughter tube decrease further in magnitude

waille/
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losing the general pattern typical of séCOQdary currents
in the initial region of a curved tuke. At five
diameters downstream from the flow‘diQider fhe secondary
velocities are primarily in a uniform pattern pafallel
to the plane of the bend directed toward the inner wall

of curvature.

In general the secondary currents within the
daughter tube of a bifurcation -show good .c‘omparison £6 . )
thg secondary currents within the inlet region of a curved
tube with a similar Eurvature ratio. This does not hold
near the outer wall of curvature where the boundary
layer development and the upstream conditions seem to have
a stronag influence upon the direction and magnitdﬁe of
the secondary velocities. The magnitudevofjthe secondary
velocities,” away from the outer wall of curvature, are in
general lower than those observegi}highe inlet of a
~ccmparable curved tube. This can be seen best by comparing
the magnitude of the core secondary velocity and C e
tangential secondary velocity to those at a 40° position,
with flat entrance, in Chapter 3. This decrease in
magnitude may come about fﬁom the effects which the
elliptical transition zone has on the boundary layér in
the vertical plane. The transition =zone wi;l increase
the vorticity in the horizontal plane while éonfining the
vorticity in the vertical plane to a thin viscous boundary

layer near the walls. Therefore the advection of the

vorticity/
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vcrticity may be confined to within the bhoundary laver.
The sécondary velocities developed from this component-
of axial vorticity may thus be deéreésed in magnitude
by the action of viscosity.

N

Ccmparison of secondaryv velocities in Models 2~5 to

Ebose of the examnle Model 1

The pattern of secondary currents is, in general,
similar for all the bifurcations studied, The magnitude
of the tangential seéondary velocities depends upon the
radius of curvature, bheing smaller with a curvaFure ratio
of 1/14 than in the model used as an example, which has
a value of 1/7. The bifurcatiorswith a larger radius of
curvature also show a somewhat smaller region of flow
near the outer wall of curvature, which does not
participate in the general pattern of secondary currents,
as do the mcdels with a smaller radius of curvature.

This is because the models with a larger radius of
curvature also have a longer elliptical transition zone

in the parent tube., This longer transition zone creates

a flow at the entrance to the daughter tubes which is

more parallel to the axis of the déughter_tube. The
development of the magnitude of secondary currents down-
stream from the flow divider is dependent on the branching
angle. This is similar to the development within a curved
tube where the pattern of secondary velocity remains

unchanged/
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ur.changed but the secondary velocities increase in
megnitude for the first 60° of the bend. This condition
ves similar for the bifurcations, the largest branching

arigle being 45°.

The position of mass flow (the first moment)

The first moment indicates the position of the centre
of mass flow. The changes in the position of the centre
o mass flow give good indication of the net secondary
flow. Figure 5.9 shows the position of the centre of
mass flow for two Revnolds number conditions and two 70°
bifurcations, with different radii of curvaturel» It can
b2 seen from the figure that the net secondary flow (non
dimensional) is greater at the larger Reynolds numbers.
The movement of the velocity distribution is toward the
wall for the first diameter of axial length downstream
of the flow divider, followed bv a gradual return to tﬁe
cantre line, accomplished at an axial length of about 25
diameters downstream. The movement of the centre of
mass flow is more cradual in models with a larger radius

of curvature. Furthermore, the amount of movement (or

magnitude of net secondary flow) is less in these models.

A prominent feature to note is the comparison in
the positions of the centre of mass flow for the

bifurcation models and the curved tube models. The

Lifurcations/
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bifurcations show an order of magnitude . of greater
ceviation in the position of the centre of mass flow from
the tube axis than do the curved tubes. This simply
indicates the strong skew in the position of the centre
of mass flow at the entrance to the daughter tubes.
This further indicates the influence that the entrance
conditions into the daughter tube has on the development

-

of secondary flow within the daughter tube.

