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Abstract

In Part I the development and testing of constant temperature
hot-film instrumentation for measurement of point blood velocity in
arteries are described. The design requirements for the measuring
gystem and its calibrationy involving principally frequency
response and sensitivity to reverse flow, are discussed. Hot
film probes suitable for intra-arterial use were constructed and
tested with commercially available anemometers in regimes of
steady and unsteady flow. At overheat ratios compatible with use
in blood, three different anemometers had unsatisfactory frequency
responses. Oscillatory calibrations performed in the absence of
mean flow (as done by previous workers) were subject to further

error due to generation of secondary flows.

The frequency response of a suitable anemometer was
corrected by means of an output filler; the appropriate calibra-
tion is then obtained in steady flow. It is estimated that with
this system velocities can be measured to L5% over most of the
pulse cycle, but near zero velocity the proportional errors are
greater, being of the order 10cm s-l in the rapidly reversing
flows observed in animals. Direction sensing, however, allows
substantial improvement of this, the final errors being an

order lower.



Whilst, for the flow regimes encountered by the probes, blood
can be considered Fewtonian, calibrations in blood demonstrated
heat transfer characteristics which could be explained by the

effect of cell rotation.

In Part II, following a survey of arterial mechanics; an
account is given of the application of the hot film system to
measurement of velocity distributions in the aortas of dogs. The
measurements suggest the existence of a broad inviscid core, with
thin boundary layers, throughout the aorta, with marked skews at
most sites. The major factors influencing the flow are further
discussed, and where possible the likely causes of the observed
behaviour are indicated. TFully-developed turbulence was observed

in only one dog, the reasons for which are discussed.
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Yotation
a amplitude of oscillations in calibrating rig

(stroke = 2a).

A,B constants in anemometer eguation defined in
equation (1.6).

At,8t A\(Q'HQH)LAT/RH , 2 (R'+ P\H)'“AT/RH

Ay, amplitude of harmonic of pressure gradient with
angular frequency ro .

c specific heat;

c wave velocity; e, invisgeid, ¢ viscous, cg group
velocity.

C constant in heat transfer equation; CF forced,
CN natural convection:

C capacitance.

d pipe diameter.,

B Young's modulus of arterial wall material.

f frequency.

g acceleration due to gravity;

g function of ﬁfzay/ti defined in equation (12.2).

G gain of anemometer amplifier.

Gr Grashof number 3 (5 (32’ ){7} AT//J?_

unsteady component of hot-film probe response
(eq.3.4B);
depth of fluid in calibrator at radius rj

(
(
(
(
(
(
(

thickness of artery wall
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steady hot-film probe response (eq.3.4).
initial depth of filling calibrator,

VAl

zero order Bessel function of first kind.
thermal conductivitys st solid, substrates
R§ or no subscript, fluid.

travelling wave parameter K, + L Kz' s Where
K { 1is the wave number.

characteristic length of body immersed in
fluid streams

conduction path length in substrate.
inductance,

heat capacitys

time constants of anemometer amplifierg

number of harmonic (multiplier of fundamental).
distance normal to streamline;

number of harmonic (subscript).

Nusselt number %P/b AT; 9 '.)C/ R AT)

Nuy = q :)c;/R AT ; N"“x-xo = CL(‘DC-Z';)/R AT
Pressurey F% stagnations r% 5 Fz‘ static.
Prandtl number ) / K= pe /R

heat transfer per unit areca per unit time.

radius of curvatures;

radial distance from axis of pipe (cylindrical

co—ordinate).
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radius of outer rim of calibrator dish;
pipe or artery radius;

electrical resistance; R time varying heated
element resistance; RH equilibrium heated film
resistance; RO film resistance at ambient
temperature; R1 resistance of bridge arm also
carrying film current (fig.2).
Reynolds number tJ ,Q,/»«‘ , U w_/\,) ;

R(—L.x_: U:K-/‘r‘)‘ RQ’R = U R/V , {"2(;(‘ = UJ/)‘: A
}i-; = D C.‘/\-"q.

distance along streamline.

time.

temperatures AT temperature difference between
heated surface TW and fluid ambient conditions TO.
streamwise velocity in boundary layer at distance

3 from surface;

velocity in 7 direction (Cartesian co-ordinates).
free stream velocity or velocity at outer edge of
boundary layer.
(bridge unbalance voltage in anemometer equation;
Evelocity components in cylindrical co-ordinates;
(subscripts ?5' axial, r radial, #‘ azimuthal.
anemometer output voltage; V in unsteady flow,

Vs at same velocity in steady flow; V0 at zero flow.
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distance along fluid / solid boundary; ¥ distance
of film leading edge from leading edge of probe;
x, streamwise dimension of filmj 2l = we e,
axial Cartesian co-ordinate;

anemometer bridge ratio

distance perpendicular to fluid/solid boundary.
axial cylindrical co-ordinate.

heat transfer coefficient 1/&7 ;

temperature coefficient of resistance of hot fiim;

-
oscillatory viscous flow parameter W UO/V

temperature coefficient of volume expansion of fluid.

boundary layer thickness; (:T thermal

g‘\, ; 53 velocity.

thermal diffusivity L/G Lo H; solidg H*.
or no substrate, fluid.

dynamic coefficient of viscosity.

kinematic viscosity }»/

densitys (J{, fluid denSity.

wall shear stress /.k (Bu./b:ﬂ,v

azimuthal angle (cylindrical co-ordinates).
angular frequency; W, first harmonic, i nth
harmonic.

angular velocity.
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Introduction

Whilst numerous techniques have been used in the past to
measure arterial blood flows, it is only very recently that
attempts have been made to measure the velocity distribution within
arteries (Ling et al, 1968; Schultz et al, 19693 Peronneau et al,
1970). Part I of the present work describes the development of
velocity probes for 'point' measurements in arteries using hot-
film anemometry, which is also the technique favoured in the two

earlier studies mentioned above.

In the evaluation and development of the hot-film system
described here, the design of suitable probes and appropriate
techniques for their calibration are described and discussed.

The frequency response of commercial anemometers was investigated
and a suitable instrument was modified to give the required
frequency response. Having developed an instrument to produce
satisfactory performance, it was used to measure velocity profiles

in the aorta of the dog; these rcsults are discussed in Part II.

The measurement of point velocities is of interest on a
number of counts. One fairly basic reason is that some techniques
which have been used to measure the volume flow rate require that
the velocity profiles be axisymmetric (electromagnetic flow-
meters, Shercliff, 1962) or that the velocity distribution be

uniform (pressure gradient technique, Fry et al, 1956), and the
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validity of these assumpitions has not been tested until now.

Furthermore, a technique which allows the measurement of
point velocities in arteries will itself be a valuable tool for
both basic and clinical research in circulatory physiology.

The measurement of velocity profiles, particularly near junctions,
will aid the understanding of pressure-flow relations and if the
instrument had z sufficiently high frequency response its useful-
ness would be further increased. Tor example, heart sounds and
audible murmurs in the circulation might be elucidated, including
their possible agssociation with instability or turbulence. A
better understanding of the motion of particles, including
platelets and thrombi, might be gained, both naturally occurring
and where interaction with artificial elements is involved, as with
prosthetic valves and extra~corporeal circulation during surgery

or renal dialysis,

Using hot-film probes, Bellhouse and Bellhouse (1969) have
investigated flow characteristics of both artificial and simulated
real aortic valves in a model circulation. Also with the aid of
hot-film anemometry, in vivo, circulatory disorders associated
with both congenital and acquired valve malformations have been
investigated (Schultz et al, 1969) and studies are being made of

the mechanical energy of ventricular pumping (Bergel et al, 1970).
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It has been demonstrated that the endothelial surface can be
damaged if subjected to high fluid shears (Fry, 1968) and that an
artery may become locally dilated in response to fluid disturbances
(Roach, 1963). Further, it has been postulated (Caro, Fitz-Gerald
and Schroter, 1969, 1970) that low fluid shear rates are involved

in atherogenesis.

The principal motivation for the present study arose from the
possibility that the fluid dynamics of blood flow exerts a con-
trolling influence on the formation of atheroma, i.e. the fatty
deposit which is found lining certain parts of arteries, and which
is the basis of arterial disease (atherosclerosis). A knowledge of
the flow patterns in the arteries will assist in interpreting later
studies to determine the distribution of wall shear; in flow
regimes where Reynolds analogy is valid this is likely to be the
fluid dynamic parameter most closely associated with mass transfer

rates at the blood/endothelial interface.

Although there were special problems involved in making
measurements in a biological system, the instrument described here
might find useful applications in pulsating flows occurring in
engineering or pure fluid mechanics research, e.g. power trans-
mission (Foster and Parker, 1965), or unsteady entry flows

(Atabek, Cheng and Fingerson, 1964; Florio and Mueller, 1968).
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Of the technioues which have beoon developed to measure blood
flow, i.e. volumc flow rate or cross-sectional mean velocity, the
instrument which has become most widely used during the last thirty
years is the electromagnetic flowmeter (Kolin, 19365 Wetterer,
1937) and it has now reached a high degrez of sophistication.

The limitation that it will only accurately mcasure axisymmetric
flow has been mentioned, and a further disadvantage is that the
cuff incorporating the clectromagnet and the pick—up electrodes
must £it tightly around the vessel; thus distorting the trans—
mitted pulse wave. Further, becausc the cuff ilowmeter averagcs
the velocities over the cross scction, it will tend to be insen-
sitive to flow disturbances or turbulence. Therefore, whilst
the instrumecnt tends to be regarded as a standard ageinst which
to Jjudge other techniques, resulits obtained with it should be
treated with cauticn. Nevertheless, electromagnetic flowmeter
rocords were used as an indication of the freguency response
requirements which had to be met (Fig.l and Section 2.1).

A catheter-tip velocity meter, which can be introduced into
arteries, using the electromagnetic principle, has been developed by
Mills (1966) and others (sce Jones & Wyatt, 1970), but there are
limitations on the miniaturisation which can be achieved. The
tip cdiameter is 3 mmy leading to blockage problems in all but the
largest arteries, and tesis roported by Milis and Shillingford
(1967) suggested that the probe measures flow within a 3 mm
radius of ils axisy; thus the mecasurement obtained cannot be

considered as velocity at a point.
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Amongst methods used for point veloecity measurements in
arteries, the earliest was, not surprisingly, the pitot tube
(Frank, 1928). However, this is not very sensitive to the relatively
low velocities occurring in arteries and in unsteady flow the inter-
pretation is complicated by the presence of a distance integral
term in the Bernoulli equation which relates velocity to the
pressure measured by the instrument. This term probably never
exceeds 5 to 10% of the main term, ;; G \JQT , during most of the
cycle, for a probe diameter of the order of a millimetre, but it
has to be taken into account if maximum accuracy is required. The

equation takes the form

s — - 4 {)z, §ﬁi = ‘ (1
t'r Fﬁ = ﬁt + c 5; St )

The limits of the integration are a function of the probe size
and Frank assumed that the equation could be approximated as

Fb‘ﬁ Fﬁ

C‘ UHL + C. i_g (2)
dt

H

where C1 and 02 are calibration constants. This is of course a
non-linear differential equation, and Frank suggested that a
linearising transformation could be applied to the pressure signal
~on line by inserting a cylindrical lens or mirror between a
recording galvanometer and photographic recording paper.

Alternatively the signal could be printed on photographic paper
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stretched over a suitably shaped former to perform the transforma-
tion. However, the details of the technique appear confused, and
Prank did not present any detailed measurements. Also, although
designs for probes were described, no dimensions were given, and it
is not clear whether point velocity measurements were intended.

The bristle or pendulum, in which the drag force on a fine
cylinder iﬁmersed in the flow is monitored, ought to be a strong
contender as a velocity meter, If the bristle were made small
enough in diameter, the instrument could operate in a low Reynolds
number regime in which the output would be linear with velocity.

To date it appears only to have been used to measure flow

(Brecher, 1959) in which application it does not compete with the
electromagnetic flow meter. Brecher mentioned that, used as a flow
meter, the bristle would be sensitive to the velocity profile dbut

appeared unaware that the profile might be other than parabolic.

Ultrasonic devices have a history of application to blood
floy measurement, and most current work utilises the Doppler shift
of reflections from the red cells. A very elegant use of the
technique by Peronneau et al (1970), employing time gating of the
reflected signals, has enabled velocity profiles to be obtained,
but in a plane which is oblique to the flow direction. This is
necessary because the system is most sensitive to directly approach-
ing or receding flows, and insensitive to transverse flows.