Velocity gradients at the wall

4

of the tube at

£

Velocity gradients near the walls

the horizontal and vertical axes were measured with the
! C ' .

same techniques discussed in Chapter 3. The results of

- .

such measurements are shown in Figure 5.10, where the mean
< :

velocity and radius of the daughter tupes are used to non-

R

dimehsionalise the data. The distribution of this wall
n 2 4 N

shear is similar for all b%furcations,Jentrance conditions
and Reynolds numbers studiéd. The wall shear downstream
from a bifurcation shows avery high value on the outer wall
of curﬁature;(flow divider :wall) and a»low value at the
.nner wall of curvature. ?his wall shear distribution
develops at the location oﬁ the flow divider and sldwly
decays with éxial distanceg a similarédistribution s?ill
exists at 25 diameters of éxial:distanée downstream from the

Zlow divider, N s

1

Calculation of energy dissipation and total kinetic energy

-

: P ]
The dissipation function and total kinetic energy

was/
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was calculated with the same techniques discussed in
Chapter 3 and 4. The amount of energy lést via viscosity
is shown in Figure 5.11. The viscous energy loss shows'a
c¢haracteristic pattern with axial distance, which is

similar for all experimental conditions. The viscous energy

.0ss increases by about 40% within the first diameter down-
stream from a bifurcation. With increasing axial distance
downstream from the flow divider the energy loss per unit

length slowly decreases.

The total kinetic energy shows a ‘sharp cﬁange just before.
the point of bifurcation. *This is due primarily to ‘the
changing cross sectional afea. Figure: 5.12 is a plot of
the viscous pressure and kinetic pressure obtained from the
above calculations; the meéan sﬁatic pressure obtained by
requiring that the su-mation of the viscous, kinetic and
static pressures be zero. In the exXperiments with‘highl
Reynolds numbers a signifitant contribution to the mean
static pressure from the kinetic energy change can be
predicted at the location just proximal to the flow,
divider. This contribution from the kinetic energy is,
of course, much less with ;lower Reynblds number conditions.
Even at these high flow conditions, the length through
which a sharp change in mean static pressure is predicted

is of the order of one diameter.

In Chapter 1 the assumption was made that the
distention of the elastic bronchi would be uniform in
shape/ ¥ : i ’

- y

-
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skape., This assumption was onlv valid if.static pressure
clanges occurred only within a length scale of'0.6l |
diameters or greater. The static pressure distribution
of Figure 5.11 has a lenath sca%e of approximately one
diameter at the position just proximal to the bifuréation.

This seems to validate the previous assumption. '

Conclusion

v

In this chapter I have attempted to ebaluéte fhe
flow properties expefimentally observed in six bifurcation
models, T have also attempted to compare experimental
- results found in the bifurcations to the results of the

preceding chapters.

Essentially the experimental resﬁlts show génerali
pdtterns in the primary velocity field, the wall shear
distribution, the energy dissipation and the mean static
pressure distribution with axial distance. These results}
can be explained by the changing elliptical shape in’thé
transition zone, the curvature of the daughter tube and the
boundary laver development on thé-flow divider. Changing
the curvature, branch angle on the elliptical transition

zone produces predictable changes in flow'properties.

The/



FLOY TTO 4 700 q1“1? JATICN
WITE CURVATURE | ; a/R = 1/7
{ PLAT INLED PRO L8 )
Moments of ¥inetic Average
Velocity Distribution Energy Reynolds Velocity Dean
Position First Second Third  Factor Number (cm/sec) Number a/R
L/D = -1.61 0 .650 .003 1.200 2235 66.1
-1.35 0 .558 .002 1.219
-0.88 ) .658 .001 1.208
-0.34 0 .648 .001 1.309
0 .073 636 .005 1,368 - 1495 58.7 690 1/7
0.21 109 .636 .010 1.401
C.47 .140 637 .014 1.468
0.73 L154 643 .016 1.495
1.23* .158 644 .018 1.539
1.73 .170 .642 .023 1,612
2.23 .134 .658 .032 1.414
5 .093 644 037 1.407
10 .C96 .629 .023 1.480
25 .059 .629 . .012 1.427
L/D= -1.61 0 .650 .004 1.259 1670 19.4
-1.35 0 647 .004 1.282 o
-0.88 0 .645 .003 1.288 :
-0.34 0 632 .004 1.398
0 .108 630 L0186 1.450 1115 . 43.9 515 1/7
0.21 .134 633 .018 1.463 _ -
0.47 .157 637 .019 1.516
0.73 172 631 .024 1.638
1.23% .169 .646 .027 1.578
1.73 173 644 .022 1.629