Peronneau et al chose a traverse plane at 60o to the axis as a
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compromise between adequate sensitivity and the requirement to
traverse on a diameter. This may be a good approximation to a
diameter in straight lengths of artery because the wavelength of

the motion is two orders of magnitude greater than the diameter,

but near junctions and bends where the flow may exhibit local
variations, significant errors may arise. To overcome this problem,
the ultrasonic crystal would have to be repositioned for each
traverse station, and this might be difficult or even impossible

because of the anatomy just at those sites where it is important.

The thermistor has also been recruited as the basis of a
point velocity measuring instrument, but Katsura et al (1959)
reported that its frequency response was ilnadequate for use in
arteries. GOrahn et al (1968) claim to have achieved sufficient
frequency response using miniature thermistors operated at con-
stant temperature in a feedback controlled bridge circuit. Their
basic flow calibration was obtained by oscillating mineral oil past
the probe in a pipe with zero mean flow. As described in Section 6
of this thesis, such a technique 1s liable to errors; confirmation
that errors were present is provided by the fact that the mean
flow recorded in a model circulation differed from the measured
outflow. No attempt appears'fo have been made to calibrate the

instrument in blood.
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Closely allied to the thermistor velocity meter is the hot-
film anemometer (Ling, 1955), which is more suitable for use in
liquids than the hot-wire anemometer (King, 1914) from which it was
developed, because mounting the heated element on a rigid sub-
strate avoids strain-gauging errors. (Due to the higher loads
imposed by flowing liquids compared with gases, the fine wires used
in anemometry are liable to stretch and thus change their resis-
tance; since the resistance is used as an index of wire tempera-
ture in this application, such causes of change in resistance must
be obviated.) It was expected that the hot-film anemometer would
provide the necessary frequency response, and offer scope for
sufficient miniaturisation to achieve effectively point velocity
measurements. The first part of the thesis describes the develop-

ment of the system to these ends.

Concurrently with the present study, two other groups (Ling
et al, 19683 Schultz et al, 1969) have been employing hot-film
anemometry for similar purposes, and the work of both is discussed

in the light of the results obtained in the present study.



Part I

Development of Ingtrumentation
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l. Principle of the hot-film anemometer

The transducer of the hot-film system is a thin metallic film
which is deposited on a rigid insulating surface of a shape suitable
for immersing in a fluid flow. The film is heated electrically,
and cooled by the flow, by an amount dependent on the fluid

velocity past the film.

The forced convection heat transfer from many shapes (e.g.
flat plate, wedge, cylinder, sphere) in a laminar boundary layer
flow regime (100#Re<105) may be generally represented by a

relationship of the form:

y
N‘""r—' = C’F Rg‘/z Ve 3 (1.1)

(vide e.g. Schlichting, 1968)
]
) - 1\ /2% ) b/
tee 3’_5_?... = f:(&} (!ﬁ,__\ > (1.14)
& AT F
where N\L\: =

9. ¢ /}:‘ AT is the Nusselt number, Re = ¢ ¥ ,Q//u is the
S &

Reynolds number, Pr = M C‘,/R is the Prandtl number and CF is a

constant depending on body shape.

The other parameters are:

r'?‘ t heat transfer rate per unit area,
F.

Q_ : a characteristic body dimension,

R : +the thermal conductivity of the fluid,
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AT ¢ The temperazture difference between the heated surface
and the undisturbed fluid,

D ¢+ fluid density,

main stream fluid velocity,
AL ¢ fluid viscosity,

¢ 3+ specific heat of the fluid.

For the small temperature differences with which we are con-
cerned, the variation of fluid properties with temperature may be

neglected.

Thus the heat transfer rate for a particular situation is

Y = BUEAT -2

where B depends on bedy size and shape, and fluid properties.

When there is nc forced flow, i.e 8t U = 0, heat is still
transferred, by natural or free convection. Thecoretical solutions
for natural convection (Schlichting, 1968) suggest that the heat

transfer is of the form

e
NU‘.\! = CN(G" Pr'> “ (1.3)

. 292 Ay /
where (v = 3(% e 2 AT//LL is the Grashof number,
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CN is a constant depending on body shape and orientation, g is the

acceleration due to gravity and f§ is the coefficient of volume

eXpansion.
Therefore
N iy
g, & - /"\ (5{?5 A pe 7 (1.34)
i - .
S = N N - : I A
AT /,u.‘-" R

oF o e\
1.7 H(AT> (1.4)

where A depends on body size, shape and orientation, and fluid

properties.

If the two situations represented by equations (1.2) and
(1.4) were independent, a universal law could be obtained by
adding the two components. However, depending on the ratio
Rez/Gr (Schlichting, 1968) the free convection component is
modified or obliterated by forced convection. 1In practice,

empirical laws of the form

—~ W
(,1(' = ("\ “+ D i‘-.j l) A:T (1”5)
are usually found to represent the heat transfer, both for hot
wires, which are usually operated at lower Reynolds numbers than

those for which the boundary layer approximations are valid, and
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for hot films. In general A does not coincide with the signal at
zero veloclity, but represents an imaginary zero signal, obtained by
extrapolating the velocity calibration back to zero. If the probe
is very sensitive, the difference between actual and effective

zero signals may be small compared with the probe signal at non-
zero velocities. The interaction between forced and free con-

vection 1s briefly discussed in Section 11.

Equation (1.5) is often referred to as King's law, although
King (1914) justified the relation theoretically by calculating
heat transfer rates in a potential flow field and then obtained an
empirical correlation in Oseen and Stokes flow regimes. An extended
discussion and bibliography on the laws affeqting hot wires was

given by Corrsin (1963).

Since, at equilibrium, the heat transfer is balanced by the

electrical power supplied, equation (1.5) becomes

L& RH = (Q + 2V 7-) AT (1.6)

where i2 is the current through the film and RH is the resistance

of the heated element.

In the earliest applications, it was customary to operate the
heated element with constant current. In this mode the system

is not, in general, in equilibrium, and the unsteady form of



- 29 -

equation (1.6) applies:

- _ s - ": ) :\:
FR o= (Reru) R-KL pom AR @

where m is the heat capacity of the heated element, &h is its
temperature coefficient of resistance, Ro is the unheated resist-
ance of the element. This is a non-linear differential equation
because the function of U multiplies the dependent variable,
although in the limit of very small perturbatioms about a constant
mean velocity this difficulty does disappear (Corrsin, 1963).
Further, if the heat capacity of the wire, m in equation (1.7) is
small enough, the "thermal inertia'" represented by the last term
on the right of the equation may be made small, and the equation

becomes approximately algebraic.

It is of interest that Machella (1936) used a hot wire,
operated at constant current, to measure blood volume flow rate
by threading a wire across an artery. The single wire did not, of
course, distinguish between forward and backward flows and Machella
did not appear to be aware of the "strain gauging" problem
mentioned in the Introduction. He used a quasi-steady calibra-
tion technique, which may héve been valid, depending on the

relative magnitude of the terms on the righthand side of equation

(1.7).
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With the development of electronic feedback techniques,
constant temperature operation has become favoured. The variables
are then related by the algebraic equation (1.6), provided that
the feedback circuit has a high enough frequency response
(Section 3.3) in general enabling the data to be more easily pro-

cessed.

Tig.2 shows a block diagram of the circuit employed in
constant temperature anemometry. The element is mounted in one
arm of a Wheatsitone bridge and its resistance may be measured by
adjusting a variable resistance in the other arm to obtain a null
reading from the bridge. The variable resistance is then advanced
by a proportion, the overheaty; the bridge output is then fed %o
the input of a high gain, high transconductance D.C. amplifier
whose output is applied as the bridge excitation. The system is
thus in equilibrium when the increase in resistance of the film
balances the increase applied to the variable resistance. If the
film has a positive temperature coefficient of resistance, it
will increase in temperature to a point determined by the over-
heat setting. If equilibrium is maintained, implying sufficient
frequency response in the system, the power supplied to the
bridge depends on the heat loss from the film. If V is the

amplifier output voltage,

ettt e o
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and therefore equation (1.6) becomes

‘ L
Voi=A +~ B'Y (1.8)

AT 5
since ! ig constant.

If the probe is very sensitive, the difference between the
actual and effective zero signals may be small compared with the
probe signal in the velocity range of interest. Equation (1.8)

then becomes

Z Pl
vE oS v e Bu (1.84)

where V0 is the signal at zero velocity. This was true for the
probes used in the animal experiments described in this thesis

(probes type B, Section 7).

There are several commercially available constant tempera-
ture anemometer circuits and three types have been employed during
development trials. The DISA 55AC1 and DISA 55D01 (DISA Elektronik
A/S, Herlev, Denmark) were designed for high frequency measure-
ments including turbulence. The former incorporates a chopper-
stabilized D.C. amplifier using valves and has now been super-
seded by the 55D01 which is a transistor design with a variable
gain amplifier. Both had a built-in bridge circuit but an
additional adjustable series resistance was added to the existing

set to allow setting of overheat to 0.001 rather than 0.01 ohms.
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The TSI 1054B (Thermo-Systems Inc., Minnesota, U.S.A.) was a
transistor low frequency design intended for velocity measurements
in liquids. The variable resistance arm of the bridge was con-
nected separately. In performance it appeared similar to the

DISA 55D01 for the range of conditions investigated.

2. Requirements

2,1 Frequency response

The principal requirement is a flat frequency response over
the range of frequencies to be encountered. A typical flow wave-
form, produced in the aorta by one heart beat, measured with an
electromagnetic flow meter 1s shown in fig.]. The features to
notice are the main flow pulse, occupying approximately the first
third of the cycle, known as systole, with peak velocities of the
order of 100 cm/s. There usually follows a period of reversed flow,
end finally a period of lower velocities which may be forward or
reversed depending on anatomical site and cardiovascular para-

meters such as peripheral resistance, this latter period being
known as diastole.

There are numerous definitions of systole and diastole (Burton,
1965), although the end of systole is generally defined as the
instant of closure of the aortic valve. The definitions given here
are appropriate for the present discussion, and are approximately

consistent with this definition.
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Fourier analysis of artery flow waves measured with electro-
magnetic flow meters suggests that harmonics up to the eighth must
be measured accurately to enable the waveform to be recorded to
within 5% (Ferguson and Wells, 1959; Patel et al, 1963, 1965;
Bergel and Gessner, 1966). The pulse rate in man is normally 70-
80 beats per minute and in dogs ranges up to approximately 200
beats per minute. There is, of course, nett forward motion of
the blood and this is represented by a steady component of up to
approximately 30 cm/s. Therefore, to record the basic waveform,
the frequency range required is D.C. to approzimstely 10 Hz. in
man and D-C. to 25 Hz. in dogs. In the signal from an electro-
magnetic flow meter it is likely that flow disturbances or turbul-
ence might be smoothed as a result of averaging over the cross
section, and if it is required that these be recorded by the
velocity probe, a wider frequency range is required (at the
beginning of this investigation, the evidence of such disturbances
was slight, due to lack of suitable instrumentation). Further,
inherent in the use of a heat transfer technique for velocity
measurement is a unipolar output signal regardless of flow
direction. Thus the waveform of fig.l will appear rectified,

eml odying a higher frequency content than the original waveform.

2.2 Direction Sensing and physical dimensions

Because the flow direction is not given by the hot-film

signal, an auxiliary direction sensor must be provided.
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Nevertheless, the probe should be small enough to cause minimal
disturbance to the flow in the artery. A feature which is
desirable, though not a necessity, is equal sensitivity to flow in

both forward and reverse directions.

2.3 QOperating temperature

Traditionally, hot-wire anemometers have been operated at
temperatures of the order of 300°C above ambient in air (1004
overheat) and hot-film elements, used in liquids, at excess tempera-
tures of 50 to 100°C (10-20% overheat). The use of heated elements
in liquids has often caused problems of bubble formation, due to
dissolved gases being driven out of solution, but for operation in
blood a more resirictive limitation is imposed by the response of
blood to heating above its physiological temperature of 370C.
Fibrinogen, the most heat sensitive constituent of plasma
(McParlane, 1960), is denatured at 4700 and would form g deposit
on a hot-film at these temperatures. Also, at 4800 red cell
drmage occurs (Ham et al, 1948). Therefore, except in certain
calibration studies in water, the excess temperature has been

limited to 5°C or 1% overheat.