- 06¢ -



5 GO 054 020 i
16 105 A4 032 L
27 U1 612 15 L
~1.6% 0 625 .CO7 10433 795 23.5
~1.35 0 Lbzé L008 1,442
-0.88 0 624 010 1.469
-0.34 0 .625 010 1.466
0 .104 .28 .021 1.470 530 20.6
0.21 .128 631 .08 1479
0.47 .140 634 031 1.512
0.73 .155 642 033 1.52
1,23% .149 JBA4 039 1.5%6
1.7% 151 643 044 1.598
2.23 152 647 .049 1.601
5 .078 631 .0%4 1.475
10 .C80 .618 .021 1.546
25 .073 604 .022 1.686
-1.61 0 .630 .010 1.421 468 13.8
-1.35 0 627 011 1.443 :
-0.88 0 .62 012 1.459
-0.34 0 624 012 1.492
0 .110 627 .0%8 1.520 311 12.2
0.21 .123 631 046 1.522
0.47 L1131 632 046 1.537
0.73 147 637 051 1.552
1.23% .142 641 .050 1.550
1.73 .137 642 .048 1.556
2.2% 134 644 049 1.539
5 .054 627 .018 1.461
10 .081 615 .0%5 1.619
25 057 604 .029 1.728
-1.61 o) 632 .008 1.407 ' 352 1.4
-1.35 N 634 .009 1.380
-0.88 ) 632 .011 1.402
-0.34 0 .631 .009 1.401 ,
0 .092 631 .032 1.448 234 9.2
0.21 103 635 .039 1.449
0.47 112 .633 .036 1.465
0.73 0132 634 042 1.5%4
1.2%% 124 .638 .043 1.511
1.73 .117 .640 .043 1.490
2.23 .106 644 041 1.438
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1/7

1/7
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Axial distance (L/D) in diameters.is referred to
the point of bifurcation (where L/D = 0).

® - Axial distance of 1.23 is at the end of curvature
a - diameter of daughter branch; R - radius of
curvature, - o




FLOW INTO 4 90° BIRWURCATION
WITH CURVATURE RATIO;: a/R = 1/7
(FLAT INLET PROFILE )

Moments of Kinetic Average
Velocity Distribution Energy Reymolds Velocity Dean
Position First Second  Third Factor Fumber (cm/s=c) Rumber a/R
L/D = -0.5 o .646 .003 1.293 2235 £6.1
0 .095 .639 .013 1.374 1495 58.7 690 /7
1 .010 634 .024 1.539
2 176 .643 .034 1.628
L/D = -0.5 0 . 633 .009 1.409 1670 49.4
0 119 631 021 - 1.464 1115 43.9 515 1/7
1 .159 642 .026 1.524 )
2 179 0 644 .C43 1.658
L/D = -0.5 0 .628 .009 1.429 795 23.5 '
0 115 636 .022 1.423 530 20.8 244 1/7
1 L148 642 .00 1.493 '
2 .159 .654 037 1.559
L/D = -0.5 0 627 Noiki 1.484 468 13.8
0 .118 .635 .036 1.450 - . 311 12.2 T 244 1/7
1 .169 .600 .C60 2.166 ‘
2 .155 650 047 1.553
L/D =-0.5 0 .639 .007 1.343 ‘ 352 10.4
.0 .096 639 .028 1.373 © 234 9.2 108 1/7
1 073 613 .033 1,903
2 116 .653 .035 1.386