3. Preliminary considerations

The main factors influencing the frequency response are three-
fold and although they mutually interact, they may be discussed

separately.
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3.1 Pluid dynamics

The element, mounted on a probe, is immersed in the fluid,
the heat transfer to which depends on the thermal and velocity
boundary layers which develop over’it. A theoretical approach is
complicated by the fact that the oscillatory component of the
motion is large compared with the mean and introduces flow
reversal. However, it is clear that for the fluid dynamic
frequency response to be adequate the boundary layer must be quasi-
steady.

If the oscillatory boundary layer thickness, which is of
YA .
order u/tu is calculated to be greater than the instantaneous

steady boundary layer thickness, of order Ju):c/f(’ s one would

expect quasi-steady boundary layer behaviour. This requires

Y P
XYoo XE
R ¥
i.e. W o < 1 (3.1)

Thus the viscosity disappears from the expression, and g similar

requirement holds for both water and blood.

Since the thermal boundary layer (Section 11.1) lies well
within the viscous boundary layer, the situation is controlled by

the behaviour of the viscous boundary layer.
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3.2 Thermal dynamics

Although a major proportion of the power supplied to the film
is dissipated by transfer to the fluid, there is also s thermal
pathway into the substrate, and into the fluid via the substrate.
Thus, in unsteady flow the relative phases of the two components
of heat transfer may change, introducing distortion of the

signal.

Once again, it is necessary 1o make extreme simplifications
to approach the problem theoretically. 3Bellhouse and Rasmussen
(1968) considered a one dimensional substrate conduction model,
and although they were specifically considering a wedge probe
with the film around the leading edge, it is possible to interpret
their solution for other probe configurations. Their analysis
required the heat transfer to the fluid to be quasi-steady, said

to be justified if the thermal boundary layer thickness in the

fluid, (Mg oz, /. (Section 11) is much thinner than the depth

of penetration K, /s of thermal waves into i
: (J«A.a JG °

I.e. must be small. (3.2)

{ad T

LA
The results of the analysis show that frequency response is
better, the larger the parameter 4 Dl/h.g , where £ is the
conduction path length, « the fluid heat transfer coefficient

and . the thermal conductivity of the substrate material.
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Since Nusselt number, Nu is . //rz{ ’
Lol o Q R@ (U (3.3)
k( ..x \/ \/

which should be large. It was further shown that for any value of

£ ot /fi¢ the best fregquency response would be obtained if

"Zwi(‘\)/z' ¥, were small.

From consideration of the ratio of thermal diffusivities of
water or blood with that of available substrate materials, say
Pyrex, where the ratio is 2, together with the required frequency
range and likely film dimensions, the requirement (3.2) for the
analysis to be valid is likely to be met except at very low instan-

taneous velocities.

The requirements for good frequency response suggest that the
ratio of thermal conductivities of fluid to substrate should be
large, which is more favourable for a liquid than a gas. The
distance of the film from the leading edge, "< should be small
compared with the conduction path length and the Reynolds number
should be large. These requirements are not easily met, but if the
parameter QJ::7€EI{; can be made very small, it may not matter.
This may be interpreted as making the conduction path length,
short compared with the depth of penetration of thermal waves, jEZ;E;
Thus a further argument is provided for probe miniaturisation, but
it is likely that frequency response will deteriorate as velocity

decreases.
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3.3 Electrical dynamics

A potentially useful approach to the analysis of constant
temperature anemomcter circuits controlling hot~wires clements has
been provided by Freymuth (1967) for small amplitude fluctuations,
indicating the role of amplifier gain and frequency characteristics,
overhoat, velocity and probe sensitivity. High amplifier frans-—
conductance is a further recuirement (Kovasznay, 1955) and the

bridge ratio (X in Pig.2) may have an influcncc.
& 5

The following is an account of Freymuth's (1967) theory,
modifisd for the configuration of the DISA 55D01 znemomcter. A
small perturbation approach is used; justified*by the empirical
rosult that electrical calibrations with large and small amplitude
fluctuations gave similar results. It was also assumed that the
fluid dynamic heat transfer was quasi-steady, again justified
empirically. In fact in the electrical calibrations, which gave
similar results to fluid dynamic calibrations, the velocity past
the probe was consztant, and the assumed cuasi-steady fluid
response to temporature fluctuations can be justified by the

criterion of Bellhouse and Rasmussen (1968) quoted in Section 3.2.

The equation for the heated clement may be written

VR _ H(U)/,E{T' = mdl
(R+R")" dt

*a posteoriori
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Jd R (3.4)

Yy:
>N

dt

U NTR R ReRe o
(R+ R)” ol

\
where H{U\):—‘ A+ BU I (equation (1.6)), V is the amplifier
output voltage (fig.2) which is also the bridge excitation voltage,
R 1s the heated element resistance at temperature T, with equili-
brium value RH, and "cold" (ambisnt) resistance RO; m is the heat
capacity of the probe, ©X the temperaturc coefficient of resist-

ance of the heated element.

The heat capacity of the element will be nocgligible compared
with that of the substrate in contact with it, and an effective
heat capacity may be envisaged, which is proportional to V P<S/§J

as Jdiscussed in Scction 3.2

The eaquation of the bridge is
e 1 - § ‘ l
VR'(Ru=R) N C,RyRR d\

U= _ L (3.5)
(R+R R, +R') (R+R)(Ry*R) At

CA includes the capacitive and inductive terms governing the

bridge bchaviowr, ond is derived in Appendiz D,

X is the bridge ratic (fig.2) and U is the bridge unbalance

which is also the amplifier input.

liaking thce assumption that the amplifier may be characterised

by a second order differential equation, which is only
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approximately true, we have

ATV LAY Vo Ve k G (3.6)
(ﬁ_‘&tk 0“;’

7] A . . .
where M M’ are amplifier time constants which may be estimated
from the amplifier gain (G) variation with frequency. v, is ad.c.
voltage offset which appears at the output when v = O, and has the

effect of improving stability.

To linearise the equations it is assumed that V, v and R are
subject to only small unsteady perturbations about the mean; let
the perturbations be AV ’ L&UJ ' LXFﬁ, taken about their

steady values in a Taylor series, and neglecting all but the first

two terms (i.e. AV = r’%\_/ etc.).

If G is large and Vb

. N —. "l
v R (F-R) (Ra+ R
' o R

small, R~fRH leading to

Making the following approximations where appropriate:
. 1 / / ~\ /71 ‘r“l p .
R-R-R' R~ Ry, RI(R-E)IRART ~ (v-v) 6V,

the eguations for the perturbations become

AR+ v AR = RV R ~ R Ry Hau (o)
H H Ry R')l TR
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Ae = V=Vo AV - V'R AR 4 ._ib.‘:‘ AV (3.54)
GV R Ra)” R'

G = AV + MAV + MY AV

(3.64)

where (): o\()/olt wa H = z:.lH/.;lU.

{
Solving for [&\/ and neglecting \Vla/é;\ if it occurs in

a sum, wWe have
.\.S..LM:I AV + [ /M“+ Lv_n_f‘/\‘ R AAY G' ‘r’ﬁ\ !.\H/ AV
H - : H K
m Ve - & Co Ry VAV + /l\/._._\{_jiqﬁt_)
i P/M "h \*’ T‘ o > (3.

wnere T = (R'*R;jﬁ/ze(i‘(@m({,) |

Taking measured values for the DISA 55D01 anemometer, with
mid-frequency gain of 260 set with both high and flat low
frequency gain settings, with the internal high frequency filter
to give an upper frequency limit (-3db) of 100 k Hz, and with
output characteristics as obtained with one of the probes of
type B (probe number 38, Section 7), the theoretical frequency
response gppeared flat., A simplified version of the above theory,
giving a second order equation in place of equation (3.7) is

given in Appendix A, znd tho complete non-linear anemomcter

equation is discussed in Appendix C.
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An alternative calculation, using the unsteady substrate heat
transfer coefficients (h) obtained by Bellhouse and Rasmussen

(1968)givos the following modified form of equation (3.4)

\/(_(/ . H(K N ) _ ‘l(QQ:) (3.4B)

(k+ &) o X

Equation (3.4A) becomes

2oV Ry AVo(RR) HER AU = AR Guao)
(Fren)(K, f<"') e

whilst equations (3.5A) and (3.6A) are unchanged. Combining this

with equation (3.4C) and solving for ﬁ}\/ ylelds

AV + (.ﬂi & C ‘\R“ OV ¢ (f\\ 'Q) Zi\‘/’
4 ‘\1\“ b | R‘if , ) ( (j(\f N RH) (3 :3)
= GVb (Ek) Hsh Avu L

M (Qe . 'r/:\ H)‘z’ H b

The solution, obtained by inserting appropriate values of h,
h1 obtained using the analysis of Bellhouse and Résmussen, for the
same conditions quoted in relation to equation (3.7) gave a
falling frequency response, with the response at 10 Hz 7% below

that at 1 Hz.

Experimental investigations have revealed a rising frequency
response under the same conditions assumed for the caglculations

(Section 6).
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Therefore, whilst important parameters governing the frequency
response may be identified, theoretical analyses of the system,
which must of necessity involve simplifications, cannot predict
its performance with any accuracy and recourse must be made to

detailed experimental studies.

4. Probe design

Before the present author joined the project, techniques for
building small film probes had been developed by his co-worker
(Seed, 1969). The element of a suitable pattern was deposited on

a "Pyrex" bead of approximately lmm. diameter as described below.

The bead was first dipped in liquid gold solution ("Hanovia"
KA-12) and heated in a furnace to the softening temperature of the
Pyrex, both to evaporate the solvent and to form a bond betweén
the glass and metal. The gold-coated bead was then dipped in
photo-resist (Kodak) and then exposed to ultra-violet light through
a photographically prepared flexible mask which defined the
required film pattern. The bead was next chemically etched to
remove all the gold and photo-resist except for the gold film
element. Electrical contacts could be made via low melting point
solder and the whole was then mounted with epoxy resin on the end
of hypodermic tubing of lmm. or less in diameter, the electrical
leads being passed through the tube. The joint could be faired

or shaped with epoxy as required. 7Tilm resistance was normally
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in the range 5-20 ohms.

Making the probes required practice and the dimensions
referred to above represented a sige which could be made with an
acceptable failure rate after moderate practice. Smaller probes
were made during the course of the investigation, but lack of

time precluded their use in many experiments.

Two or three gold films,of 0.1 or 0.2 x 0.5 mm, and 0,1 mm.
apart,were orientated with the longer side normal to the flow
direction. One film was connected in the anemometer circuit
whilst the second, and third film when present, was employed in an
auxiliary circuit for direction sensing. It was found that to
avoid electrolytic etching the film should be connected
to a common earth, which passed through the probe shaft. Also,
to improve abrasion resistance, a thin coat of Silicon Resinate
(Hanovia 28D) was baked on over the films. The thickness of the
layer was not measured, but a similar coating was applied in the
same manner 10 heat transfer gauges by Vidal and Golian (1967T).
They claimed a thickness of 0.1 - O.2f1. s glving an insignificant
time delay for heat conduction, of the order of a few micro-

seconds.

It was obviously necessary, because of thc difficulty of
construction, to make the probe shapes as simple as possible.

To achieve equal sensitivity to forward and reverse flow it was
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’
desirable to mount the films symmetrically, but varigtions were

tested, as explained later.

The mgin variations in shape are shown in fig.3. The
simplest shape envisaged cmployed a bead mounted directly on the
end of the shaft as in fig.3(a). The curvature of the surface
proved to be too great and so probes with the general form of
fig.3(c) were constructed, which had the additional advantage that
the film position was moved from the plane of maximum blockage
crecated by the shaft. These probes incorporated shafts of circular
cross section, but it was obviously desirable to reduce blockage
by fairing the shaft and a probe with an elliptical shaft cross
section as in fig.3(d) was built. As explained later, this
particular probe had an unsatisfactory tip configuration, and
because the shaft feature was not considered necessary for develop-
ment purposes because blockage was not a problem in calibration at
that time, it was not proceeded with. 1In practice, late develop-
ment probes which had circular shafts were used in the animal

experiments and proved satisfactory.

Whilst the present work concentrated on probes for insertion
at the site of measurement, the hot-film technique lends itself
equally well to catheter-tip mounting; some of the clinical

studies reported by Schultz et al (1969) were made with catheters.
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5. Calibration apparatus

Because of its ready availability and ease of use, water was

used as the test fluid in all the early calibration trials.

5.1 Steady flow

Initial trigls with an Ahlborn tank and with flow in a pipe
were abandcned because of difficulty in achieving undisturbed flows
at the higher velocities required. It was therefore decided to
test a turntable device. A franscription turntable was obtained
having continuously variable speed from 16 to 80 r.p.m., which
could be sc¢t by means of a bullt-in stroboscope. An open cylin-
drical container for the liquid, of 30 cm. diameter, was mounted
on it (fig.4). The container was machined from solid perspex so
that the rotating mass was accurately balanced. Starting flow in
the container is obviously fairly complicated but the time for
equilibrium to be established, with effectively solid body
rotation (see below), was half to one minute, depending on
rotational speed. The velocity at any point in the fluid is then

determined from radial position and revelution rate.

Because of the recirculation of the wake behind the probe,
experiments were made to test for any resulting artefact in a

probe calibration obtained with the apparatus.
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In preliminary trials the probe was plunged quickly into the
fluid after establishment of solid body rotation and the probe
signal monitored for any disturbance at the end of the first and
subsequent revelutions after immersion. No change in the mean
signal was seen, although at some combinations of radius and
rotational speed some unsteadiness was present in water, but not
in blood whichy of coursey, is more viscous. It was presumed that
the centrifugal force due to the rotation caused a secondary motion
in the wake which either displaced the wake from the locus of the
probe, or caused it to be damped or sufficiently diffused within
one revolution. The unsteadiness referred to above might be due to
the diffused wake or to surface waves. It is obviously important
that the sensing head is free from errors due to the latter, and
an investigation was made in a 20 cm. deep container. It was
found that for a probe with a lmm. diameter shaft, the depth of

immersion was required to be 1 cm. or greater.

A more detailed check on the validity of the solid body
rotation assumption was made by comparirg calibrations made on the
turntable and in the Department of Aeronautics water table, used
as a towing tank. The probe was mounted above the tank, with
its tip immersed lcm below the water, on a gantry which could
be propelled on rails by a velocity-feedback controlled servo
motor. The rails were fixed to the sides of the table with equi-

spaced screws whose heads projected, and the gantry speed was
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measured by mounting a micro-switch on the gantry whose striker
was deflected by the projecting screw heads. The signal so
obtained was displayed on an ultra-vioclet galvanometer recorder
(450 Hz galvanometers) simultaneously with that from the probe.
Figure 5 shows the results, where it can be seen that there was

no systematic difference between the calibrations. The scatter was
considered to be due to the effects on the anemometer system of

centamingtion and local temperature variations in the fluid.

The apparatus in its initial form gave a velocity range of 5
to 120 cm/s. The radial velodity gradient was equal to &£X , the
angular velocity of the turntsble; therefore the scale of the
gradient was small compared with the one millimetre probes and
could be neglected. The flow was unsheared and therefore very

stable,

When the liquid in the turntable is in equilibrium, its frce
surface is paraboloidal, the depth h at radius r being given by
Z e
h = r.‘-')'r-.S‘f" + -Q L
-ﬂ/“, ) (5°1)

L0

Radd

where g is the acceleration due to gravity (Prandtl, 1952). If H
is the initial depth of filling and R is the radius of the rim,

it is easily shown that

Bo= M +_5\’-?‘ [ & 3“’\\»\ (5.2)
/

H L
2 \ b
£. " , P
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Thus, at 80 r.p.m. the depth at the centre would be zero for
a rim height of 8cm. To avoid making it too deep, the container
was machined with a second inner rim of l6cm. diameter.

)

=y Fa
The centrifugal acceleration, *”SKL s due to the rotation
g

will cause concentration gradients in fluids like blood, which
contains suspended particles. At 80 r.p.m. near the outer
rim (15cm. radius) this is almost exactly lg. The outward
migration of particles will therefore never be greater than
the sedimentation rate, and the blood can be regularly stirred

to ensure homogeneity.

For calibration studies with blood a further concentric
mng was incorporated into the container to form ar annular space
of inner and outer radii 6.8 and 7.8 cm. respectively. A small
volume (100ml.) of blood was poured into the annulus and hot
water was circulated in the inner and outer parts of the dish
from a water heater and pump. It was found that the blood
could be maintained at 37 £ 0.1°C with the heater set at 40°C,

and very stable calibrations resulted.

At a later stage, when the main animal experiments were
being carried out, a new container was made which incorporated
two annular channels, each lem. wide and 1.5cm. deep, and with
centre line radii of 6 and 15 cm. (fig.6). The outer rim was
sloped outwards towards the top, providing the maximum diameter
for the high speed (outer) calibrating channel whilst allowing

the built-in stroboscope of the turntable to be viewed (see
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figure). Skping surfaces were incorporated above the calibrating
channels to prevent loss of blood when the surface was disturbed,
and guards were provided to prevent the heating water reaching
the blood at maximum speed, whilst allowing maximum contact

area with the heating watera& all speeds. It was also

required to keep the heights of the channels as close as
possible so that the probe adjustment could be kept to a

minimum when transferring it between them. With this container,
the maximum steady velocity obtainable was 123 om/s, which was
ample for most experiments. The volume of the outer channel

was 150 ml., and to avoid bleeding the animal too heavily,

only that quantity was taken, a proportion being transferred

to the inner channel after completion of the high speed

calibration.

With the narrow channels in this container, the flow
establishment time is obviously very short. The moving
surfaces will induce a moving fluid layer which will grow as
\/Gdf: . Considering the establishment time to as that
required for the boundary layers from opposite surfaces to

;
meet, tar'\f Ex/\) , Where 8 is 0.5em. PFor blood,
with kinematic viscosity, YW = 0.04 cmg/s the required time
is of order six seconds. In fact the speeds were set fairly
slowly by adjusting the turniable speed control and watching
the stroboscope; the flow was established by the time the

specd had been set.
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5.2 Unsteady flow

It would require extremely sophisticated equipment to
mimic an arterial velocity wave in a calibration apparatus, and
in any case if the frequency response of the measuring system
were not flat, the interprctation of the results would
rcquire breakdown into Fourier components. It is therefore
simplier on both counts to provide an oscillatory velocity

component in the calibrator which is simple harmonic.

The probe was mounted on an arm connected to a Scotch
yoke (fig.4), which was driven by an electric motor to produce
frequencies up to 15 Hz, Peak to peak amplitudes of oscillation
were variable between 0.5 and 3.0 ecm. Thus oscillatory
motion of the fluid relative to the probe could be produced
by immersing it either in a container of still fluid, or in
a fluid moving at a steady speed to give an oscillatory
component superimposed on a steady flow. The latter was pro-
vided by the turntable. Since the oscillations were tangential
to the fluid motion in the turntable, the velocity errors due to
variation in radial position were limited to 1% by suitably

limiting the stroke.

The oscillatory velocity, which was continuously monitored

by a Sanborn 6LV 3-N velocity transducer, is given by

N v
) = a 03 Sin wt (5.3)
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where a is the hglf-wave amplitude and ) is the angular
froquency of the oscillations. The range of available peak
oscillatory velocity (aws ) was between approximately 2 and
100 om/s, Thus, when the turntable was rotating the nett
velocity 2 was given by

—~— ~72

= et 2Ll 4 aw sin ot (5.4)

The maximum instantaneous velocities obtainable ( & + o ey )
thus amply covered the rangc cxpccted for anacsthetized dogs

(fig.1).

5.3 Electrical calibration technique

The techniques described for direct measurement of the
frequency response of the ancmometer system required lengthy
calibration procedures and even more lengthy pcriods of trace
reading and analysis. Thercfore a technique using an clectrical
analoguc of the probe response was attractive for some com-

parison tests and setting-up procedurcs.

The mcthod recommended for the square-wave test (DISA 55001
ancmomcter handbook) was adapted as an indirect method of finding
the frequency response. The system was set operating with the
probec immerscd in the calibrator, with the turntable either
rotating or stationary. An oscillator was then connccted

across the film in series with a suitable resistor to minimise
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the current. (In the DISA 55D01 there was a built-in resistor
of 27¥<13~ , accessible via a connector at the back of the
instrument.) A sinusoidal voltage could then be applied over

the frequency range of interest.

Such a method might be expected to have disadvantages,
particularly at low frequencies. The signal disturbs both the
amplifier and the resistance of the film, and although at high
frequencies the two effects may be separated by substituting
a dummy probe with a long time constant, a sufficiently long
time constant could not be achieved at the low frequencies of
interest. 1In addition, Nielsen and Rasmussen (1966) suggest
that, for this type of test to be valid, the temperature dis-
tribution in the film should be nearly uniform and the conduction
in the substrate should be approximately one-dimensional. They
argue that this is more likely to be the case at high frequencies,
when the thermal wavelength in the backing material is small
compared with the size of the hot film. Thus we require that the
depth of penetration of thermal waves will be less than the
minimum dimension of the heated surface (roughly the film width,
2c,)

(5.4)

i.e.

/---nu
/ (’{Q‘
J = < ¢,
)
where t{ a is the thermal diffusivity of the substrate. Taking
the minimum film dimension as 0.01 to 0.02 cm. and 4 for

3

Pyrex as 6 x 10~ cmz/s gives a minimum frequency of the order

2 to 10 Hz, which is in the range of interest.
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In practice the frequency response measured by electrical
calibrations was found to reflect closely that derived from

direct flow calibrations, and the method has been found invaluable.¥

Whilst the direct flow calibrations would in general be
subject to all three effects discussed in section 3 (fluid-
dynamic, thermal and electrical) the electrical calibrations
are obviously independent of fluid-dynamic (i.e. boundary layer)
response, and would be expected only to respond to the thermal

and electrical behaviour.

Evaluation of hot-film system for arterial velocity measurements

6.1 Procedure

Tests were made initiaglly in which the response of various
probe configurations was examined in steady flow, using water
in the turntable calibrator as described. To obtain repeatable
calibrations, the probe was frequently brushed to clear particles
or bubbles, the overheat was regularly checked and reset if
temperature changes rendered it necessary, and the water was

stirred to avold temperature gradients.

For the oscillatory flow tests, direct comparisons were
always made with steady calibrations obtained at the same time.
In common with hot wire probes, the sensitivity of the early
hot film probes was found to vary from day to day, presumably

due to contamination, abrasion and electrolytic etching.

*A theoretical confirmation of this result is given in Appendix B.



Therefore in every calibration in which comparisons were made,
gll readings were taken on the same day, and checks were made

to ensure that the sensitivity remained constant.,

The later probes, coated with Silicon Resinate, displayed
reasonably stable sensitivity over periods of weeks, as shown
in the table below. The data is for two probes of type B
(Section T7), numbers 37 and 38, in blood from various dogs
used in the experiments described in Part II. The symbols

V. and V5 are the anemometer output voltages at zero and

0 0
50 cm/s respectively.

Date Vv v

—_— 0 50
Frobe 38: 2.1.70 (Dog 16) 2.39 4.07
28.1.70 (Dog 22) 2.34 4.07
Probe 37: 17.2.70 (Dog 27) 3.76 5087
11.3.70 (Dog 32) 3.71 5.72

A careful steady calibration was obtained over the velocity

range with the probe mounted in the oscillator; the probe
orientation was maintained constant for both steady and
oscillatory calibrations. Having obtained g steady calibration,
the probe was then oscillated at a series of steady frequencies
from gbout 0.5 Hz up to the maximum obtainable, the procedure
being carried out with the water initially still and subsequently
with a number of steady turntable speeds. The response in

unsteady flow was then compared with that at the same
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instantaneous steady velocity. In the initial tests only the
unsteady peak signal ( U+ oaw ) was compared with the

steady calibration.

In all the initial tests, signals were recorded on an
ultra-violet galvanometer recorder (S-E. Labs. 2100, 450 Hz

galvanometers) and the velocity signal was unlinearised.