- T6¢ -



FLOW INTO A 70° BIFURCAT

WITH CURVATURE RATIC: a/R = 1/14
(PLAT INLET PROFILE)
Moments of Kinetic
Velocity Distribution Inergy Reynolds Average Dean
Position Pirst Second Third Factor Number Velocity Number 2/R
(cn/sec)
L/D = -0.5 0 .650 .008 1.303 2235 66.1
0 .089 641 .007 1.359 1495 58.7 485 - 1/14
1 .129 .640 015 1.423
2 .151 644 .030 1.519
L/D = -0.5 0 .636 .008 1.4C6 1670 49.4
0 115 636 017 1.419 1115 43.9 360 . 1/14
1 .155 637 .023 1.523
2 155 0 .642 .037 1.547
L/D = -0.5 0 .638 .006 1.344 795 23.5
0 .116 .639 .016 1.402 530 20.8 170 1/14
1 ".128 .635 .022 1.476 ‘ '
2 .138 642 044 1.496
L/D = -0.5 n .630 .012 1.413 468 13.8
0 .113 .629 .036 1.424 311 12.2 100 1/14
1 .126 634 .C43 1.505
2 .134 .641 .049 "1.513
L/D = -0.5 0 631 .007 1.385 352 10.4
0 .093 642 .028 1.354 234 9.2 76 1/14
1 .103 .635 .037 1.453
2 .104 .639 .040 1.441



The secondary velocity field can glsé be ;
qualitatively understood by comparing the results to the
curved or elliptical model studies. Likewiée, chances
in the bifurcation geometry bring about predictable
changes in the secondary velocity field. The secondary
velocity field is, however, more sensitive to the '

geometric confiquration of the bifurcation than the

cther flow properties analysed.
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CONCLUSION

The theme of this thesis was to study‘flow in the
human lung. I have defined the fluid mechanic problem
in the lung, evaluated the flow'properties in scale model
studies of the airways configuration, and attempted to
anélyse the physics of the flow observed within the sc;le
nodels. The conclusions to be drawn from these studies
are that for the geometric configuration of the pulmdnqry
airwavs some flow properties (such as wali shéar,venerqy ‘
-.oss, kinetic energ?irecovery) have characteristic
nagnitudes and distributions for the range of geometric
variability found in the normal pulmonary systemn.
Unfortunately the flow property of primary interest, the
secondary velocity field, does show consiaérable changes
vwith "normal" geometric changes in the airways. This is

also true, to a lesser extent, of the primary velocity

field.

-

Although the understanding of the physiological
system was the main purpose of this thesis, the analysis
end ekperimentation within each chapter attempt to make

¢ statement on their own.



APPENDTIX TO CHAPTER 4 @ -

Jetails of low Revnolds number solution for flow in a

tube which slowly chances ellipticitv4

We wish to solve the Navier-Stokes equ;tions for
“he laminar flow of a fluid under the action of a uniform
pressure qradient,e%, in a tube with an elliptical cross
section whose major and minor axes vary in length but
: v
not in direction,. We take (£;§,%) as the Cartesian co:
ordinates as shown in Figure 4.2A The equation for the
cross section at axial position x is taken as equation
(1) in the text, where a(x) and b(x) are smoothly variable
functions of x. The problem in its most general form‘is
still too difficult for a simple analysis, so we restriqt
a and b to be slowly varying functions of x, Theﬁ if f-
is the axial length scale the éondiﬁion -
€= 22 q | (A.1)
must be satisfied. Using the same velocity components as
in the text and letting the pressure be QU;,P', wheréé.is
the densitv of the fluid, and U, is a scale velocity which
w2 choose to be the maximum axial velocity of the fluid
wien the piﬁe is circular with radius a,, and the pressure
gradient is A |
G, = Tul, /ol (a.2)

where/;;is the absolute viscosity of the fluid.

we/
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We also define a Reynolds number

RQL‘ Uw\aa/qj . . (A.3)

whereVis the kinematic viscositv of the fluid.