6.2 Results from initial series of tests

6.2.1 Steady flow

The form of the response is predicted by King's Qquation
(1.7) and is shown by the full line in fig.7. The first probes
to be tested, consisting simply of a bead mounted directly at
the end of the hypodermic tubing, as in fig.3(a), gave the
response indicated by the broken line in fig.7. The output
was of the form expccted up to a velocity of 20 to 25 cm/s,
above which the sensitivity decreased and the signal became
noisy. A probe of similar shape, but with the film ahead of
the 90° point (relative to the flow direction) as in fig.3(b),
exhibited a response of the expected form, with a monotonic

increase in signal with increase of velocity.

These observations were obviously influenced by flow
separation. From experiments on mass transfer from gpheres,
Linton and Sutherland (1960) deduced the variation in the
position of the separation point in the Reynolds number range

of interest (10 to 1000). Fig.8 shows their result interpreted
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for the spherically tipped velocity probe operating in water and
in blood. Although a film situated at 900 would always be
forward of the separation point, the velocity and temperature
profiles over it would be affected by the separation, with

the result observed. If the film is moved sufficiently far
forward to be uninfluenced by the incipient separation region,
the reverse flow sensitivity is not only different from that

in forward flow, but will be badly impaired by the presence

of the film within the separated flow.

A probe with smaller curvature of the sensing surface was
obviously required and an L-shaped probe with the form of
fig.3(c) was constructed. It was found possible to obtain
nearly cqual sensitivity in both directions with the film
situated midway between the ends, but the streamwise dimension
of the probe was larger than with the bead probes, implying
a more restricted frequency response. In an attempt to
overcome this limitation, a probe was built with the form of
fig.3(d). As was obvious with hindsight, the flow separated
from the leading edge of the probe, producing noisy, unstable
signals. An innovation with this probe was the flattening of
the shaft into an elliptical cross section in order to reduce
blockage. However, this was less critical for the L-shaped
probes on which all subsequent development was concentrated,
and to save time all later probes were built with unmodified

circular shafts.



- 58 -

6.2.2 Unsteady flow

The results presented for unsteady flow were obtained with
probes like A in fig.9. This was the practical realisation of
the form shown in fig.3(c), distorted by the mounting of the
bead as shown in more detail in fig.10. Qualitatively similar

results were obtained with probes like that in fig.3(b).

Differences emerged in the interpretation of the results
obtained from oscillating the probe in initially still fluid
compared with those from oscillating it in the moving fluid.

Clarity is gained by considering first the moving fluid case.

(i) Oscillations in the presence of steady flow

Results obtained with the DISA 55401 anecmometer, operating
at 1% overheat, are shown in fig.ll, The unsteady response
fell below the steady calibration during the lower part of
the velocity range, and then partially or completely recovered
with increase of velocity. The form of this response was
consistently repeatable, and was obtained also with a commercial

wedge-shaped probe (DISA 55481) and with a hot wire.

This behaviour was due to a combination of two influences.
The electrical calibration, applied as described in Section
5.3, gave an amplitude response which fell rapidly with
increasing frequency, halving between 1 and 5 Hz, and then
remained roughly flat to 10 Hz as shown in fig.1l2. The fluid

calibrations showed a similar response up to the frequency at
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which flow reversal just occurred, and thus appeared to be
governed by the anemometer frequency response up to this point:
In the presence of flow reversal, the output increased with
increasing frequency towards, and sometimes beyond, the corres-
ponding steady curve. For reasons discussed later, it is

probable that the latter effect was due to secondary flow.

When the anemometer was replaced by the DISA 55D01, tests
at 14 overheat revealed a different pattern of response. A%
frequencies and amplitudes too low to allow flow reversal, the
unsteady signals were consistently above the steady
calibration (fig.13(a)). The results of a number of such
tests, plotted in frequency response form, are shown in
fig.13(b). The probable errors in deducing the response as
shown in fig.13(b) are estimated to be t5%, so that the rising
trend exhibited, which is independent of ampiitude of
oscillation, is significant. The error near the fundamental
cardiac frequency of a dog (3Hz) is seen to be of the order of

104.

The electrical calibration also indicated a response which
rose with frequency at 1% overheat, suggesting again that this
behaviour is intrinsic to the anemometer system (coupled with
the hot-film probe), rather than being due to any fluid

dynamic influence.
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Electrical calibrations indicated that the frequency response
at 5% overheat was virtually flat (fig.12). The results of
fluid calibrations at 5% overheat are shown in fig.1l4, where
it can be seen that apart from the oscillations in initially
still fluid, the discrepancy between steady and unsteady

calibrations was eliminated.

The DISA 5%5D01 anemometer incorporates controls which allow
variation of amplifier gain, and both low and high frequency
response. The oscillatory calibrations, both in steady flow and
zero flow, were repeated with a range of settings and also with
a second, apparently ldentical anemometer. No significant
differences emerged. Similar results were also obtained with a

Thermo Systems TS1 1054B anemometer.

The electrical calibrations also indicated that the slope
of the frequency response curve fell with increasing mean
velocity; +this effect was more noticeable with more sensitive
probes. This implies that the larger the anemometer signal, the
smaller the error, and is consistent with the finding that
increase of overheat improves the frequency response. It was
also observed from electrical calibrations that 54 (i.e. 25°¢)
was the minimum overheat at which the frequency response was
satisfactory, and there was, of course, no question of

operating the film as hot as this in blood.
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ii) Oscillation in still liquid

Pig.15(a) shows a steady calibration obtained with the
DISA 55D01 at 1% overheat, together with signals obtained when
the probe was oscillated in initially still water at frequencies
between 1 and 12 Hz. Two sets of results, at different
amplitudes (strokes) of oscillation, are shown. In fig.15(b),
these results, combined with those from four other runs, are
plotted in frequency response form. They demonstrate a
repeatedly observed féature; that for a given velocity the
dynamic response was higher than the steady response, but did
not appear to change significantly with freguency, unlike the
response to electrical calibration. The difference between
static and dynamic response decreased with increase in
amplitude of oscillation, which again was contrary to the
observations made with the electrical calibrations. PFurthermore,
the enhancement of the unsteady signal in still liquid at any
given amplitude and frequency was always greater than the
enhancement, described earlier, in the presence of steady flow.
The probable errors estimated for the frequency plot (fig.15(b))
vary with frequency and amplitude of oscillation. For the
large amplitude, and above SHz at small amplitude, they are
i4%; because of the larger errors in VS at very low velocity
the probable errors increase to i8% for the small amplitude

case at about 2 Hz.
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It appeared, therefore, that in addition to the rising
frequency response of the system, some other effect was acting to
elevate the unsteady signal. This was borne out by the tests at
5% overheat (fig.14), when repeatable signal sugmentation
persisted with no mean flow despite a flat frequency response to

oscillations with a non-zero mean and to electrical oscillationms.

The discrepancy also appeared to be dependent on the
position of the film on the probe surface, although the effect
was not explored systematically. It was noted that one film
gave the results of fig.l5, whereas a'second film on the same
probe, which was 15% nearer the leading edge, gave a value for
(v_vo)/(vs-vo) of 1.06 for the small amplitude oscillations,
where V, VS arc the unsteady and steady signal respectively at
the same instantaneous velocity, and VO ig the signal at zero
velocity. It should be noted that according to King's law, it
would be more appropriate to plot (V2—VO2)/(VSE-V02). However,
the two gquantities are almost equal, with a maximum error of

about 1%.

6.3 Discussion

The results presented for oscillations superimposed on a
steady flow indicate that the anemometer systems tested had
inadequate frequency response because:

(1) different anemometers gave different respomses the valve

design (DIsA 55401) exhibited a falling frequency response,
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whilst the two solid-state designs (DISA 55D01 and TSI 1054B)
showed a rising frequency response;

(ii) electrical calibrations, which were independent of any
direct fluid dynamic effect, gave similar results to the fluid
calibrations;

(iii) the apparent frequency response was affected by overheat;
the only fluid dynamic effect which might be influenced in this
case 1s the interaction between forced and free convection, but
for both 1% and 5% overheat the ratio Gr/Re2 is at least an
order less than unity in the velocity range of interest,
suggesting that the free convection content is negligible
(Schlichting, 1968). (In fact it is suggested in Section 11
that the free convection content is small at zero forced
velocity, at least in blood.) This lends further support to
the conclusioh that the anemometer is responsible for the

observed effect.

In the case of the oscillations in an initially still
fluid, the evidence suggests that a fluid dynamic effect was
present, in addition to the distorted frequency response:

(1) there was variation of the signal enhancement with
amplitude of fluid oscillations (fig.15) but not with amplitude
of electrical oscillations;

(11) the fluid response was of different form from the response

to electrical calibration, i.e. it was independent of frequency

(fig.15);
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(iii) the response to fluid dynamic calibrations was influenced
by film position, suggesting an unsieady boundary layer
behaviours

(iv) at 5% overheat, when the anemometer frequency response
was apparently flat, there was enhancement of the fluid
dynamic response (fig.14), suggesting that in this case the
fluid dynamic effect was solely responsible for the observed

result.

When a body is moved in a stationary fluid, its boundary
layer (assuming the mean Reynolds number is high enough) and
wake acquire momentum, and therefore continue in motion if
the body slows and reverses its directions. TFor oscillations
of smgll amplitude relative to the scale of the body,
Schlichting (1932) showed that the resulting interaction
between viscous and inertial forces gives rise to a secondary
streaming flow around the body which incorporates both a steady
and an oscillatory component. The streamlines of the steady
component as derived theoretically by Schlichting are shown in
fig.16. It has been shown by Richardson (1967a) that such a

motion may increase heat or mass transfer rates from the body.

In the present experiments, although motion within the
boundary layer could not be visualized, a similar streaming
motion outside it was clearly seen whenever the probe was
oscillated in initially still liquid. In water, this was made

clearer by scattering fine aluminium particles on the surface,
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whilst in blood the appearance of layers with different colours,
presumably due to different oxygenation and/or cell orientation,
displayed the effect dramatically. it is probable that this
phenomenon was the cause of the increased signals seen under
these conditions at 5% overheat, when it was solely responsible
(fig.14), and at 1% overheat when it appeared in combination
with the increment due to the rising frequency response of the

system,

It might be expected that the secondary motion developed
in the present studies would be different in character from
that analysed by Schlichting and others. In that case the
amplitude of osgscillation is small compared with the body
dimension and the boundary layer is like that in Stokes!
second problem, with thickness of order (h}/lﬁ)%l Stuart
(1966) has discussed the development of an inner boundary
layer in which the steady streaming velocity grows to a
maximum, and an outer layer in which it decays. At the boundary
between them the steady secondary component has a magnitude

of order

WAL [ A 2‘ ‘x. ! d “""0

b “dx

- . . "\.
leading to a characteristic velocity gia@ /4L;d for a

(6.1)

cylinder, where Uo is the potential flow velocity over the body
and &)ao is the free stream. This leads to a streaming

Reynolds number
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Schlichting (1932) suggested that for small streaming Reynolds
numbers, the linearised Navier-Stokes equations for slow motion
applieds Stuart's outer layer required streaming Reynolds

numbers to be large.

In the present case (large amplitude) it has been shown
that the boundary layer is very largely gquasi-steady, so its
thickness will be of order (ﬁﬁc/{joc)%} Two points of similarity
emerge however, in the effect of the secondary motion caused by
small and large amplitude oscillations. In the survey on
acoustic streaming by Richardson (1967b), it was noted that the
heat transfer due to the streaming varies with position on the
surface. Secondly, Richardson observed that although in general
the streaming boundary layer thickhess was not affected by changes
in the velocity or amplitude of the oscillation, he expected the
heat transfer to increase with streaming velocity, and thus,
from equation (6.1), decrease with increasing frequency. Both

these features have been observed in the present experiments.

Thus direct comparisons between steady and unsteady calibra-
tions have revealed appreciable sources of error. Schultz et al
(1969), who also used the DISA 55D0O1 anemometer, calibrated by
oscillating the probe in still liquid with a range of amplitudes

and frequencies similar to those described here, and by steady
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towing. Their results (figs. 2(a) and (b) of their paper) are
however expressed in & form which does not allow direct
comparison. If no direct comparison is made with a steady cali-
bration, the erroneous impression may be gained that the frequency

response is flat, as indicated in fig.15(b).

An analogous situation exists where fluid is oscillated,
with no mean flow component, about a stationary body. The
co-ordingtes of motion are transferred between the fluid and the
body, and provided the motion is uniform (although not steady),
the systems are completely equivalent (Lighthill, 1954). Thus the
relative motion remains unchanged, so that the oscillating wake
may be expected to cause secondary streaming. In fact an increase
of signal, compared with the equivalent steady signal, was

measured when a probe was placed in an oscillating pipe flow.