Ye now introduce dimensionless independent variables
which are slightly different than found in the text but

are more convenient for the solution

7° ﬁam / Z’B b6 f /jg o (nLa)

where vy, z, a(x) and b(x) are defined in the text.

For steady flow the equations of motion bhecome:

x-momentum egquation:

culug-2 7%y )+_u?+buz=-é(r=§ &P 5)
¥ %Z“(Z-:m ﬂ.;sgwézu@)

y-momentum eguation:

4 1
1fu.(v‘-ft7vv__§ L U
- b AR AT N SRR A |
s 37 z) G aF%*fze(”_g_z,u%,.ém&”}G)

z-=momentum equation:

e . 1 (A.7)
lp 7 vLap) v ey s b +Re( T e, )

The continuity equaticn is

(A.8)

!

! !
Clug- £ g pu) rdoy s

T~

w-, =2 0O

z

where 2 .
) 2" _21’. _G.'_l, z _.13—: t
LWy = b Lty bt U e Sy

iy $ R bt (- —-m )w! L (-E 2 :u, )Z?,’z,
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aLg)* 0—‘%‘; ERYASE béx)

o

d
and the terms a' indicate ;& R

The boundary conditions are that the velocities and
their derivatives should be finite on the axis ?=2:= .0,

and all velocities are zero on the tube boundary,'
2z ¢ :
W= V' w0 on 7 + X =1 . (A.9)

e seek a solution in ascending powers ofe , and in the
limit as €—> 0 we assume thét at each x thgre is‘a guagi-
parallel fully developed flow in response to the uniform
pressure gradient éi. As discussed in the text, this
assumption is equivalent to neglecting terms in the ~
equations of order & while retaining those of order 1/Re.
’n practice the theory will only hold wheﬁ the Reynolds

number is not too large and the axial variation slow.

The terms of higher will determine the modifications
o the basic flow as the cross section varies. We shall
concentrate only on the first-order terms to evéluate
tthe direction of the secondary motions, for small & ;7

and their effect on the axial velocity profile.

The solutions of velocity components will be of the

“orm
W= U+ éu’+ 62;(".’...
v eV, r &lusc
.‘a" € o, *-6?"‘)':.*"'
RS S A Tt
wvhere
A
GO = ‘PGQ - q
2 R
QU‘M & [~

“rom/



from equations (A.l), (A.2) and (A.3). To zero order in
&, equation (A.5) is the only equation not trivielly

catisfied, and gives for %, :

/

+-ou = —&Re G = -4 .
AR & 4 °

/
o o

The solution of this equation, satisfying the boundary
condition (A.9), describes fully developed flow in a

uniform elliptical tube, i.e.

. 2a%b™ L ' '
.Zto' m (,— 71-1 ) . K . (Aolo)
. Wren a = b = 1, this reduces to Poiseuille flow in a
circular tube,
0= I-r”

The first order terms in equations (A.5)-(A.8) are,

respectively,

RPN o
1‘0(”°§ d.7u°’L bz“q_)*% 7'(0?*_%”»[—-(‘#'5 “)ZP% bz;ﬂll)(Aull)

L /4L A
+R€_ (azz'(I??J'b; z(lzz)

A _ _ (A.12)
—araz+$ (a.‘ ‘g3 +-£;‘ ’IL) =0
A L ya - - (A.13)
L 1":;. '-Re ( at “JT-Z:L e "’7z>:) © T .
(A.12)

Yop -l tty, - Spy tdo L sp
2 S TR SR P N

In/
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In order to solve the above set of equations, we

first eliminate p, from equations (A.L?2) and (A.13) to give

I a L ' '
= UT —_— = Aol
Z Trmt e Tl T a0 L o (A.15)

The procedure is now to solve (A.1l4) and (M.15) for
v, and v, and then to solve (A.12) or (A.1l3) for p, , and

finally to solve (A.1l) for u, . ' v,

If we substitute the solution (A.10) for u, into

(A.14), that equation becomes:

2L J e £ N 2.7 (o' el
SV TE e T Zandt {(ﬂ+6~U*(2“’f">‘“"°"211.16>

= (a1 ByTrCLY)
cefining new functions of , A, B,.and C.