The brass pipe, of 1.1 cm. diameter and 3 m. long, was mounted
vertically to avoid bubbles. It was filled with water which was
driven with simple harmonic motion by a piston at the lower end.
The probe (type B) was inserted midway between the ends with the
sensing element at the centre-line. Assuﬁing that the entry
length was given by quasi-steady conditions, flow past the probe
would have been within 2% of full development at a frequency of
5 Hz and amplitude of oscillation (a) 1 cm. In fact the range
of oscillatory flow parameter, ©L , was 10-30 and as argued in
section 14, Part II, the inlet length should be much shorter than

that suggested by quasi-steady considergtions. For fully
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developed oscillatory pipe flow, the Velocity profiles may be
calculated from the exact solution to the flow (section 14,
Part II), and so the relationship between the piston velocity and

the velocity on the axis was available.

The effect was not investigated in detail, in that equivalent
data was not obtained for the same probe oscillated in still
fluid, but figure 17 shows that a similar variation of signal
enhancement with frequency was exhibited. PFor this test the system

frequency response had been corrected as described in section 7.

Ling et al (1968) calibrated hot-film probes in such a pipe
flow, and when the calibrations so obtained were used to measure
steady Poiseuille flow at Reynolds numbers of 300, 490 and 680,
they observed departures from the expected parabolic profiles at
the two higher values. This they ascribed to real deviations in
the flow, but there is a strong likelihood that their original

calibration was influenced by the oscillating wake.

The presence of a steady velocity component in the primary
flow appears to neutralise the secondary flow, either because the
oscillating wake is convected downstream or because the motion
is never established. Secondary motion is a steady-state
phenomenon and arises from repeated viscous-inertial interaction
within the fluid. If the fluid in contact‘with the body is being
continuously renewed by the steady flow component, the steady

state of the interaction may not be achieved. The results
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obtained with the DISA 55401 (fig.ll), in which an increase in
signal was observed gt higher frequencies, suggest that if the
oscillatory component of the primary flow is sufficiently large
compared with the steady component, secondary motion may appear.
This is as might be expected, because the zero mean flow case is

equivalent to a vanishingly small mean flow.

6.4 Summary
Within the limitations imposed by size, simplicity of con-
struction and access through the wall of an artery, the L-shaped

probe satisfies the needs for:

(1) minimum blockage in the region of the filmg
(ii) avoidance of flow separation by mounting the film on
a surface of small curvature and with suitably shaped
extremities;
(iii) achievement of nearly equal sensitivity to forward

and reverse flow.

The commercial anemometer systems tested have unsatisfactory
frequency response when operated at 1% overheat, particularly the
DISA 55A01. The two transistor designs were better, but exhibited
a rising frequency response characteristic which will cause dis-

tortion of a waveform containing more than one harmonic.
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Calibrating hot-film probes in an oscillating flow with no
mean component leads to errors due to the establishment of
secondary motion. This effect is diminished or prevented by the

presence of an imposed mean velocity component, as in an artery.

7. Improvement of freguency response

The results of the initigl series of tests indicated that
some redesign of an anemometer system was required if it were to
operate satisfactorily at 1% overheat. This required a parametric
study of the anemometer system and probably construction of a new
anemometer, which was considered to be a long-term task. Mean-
while, a simple method suggested itself to improve one of the
anemometers with a rising frequenoy response. This was to filter
the output, and g single stage resistance-capacitance filter was
constructed whose values could be adjusted to produce a nearly flat
response at velocities and frequencies in the range to be measured.
This was used in conjunction with the DISA 55D01 gnemometer and
was in the form of a frequency sensitive voltage divider; the

upper arm was a non-inductive resistor R, and the output was picked

1

off across the lower arm, consisting of a resistance R,, in series

2’
with a cagpacitor C. A diagram of the circuit, and plots of its
amplitude and phase characteristics as used with two probes (A and

B of fig.9)are shown in fig.18.
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7.1 Procedure

The filter could be adjusted by ftrial and error, using the
electrical calibration technique previously described. The probe
was set operating in the turntable at a suitable velocity and a
preliminary adjusiment made to obtain equal sensitivity at 1 and
10 Hz. A full electrical calibration was then obtained between
1 and 25 Hz and minor adjustments made if necessary. By suitable
choice of the émplifier gain the response could be extended up to
approximately 1 k Hz, which was degsirable because of the rectifi-

cation of the velocity signal, as explained in section 2.

The system was then tested by oscillating the probe at
various frequencies in steady flows using the turntable and shaker
rig described, and comparing with steady calibrations. Again,
the oscillatory peak velocity signals were compared initially,
but when a satisfactory improvement in frequency response was
obtained, signals were recorded on a larger time-base so that

comparisons could be made throughout the cycle.

7.2 Results

Fig.19 shows the electrical response of the filtered
anemometer with probe A connected, the filter having been adjusted
to provide optimum response at fairly low instantaneous velocity.
The required values of the filter components were Rl = 400-FL.,
R, = k1., C= 104F. Figures 20 and 21 show the results of
oscillating the probe in the turntable calibrator, in water with

various steady velocities superimposed. Only the signals at
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peak velocity were measured and the symbols are as defined in

section 6.2,

In figure 20 the amplitude of oscillation was large enough
to give peak velocities up to 70 em/s and the falling frequency
response agrees qualitatively with the effect of increasing the
velocity on the electrically determined frequency responses shown
in figure 19. PFigure 21 shows the effect of smaller oscillation
amplitudes, where the fall-off is no longer apparent. In fact
there is a rise at higher frequencies, depending on the mean
velocity, which is due to the generation of secondary flow. The
effect of secondary flow at zero mean velocity can also be seen
in the figure. 1In the case of the larger amplitude, it will be
recalled that the effect of secondary motion is smaller, and its
effect is in any case disguised by the opposite effect of high

instantaneous velocity on the freguency response of the anemometer

(fig.19).

Having obtained a more satisfactory frequency response for
the peak velocities, complete cycles of oscillatory flow were
analysed for any further source of error. 1In figure 22, the
responses at points throughout the cycle have been compared with
the steady calibration for two cases each of unidirectional and

reversing oscillatory flows.

It can be seen that fidelity diminishes as the instantaneous

velocity, which is indicated at each point, approaches zero. This
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effect was predicted in seciion 3 where the parameter (u }2//ij

was introduced as an indication of the boundary layer frequency
response., The results from many complete cycles are shown plotted
as a function of 5TJC/IL} in fig.23, where it can be seen that a
good correlation is obtained. Similar results were obtained with
probe B both in water and canine blood; +these results are discussed

in section 12.

The measurement errors involved in obtaining figures 20 to 23
are smaller than the artefact due to nonsynchronous boundary layer
which is demonstrated. The former depend principally on the
reliability of the steady calibration, but also on the accuracy of
trace reading and of the velocity transducer. The total measure-
ment errors in (V - VO)/(Vs - VO), due to both sources, are
estimated to be of the order of 3¢ for 10<< Y\ < 35 cm/s,
increasing to 264 at 5 cm/s and £50% at 0.5 cm/s. The erors due
to the boundary layer phase lags which are demonstrated in figs.

22 and 23 are thus significant.

7.3 Summary

It was shown in section 6 that operating the DISA 55D01
ancmometer at more than 5% overheat gave a good frequency response;
it has been shown in the present section that the distorted response
which occurs at 1% overheat may be improved by operating the
anemometer with a simple output filter. However, there remains

the variation in frequency response with instantaneous velocity;
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it may be possible to improve on this aspect of behaviour by
changes in the anemometer design, but there is a strong likeli-

hood that it is intrinsic to the system.

It is not possible to be categorical about the results of
tests with simple harmonic oscillations in assessing the accuracy
of measurement of the complicated waveforms in arteries, since
the effects demonstrated are non-linear. Some speculations are
discussed in section 12. Over the velocity and frequency range of
the fluid dynamic calibrations presented in this section
(velocities up to 70 om/s and frequencies up to 11 Hz) velocities
were registered to within iB%; at low velocities there is an
unavoidable error (largergcﬁ/tg) which may be very large in
percentage terms but which represented an absolute error of only

2 to 3 cm/s in the calibration studies.

For measurements in reversing flows, the reflux of the wake
over the probe must be considered. TIf there is no mean component
the wake becomes established as a secondary flow (section 6), but
with the superposition of a steady mean component the effect is

diminished as the wake is convected away.

From the expected form of the velocity waveforms, and
preliminary measurements, in which reverse velocities are small
compared with those in the forward direction, it appears that

the steady calibration is appropriate.

W
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8. Direction sensing

The obvious means of detecting biphasic flow direction in
conjunction with a hot-film system is to use an auxiliary film
in close proximity to the heated film on its upstream or down-
stream side. With the auxiliary film connected in a Wheatstone
bridge its resistance could be monitored. It was expected that
convection through the fluid from the hot film would increase the
temperature and hence the resistance of the auxiligry film when it
lay dowﬁstream, and that the resistance would decrease when the
flow direction changed. The resistance did change in practice,
but it was found to be sensitive to velocity as well as flow

direction, making interpretation difficult.

Experiments were carried out in which the hot film was pulsed
intermittently and the response of the auziliary film was monitored.
The pulse was detected after an equal delay regardless of flow
direction or magnitude. It was therefore concluded that the
response was measured via conduction in the substrate, independently
of convection through the fluid. This suggests that in the case
of the constant temperature hot film, the auxiliary film respords
to the temperature distribution in the substrate rather than
convected heat. The expected form of the surface temperature
distribution in the substrate, and its biassing with variations
in flow magnitude and direction is sketched in fig.24. (The
temperature will vary like Cccﬂ\(ﬁr—3c> y Where 2T is the

distance from the film, and V2 is the value of ¢ where the

35 <P
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temperature difference has fallen to zero.)

Employing two auxiliary films, placed on either side of the
heated £ilm and connected in opposite arms of the Wheatstone
bridge, would thus be expected to reduce the velocity sensitivity

and to produce a polarity change with change in flow direction.

A comparison between twin and single auxiliary films is
shown in fig.25. The probe was placed in a steady mean flow of
6 cm/s and oscillated at two frequencies, with amplitudes of
approximately 4 cm/s and 12 cm/s to produce both unidirectional
and reversing total flows. The velocity signals, which were not
corrected for frequency response, were approximately linearised
(DISA 55D10 lineariser). In the lefthand record, two auxiliary
films were used and in reverse flow (D) the signal can be seen
to change polarity as the velocity changes direction. The right-
hand record shows the signals obtained with a single auxiliary
film situated downstream of the hot film, relative to the mean
flow. There is no polarity reversal, but the velocity sensitivity
is higher for the reverse flow component because of the increased
cooling (fig.24). 1In the simple flow illustrated it is possible
to deduce the direction from a comparison of the velocity and
resistance signals, but in arteries where the waveforms are more
complicated, the interpretation of a single film is open to

error.
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Therefore the use of two auxiliary films 1s advocatedy the
use of such a system in the ascending aorta of an anaesthetized
greyhound is shown in fig.26. (It should be noted that the
polarity of the direction signal .-is opposite to that shown in

fig.25.) The anemometer frequeney response was corrected by“.
means .of the filter (electrical response shown in fig.27) and the
.. output linearised (upper trace). The direction sensor output is
- shown below.it and with its aidy the velocity signal has- been-
.reconstructed with correct polarity .(lower trace). This step was
accomplished automatically in.later experiments by means- of -

switched. amplifiers (section 15.5).

The frequency response of the direction sensor at zero
-velocity is in effect better than that of the hot film, because .
it is simply measuring whether ome of two signals is larger than
the other, rather than an absolute magnifude. Obviously it-can
be in error if the inner part of the boundary layer reverses out
of phase with the main flow (skin friction reversal), butgenerally its
superior response at zero vclocity enables the hot-film error to

‘be compensated. -

In the ascending aorta (fig.26) where flow reversal is
expected to be more rapid than at other points in the arterial-
system, hot-film zero errors in'the raw (“"rectified") signal as
high as 15 cm/s have been recorded. - The use of a direction sensor
" allows the waveform to be reconstrucied, with forward and reverse

flow shown as positive and negative respectively. This ensures
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correct zero crossing in the reconstructed waveform, in which
velocities near zero can be measured by interpolation between the
positive and negative phases; +the final errors are thus reduced

by an order of magnitude.

9. Measurement of steady velocity profiles with a probe
suitable for arterial puncture

Although much development work was done with probes similar
to probe A in fig.9, it was decided that a smoother variation in
cross-sectional area along the probe was required to facilitate
arterial puncture. (The thoracic aorta is less muscular than most
of the arterial tree and is easily torn.) Accepting limitations
imposed by ability to construct such a probe, probes like B in

fig.9 were evolved.,

With these probes the films lie 2 to 2% mm. offset from the
tip, transverse to the flow direction, and the question arises
whether a sheared flow can be measured accurately. The boundary
layer, growing from the tip of the probe, receives streamlines from
the band formed by the projection of the probe in the stream
direction. However, the streamlines outside the boundary layer
are deflected by the Pyrex bead, and the thickness of the thermal
boundary layer is only about one quarter of the velocity
boundary layer (section 11.1), so that the signal would be

expected to be weighted towards the tip.
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To test for this, the probe was mounted at two stations in
a pipe through which steady water flow was established. The pipe
diameter was 1.58 cmj; one traverse station was far downstream
(400 cm.) where Poiseuille flow could be established and the other
was near the entrance (1Ocm.) where various entry profiles could

be obtained by variation of the flow rate,

Although the film is mounted ahead of the probe shaft, and
blockage should therefore be negligible, the pipe traverse pro-

vides a check of this as well.

The probe was calibrated in water on the turntable apparatus
and then introduced into the pipe to make the traverses.
Simultancously, repeated measurements of the pipe flow rate were

made by timing the outflow.

The most reliable entry flow profiles for comparison appear
to be those of Nikuradse (1934), and the Poiseuille velocity dis-
tribution, which had been checked by pitot measurements, is well

known from theory and experiment.

The results are shown in fig.28(a) for some of the entry
profiles and 28(b) for a developed profile. The Reynolds numbers
of the entry profiles (based on diameter) were 726, 4,840 and
6,520, giving values of the entry flow parameter :ﬁj/Fz gzerxwhere
ReR is Reynolds number based on radius) of 0.035, 0.0053 ana
0.0039. The full lines on the figure represent Nikuradse's data,

with values of the entry flow parameter of 0.035, 0.005 and 0.004.
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The flow at the highest Reynolds number was fairly disturbed, but
a comparison of Nikuradse's results for laminar and turbulent
flow shows an almost identical profile at that value of the entry

flow parameter.

The Reynolds number for the developed flow was 1070.

The results show that blockage effects were indeed negligibley
the film was 5 mm. ahead of the shaft and potential flow theory
predicts a perturbation velocity at the film of approximately
14 due to the shaft in an unbounded flow. The maXimum area
blockage at the plane of the shaft was 13% and in the
physiological measurements described in Part II the worst
blockage, in the distal aorta,was 20%. In the ascending aorta

it was 5 to 10%.

The pipe velocity profiles show that weighting from the
film towards the tip did occur as a result of the probe shape
(the profiles are plotted relative to the probe tip). The
indication is that the effective measuring point may be taken as

0.5 to lmm. from the tip, towards the film position.

It is also seen that when the tip was closer than 2mm. from
the point of insertion, the profiles were distorted, presumably
due to separation of the pipe boundary layer ahead of the probe.
Accordingly, any arterial velocity data from 2mm. or nearer to

the insertion side of the vessel was disregarded.



- 81 -

Experiments by Seed (unpublished) to investigate the sensi-
tivity of the same probe to cross flows showed almost no
sensitivity to yaws +the signal varied by approximately il% for
yaw angles of *10°. The pitch sensitivity was approximately 2%
per degree for t10° and non-linear at greater pitch angles. In
the animal experiments, tests were made for presence of cross

flows with a specially designed probe (section 17).

10. Sensitivity of hot-film to blood flow

Figure 29 shows the results of steady calibrations of probe
A in water, plasma and blood, all at 3700, obtained using the
water heated container described in section 5.1. The anemometer
output was numerically linearised by plotting the square of the
signal against the square root of velocity. It is seen that the
response to forced convection is approximately the same for water
and blood, although there is an offset due to different free
convection heat transfer at zero forced flow velocity, a con-
gsistent finding. Probe B exhibited similar characteristics.
Calibration in plasma, however, indicates a lower sensitivity

than for water or blood.

In section 11.3 it is shown that for different homogeneous
fluids, the ratio of slopes of curves plotted as in fig.29 depends
‘/,ﬁ!% %"/I '/E;
on the parameter © *K "¢ 7’ W . The ratios of the slopes

plasma/water and blood/water are 0.85 and 0.67 respectively.
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This agrees well for the plasma result, but not for blood where
the experimental ratio is close to unity. It is possible therefore

that flowing blood does not behave as a homogeneous fluid.

It is known (Bayliss, 1952) that in smaller blood vessels
there is an annular layer between the vessel wall and the moving
blood which is relatively poor in cells, known as the "plasma
marginal zone" or "cell-free layer". In fact when blood flows
along any surface there must be a layer close to that surface in
which the cell concentration is statistically less than in the
undisturbed fluid, by virtue of the interference with the
undisturbed distribution of cells. This is illustrated in fig.
30(a), and it can be sesen that the thickness of the layer will be

of the order of a red cell diameter, or less U3/am).

Further, as a result of the shear, the red cells will be
induced to rotate. It is possible to investigate, by means of a
crude model, how thick the cell-free layer would have to be, in
the presence of cell rotation, to produce the observed effect.
The gsunption is made here that collision between adjacent cells

does not inhibit cell rotation.

Consider a red cell, idealised as a sphere, radius r, in the
layer closest to the wall (fig.30(b)). It is thus separated from
the wall by a distance y% , representing the thickness of the
cell-free layer. It is shown in Section 11 that the thickness

of the thermal boundary layer over the probe is of order lOO};m,
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so the cell being considered is well within the linear part of the
temperature profile (Schlichting, 1968). In a dilute suspension,
that is in the absence of interference between cells, the red cell

will rotate with an average angular velocity

M =k \?..‘.f_ (10.1)
A

as required by zero net torqué on the particle (Petschek & Weiss,
1970). The estimation of the velocity gradients given in the next
section shows that the cells might rotate very fast; it may
therefore be postulated that the temperature difference across
the cell, due to the temperature variation T(?z), disappears and
the whole cell is then at the average temperature T( h o+~ )
appropriate to the distance of the cell centre from the wall.

The temperature at the distance Ik from the surface (the lower
point of the cell) is thus at temperature T ( b +7), and the

temperature gradient at the wall is increased in the proportion

(in +'i*\)/ b

The heat transfer rate is given by

} N\
7 = - k/:)_j\ (10.2)
v A\\:\\i !
/TN <9
where { < | SN J e is the (linear) temperaturc gradient at the

wall, The probe calibration in blood showed a 50% increase in
heat transfer over that expected of a homogeneous fluid with

properties equal to those of blood.
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Therefore the increase in the temperature gradient is

L T (10.3)
b

so that hzd - s or one cell diameter. The value of

obtained from this simple estimate, incorporating the results

of probe calibrations in blood, is thus of the same order as that
expected from considering the interruption of the normal cell
distribution by the presence of the surface. The interference
between cells which would be expected with the concentration in
normal blood might reduce the effect of rotation, requiring a
smaller value of ‘\ to produce the observed effect. It thus
appears conceivable that cell rotation is the cause of the enhanced

heat transfer, compared with that expected for a homogeneous fluid.

Alternative possibilities to explain the effect were (i)
increased velocity gradient in the cell-free layer because of the
lower viscosity of the plasma and (ii) non-Newtonian effects. An
estimate of the former, by the method of Taylor (1959), suggested
that this caused a negligible change. As demonstrated in Section
11, the shear rates in the inner part of the boundary layer are
high enough for non-Newtonian effects to be neglected; a
calculation assuming the power-law approximation (Petschek &
Weiss, 1970) for the variation of the apparent viscosity of blood
with shear-rate, employing the methods discussed by Skelland
(1967), gave a result which differed by approximately 1% from

those given by Newtonian theory. Thus, of the mechanisms
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discussed, that due to cell rotation appears to be the most

likely cause of the enhanced heat transfer in blood.

The close correspondence between the forced convection res-
ponse of the hot-film prébe in water and blood leads to the
possibility of simplifying the calibration procedure by using
water instead of blood, as suggested by Schultz et all(1969).

The lineariser gain is set with a water calibration and the zero
is reset with the probe immersed in blood. However, for this
procedure to be valid the difference between the forced convection
signals must be the same as that at zero velocity, which is not
true for all probes. The technique also has the disadvantage

that the calibration depends on the accuracy of one point.

In the present experiments, the procedure has therefore been
adopted of calibrating the probe in freshly-drawn blood from the

animal under study.

11. Hot-film boundary layer and heat transfer

This section gives approximate details of the boundary layer
thicknesses, wall shear and heat transfer for steady (or quasi-
steady) flow over a flat plate with a step change in tempera-
ture at € =22, . The flat plate case is chosen partly for
simplicity, but also because it represents a good approximation
to the film-bearing surface on some of the probes used in this

investigation. PFig.31l shows a schematic diagram of the flow over
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such a probe, where 2_= 7C — 2C., and represents the upstream

edge of the film. The flow is assumed to be two-dimensional.

11.1 Details of probe boundary layer

An order-of-magnitude calculation will give an idea of the
viscous and thermal boundary layer thicknesses, and of wall shear
on the probe, It is assumed that the temperature of the plate is
equal to that of the stream, except at the heated film which causes
temperature variations in the fluid whose boundary is the edge of

the thermal boundary layer.

The thickness of the viscous boundary layer g;v , at distance

<x-. from the leading edge of the plate is of order

, ey
S, ~ (\) 3‘2) “ (11.1)
Jo

and that of the thermal boundary layer at distance |, from the

leading edge of the film is of order
K \ Va.
c i a
~t . ! (11.2)
AIAY WL

(Schlichting, 1968, p.265) where \J is the kinematic viscosity
of the fluid, L} is the free stream velocity, t{ is the
thermal diffusivity of the fluid and ilm is the velocity in the
region of the thermal boundary layer. Thus from equations

(11.1 and 2)

- e

(GT' ["{ "x: ‘\J (11.3)
R e > L s P e o 20

E; z N

v



- 87 -

The solution for the viscous laminar boundary layer over a
flat plate (Blasius, vide Schlichting, 1968, p.127) indicates
that the velocity profile normal to the wall is linear over the

inner third of the layer and obeys the equation

. 1} L
L v (_._......> e (11.4)
U ST ~\JW“'/

ioen t}.‘ A

[N S

|
U ——g E‘ (11“5)

where 4 is the velocity at distance :3 from the surface,

If 2=, is small compared with 2> , the thermal boundary
layer will be thin compared with the viscous boundary layer and
will lie within the velocity field obeying equation (11.5). If
4 1is taken as the velocity at the edge of the thermal boundary
layer, then }3 = S‘T' Substituting this into equation (11.5)

and equation (11.5) into (11.3), we obtain

' . Y
far 2\ L2 )
Pr )(‘./ (11.6)

where Pr is the Prandtl number of the fluid.
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For probes referred to as types A and B in the thesis, 2C,

ig 0.1 mm. and 2% is 1.5 and 4mm. for A and B respectively.
Since the sensing surface of probes of type A approximates more
closely to a flat plate, quantities will be estimated for the

former. For probe A equation (11.6) becomes
\

' /5

& [

T A~

<. \g @

(11.7)

The Prandtl number for water is T at room tempersture and
12 for blood at body temperature; thus the thermal boundary
layer thickness at the downstream edge of the film is of the order
one third and one quarter of the viscous boundary layer thickness

for water and blood respectively.

The thickness of the viscous boundary layer on a flat plate,
defined as the distance from the surface where the velocity is
99¢% of free stream (Blasius) is given by

c -,
‘; \‘x) X (11.8)

) -
From equation (11.4) the wall shear rate ( O\ /33 )o is
equal to the constant shear rate over the inner third of the

viscous boundary layer,
2
i.e. » “/%L
du _ ~ (11.9)

§§:§ Ei (\L’:K:> Y.
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The table below gives estimates for the viscous and thermal
boundary layer thicknesses and of the wall shear rate for probe A
in blood flow, taking the asymptotic Newtonian value for kinematic

viscosity as 0.04 cm2/s (Rand et al, 1964).