We were unable to find closed form solutions of
{A.15) and (A.l16) for general functions of a and b, but
only when they are related in a particular way, as will
be specified below. As was discussed in the text, this
relation approximates the geometric conditions in the
elliptical models used for experimentation. However,
there is no reason to suppose that the actual solution in
a tube which has a geometry.close to satiéfying this
condition hés a velocity distribution fér réemoved from the
solution for a tube which does satisfy the condition.

We therefore assume that the solution for tubes of this

particular/
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particular class are expected to indicate the form of
~he solution for other tubes. 1In particulér, the solution
should indicate the direction of the secondary motions,

and the effect on the axial velocity.

If we assume the form of the first-order secondary
velocities as

- k(X)o7 (17T |
i D7 L) (A.17)

g = BLENL(1-%-L0) | .
equation (A.1l5) is identically satisfied, and (A.16)

aives
= (- 332-77) + _% (;-71-31‘) = —(A +87‘+CL‘)

This is satisfied if and only if

A
4284 , moBo, 2,380

/ 7

vihich are self-consistent only if

B+c= -4A _ (A.18)

J
and therefore

a.
A= = (3B-¢) ,

%: é’-(sc—B) .

In terms of a and b, the and are

ol ( B+ b?) " ,

L3

(A.19)

. - * 2
% _ - b (a2+3"3 (m'k*a.b')
2 ot bt)
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The consistency condition (A.18) can be written as
Y)Y = 4 ab Car+lt)]
5[abéa+b)]
which can be solved to give

3 .
ab
eb) : ConSTANT | (1.20)
at+b® : .

Thus if a and b are related by (A.20) the first
order secondary velocities vsyand w; are given by (A.17)

with « and % given by (A.19). .

The first order pressure distribution, in this
case, is obtained by integrating (A.12) and (A.13), to

give
o) (Gairb) (3d) (
Pr 2Re b Catren) ¢

kD G L),

where 2" is the constant of integration and must be
determined by the condition that the average pressure

A
gradient is G%, so that the first order contribution to

n
5, 1is zero, i.e.

S for Ay da =0

where the integration is taken over the cross section of

—

the tube. This condition eventually leads to the result

that b2_a*

Y T



Finally we solve (A.ll) for the first-ordér primary

velocity, »n , substituting from (A.10), (A.17) and (A.21)

for w, ,v; ,w;, and 4, . The final solution for %, is

A, = (l-;Zz"Zz)(dl*“»’Zl’Ldz.z.l* «#7q+d5‘7zzf+db Z-/) (A.22)

where the coefficients ., and functions of(S and are

civen by the mating equation

Ag= 0

The £ is the column vector of thee«,, A is the b x b

matrix .
| )
e P&!— T e - TOL‘, o o
L -6 -4
0 Zt +Jb:1_ bL* a¥ b*
1 | -
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and g’is the_column vector whose transpose is
T. -4 B < D D, D )
&- 2 (AI) 1) t r 3, !

vihere /
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Equation (A.17) and (A.19) are the equations (9) and (10)

-

’

0 the text and examples of these velocities are shown in

F:.gure 4.2b. -

Recently, Manton (116) has produced a similar
asiymptotic series solution for low Reyhélds nuﬁxbeffléw
through an axisymmetric tube whose radius varies slowly
ir. the axial direction. Manton developed the expansions
for the stream function and vorticity in the general case

ur to second order.
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