(cm/s) 5 10 20 50 100
?;V(cm) 0.17 0.12 0.087 0.055 0.039
g (cm) 0.04 Q.03 0.02 0.016 0.01

/>‘. feom?
\ s 4\ \S > 50 140 390 1500 4300

Apart from the inaccuracies due to the simplying assumptions,
the Reynolds numbers for the lower velocities in the above table
are low for boundary layer theory to be strictly valid, but the
values given should suffice as orders of magnitude. It can be
seen that above 10 cm/s the wall shear rate is greater than that
below which significant non-Newtonian viscosity variation occurs
(100 reciprocal seconds) (Merrill and Pelletier, 1968). It should
be pointed out, however, that the shear rates will be lower in
the outer part of the viscous boundary layer, falling to zero at
the outer edge.

11.2 Forced convection heat transfer relations for a
homogeneous fluid

It has been indicated by the foregoing that the temperature
field is confined within the linear part of the velocity profile,

in which case the analysis by Leveque (1928) is appropriate.
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!
| r{lx ;’.’:)
5 i
Ny =0.5284 F-5 X=X [ 3\ [V, d~ | (11.00)
Ege 3 25\3’ (\ \') % N ':‘
pld ’

where the skin friction, té s is given by

, ) Y2
rt“c :/.& ;‘Un\ - }A

, ‘ (11.11)
63 1o j« (\) :\C«)/z'

%

N\

and the Nusselt number is based on ¢ — 2C .

Substituting for (t;} in eq.(11.10), integrating and
rearranging, we obtain

v o - ==
L =0.2329 P C e Xe  _y (11.12)
.‘("‘"J",} . > fa
‘ Ly o XN /u
()
, e

or

Na <

t = e
be —~ ~7Ly- -
= 0339 B2 Re)? &tw(:\ )

This may be compared with the equation for an isothermal
surface and Pr 9 (thin thermal boundary layer) which is

R
Nu_ = 0.329 P " Re, (11.14)
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It is interesting to calculate the average heat transfer from

Kk N /zr:

¢
and a longitudinal coordinate 3¢ with its origin at xo y SO

the film. Introducing the heat transfer coefficient

}
that 2L = :)(.“"3( equation (11.13) becomes

of = 2 233 k B € (\ )" /_“\ (11.15)

4
o 4/ » 5~
{ {
I /‘ \-' - %
41\ LL(EV-HE
Der 4‘\)(0/ X,

where X /D( is small compared with unity.

The average value of O{ over the streamwise length of the

film, 7‘:, ’ is,\(
Xy
A = - { X e -
2T, Jc ‘/
“ ‘ 7
- ("—3 t 3) :_2! r{" k p‘— /5 ] t"-./ )/2 /Lf" -
= - I =
vxuax’/.{‘., )II \:
~ o ! ey - /)
X ..?..’/f:'..‘) oz (&
2\ %, ZOKXO

Since DU /'J( is small, the last two terms in the bracket
on the right hand side of eq. (11.16) may be neglected and an

average Nusselt number may be written

Nia = = g (11.17)
K /- )y A
SN g e A - - T
- (‘4- \ BN 0228 BT Re
-T\- vy e .o e b
N Isj 2,. X [) -
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For an isothermal surface, the average heat transfer over a
similar length of surface D¢, , distance W< from the leading
edge, with 3«:,/’&"{‘ small, is

B )

LRI )
e :”32}ﬁ 9 Pi- h Rt (11.18)

-
\
-t

For the dimensions of probe type A previously gquoted, the
heat transfer from the film is four times that from a similar area
at the same 7x._ on an isothermal surface.

o

11.3 Effect of fluid properties

Equation (11.17) may be written

.. N ‘/ - s T
q, = A (A A=y = kAT
/ Voo 7 . Tl
z. t
NICRER
ALT e K= ¢ \
= —-:—,/- ‘ k N5 5 /; (11.19)

where A depends on body shape and film dimensions and position.
If blood behaved as a homogeneous fluid, the response of the same
system to blood and water would depend on the fluid properties

contained in the brackct in equation (11.19).
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Since the forced convection heat transfer rate is related to
the anemcmeter signal by
“ - ) (11.20)
N/ —\ el B S .
=\, :
where Ry is the resistance of the film at its operating tempera-

ture and Rl is the resistance of the other arm of the bridge

through which the probe current flows (fig.2), then

‘ L R !/‘:J \
RN Coke TR k =
V=N o e A ' ‘ (11.21)
o \4 \}ffﬁé //

2 2 . § ;}i
If v - VO is plotted against .. 'y then from equation

(11.21) it would be expected that the slope would be proportional
to the quantity in the bracket. Thus, if calibrations for water,
blood and blood plasma were plotted in this form, the ratio of the

slopes would be the ratio of this quanity for the three fluids.

In the table below the plasma and whole blood properties were
given by Mendlowitz (1948) (specific heat and density), Singh &
Blackshear (1967) (thermal conductivity) and Rand et al (1964)
(viscosity, the whole blood value corresponding to a red cell

concentration of 40%).
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Water Plasma Blood

20°¢ 37% 37% 37%

¢ (g/cm3) 0.998 0.993 1.026 1.060

c (cal/g deg.C) 0.999 0.998 0.94 0.86
k (cal/cm s deg.C) 0.00140  0.00151  0.00143  0.00131

) (omz/s) 0.010 0.007 0.0146 0.038

Slope ratio 0.90 1.00 0.79 0.67

The last line refers to the ratio of properties, in the form

of equation (11.21), compared with water at 37°C.

11.4 Interaction between forced and free convection

In introducing King's law (Section 1) it was mentioned that
the free and forced convection terms are not simply additive,
because they interact. Acrivos (1966) made a study of combined
laminar forced and free convection in which the thermally induced
flow is either in the same direction or directly opposed to the
forced convection (called aiding and opposing flows). The solutions
which he obtained are not directly applicable here, because in the
present application the natural convection direction was perpendi-
cular to the forced flow direction, but the parameters involved

in his solutions wil} be relevant.
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Noting that

N = . F{Q T for pure forced conqsction
and | L (11.22)
N = LN("\“ Pr)

for pure free convection

he postulafed that for the combined problem

_Nw - Ca /{ £ \ (11.23)

~ Ko v Lol o~ 2~ W )
Re® P72 R P
where
- —

L AN \ v
jv\(%"; ’_)'T‘:xl} - g S — - > o)
Re 1572 Re P73

- "’ .r" !/
- [ i=r \% (11.24)
N i - z Y ’/
& [
B U ‘ S v
~ o
Re P72

It is difficult to choose an appropriate reference length to
form the Grashof number of the hot-film probe, but eq.(11.23)

indicates that for a given fluid and probe

A \
\ ~
/ = -‘rm ( — \

[ iatnn {

and plotting results from a probe calibration might indicate

(11.25)

the relative importance of the natural convection in the velocity

range investigated.
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~

Actually, it was found that when a probe was inserted in a
blood vessel, the signal obtained with the film pressed against
the vessel wall was almost identical with that obtained at zero
flow. Since the thermal characteristics of the vessel wall
material are close to those of blood, this observation suggests
that in blood the zero flow heat transfer corresponds very nearly
to pure conduction. Although in thisg instance Gr would be very
small, Re = 0, so that Gr/Re2-% ¥ . Similar observations have

been made by Clark (University of Oxford, verbal communication).

Figure 32 shows a calibration of a probe type B in water. It
can be seen that towards the right hand side (low velocity), the
calibration has positive slope of about one eighth, that is half

that which would be given by pure natural convection.

12. Discussion

The results introduced in Section 7.2 show that, with certain
limitations, the hot-film system can be developed o measure
veloecity waveforms similar to those which occur in arteries. To
reduce blockage errors within arteries, probes have been made
small and the films mounted forward of the probe shaft, but the
need for a fast-developing boundary layer calls for a small

streamwise dimension.
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A further cause of e¢rror which was mentioned in section 3.2
is the phase lag in substrate conduction. It was deduced from the
analysis by Bellhouse & Rasmussen (1968) that the latter effect
might cause increasing errors with diminishing velocity, and with
increasing frequency and substrate dimensions. Measurements of
"lift-off" (signal at zero velocity) were made for three probes,
probe B and two others of similar design, but having different
streamwise dimensions, and the results correlate best with frequency
alone as a parameter. These are shown in fig.33 as a ratio with
the signal at a velocity of 13 cm/s. The bead of Pyrex which con-
stitutes the substrate had similar dimensions in all three probes,
and the correlation with frequency is consistent with substrate
conduction effects, which might be minimised by using smaller

beads.

A further contributory factor to "lift-off" should nst be
overlocked; since the output of the anemometer is a rectified
velocity signal, the anemometer must be able to respond to the
extra harmonics which this entails. At higher frequencies the
response of the anemometer begins to roll off, at a point depcnd-
ing on the loop gain. It is therefore worth setting this as high
as possible consistent with stability (it may be adjusted in
the DISA 55D01 anemometer). It was usually possible to set the
loop galin high enough for the roll-off point to be in the region

of 1 kHz.
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Although it has been possible to make some probes with stream-
wise dimensions gbout one third that of probe B, brief tests
indicated that for typical reverse flow amplitudes, the parameter
g'}ﬁ/éJ could not be made small enough for the reverse flow
response to be made guasi-steady. Consideration therefore has to
be given to reducing the reverse flow response. This can be done
by increasing the length aft of the film, so that the film is

placed nearer to the leading edge than to the trailing edge, as

with probe B.

If the stendy heat transfer is given by equation (1.1), and
forward and reverse heat transfer are denoted by subscripts 1 and

2 respectively,

AT § Vi! JU | ?i#b } Y

Yy [, T !
¥ \ R

(12.1)

P / { 3 {

e Kf;/i’, S ) "‘7—} |

3 Voo U J

AN o

where .¥o, 4 D7, arec the distances from the film of the leazding and
trailing edges respectively, and V(, ) “(z. are shape factors.
Fig.34(z) and (b) shows the correlation of response with f'DC/U
obtained with probe type B for forward and backward sensitivity
respectively. The results shown were obtained with both water

and blood, and it can be seen that for §2Ka/(1 between 0.1 and

0.5 the signal enhancement is smaller than for type A probes
(fig.23). On probes of type B the flow is accelerated over the

film as a result of the shape, so0 that Sﬁf i! at the edge of the
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boundary layer is lcwer than the value given by taking the free
stream velccity. There is also more scatter with probe B,
apparently arising from greater sensitivity to the direction of
the acceleration than probe A. From figure 34(a) armd (b) it

appears that 8, and g, are approXimately equal, and that

\.

4

5 | _:E b= o< ﬁ;ﬂ? <D L5 ,v
: \ W)/ 3J L
‘. . 12,2
\, . ;ﬂ f___ ;___:f' > 0.ak < ( )
\ /’ -

Y i
Y

where m is approximately 42 and C is a constant.

We are interested in the situation where, in general,

i.,/é,J\ O25,g ’I~

>0.25 and we require that the response in

the two directicns be approximately equal. From equations (12.1)

and(12.2) this implies that

(12.3)

l/\, ] K;-‘. , *&¢ and 2%, are constant on any one probe, so g/U

is required to be comstant. This is clearly impossible, but we

may enquire whether it varies over a small snough range to be

considered approximately constant.

Figure 35 shows the response of probe B to steady forward
velocities and to unsteady forward and reverse peak velocities

in blood with a mean velocity of 13 ocm/s, and it can be seen
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that in this instance the forward steady calibration was appropriate
for the unsteady backward flow. Taking the unsteady backward
sensitivity results of fig.34(b), which includes data from various
points in the cycles analysed, and comparing with the forward
calibration, the data appears as in fig.34(c¢). This shows that

for %uxi/%l up to 0.5, the forward sensitivity is appropriate for

back flow to within approximately tZO%,

The correlations obtained in Section 7, which were from
velocity waves containing a steady component plus one harmonic,
suggested that the fidelity with which a frequency component was
measured depended on the magnitude of the absolute velocity.
Taking the oriterion that gx//{} should be less than 0.25 for for-
ward flow and less than 0.5 for backward flow (probe B) we may

construct 2 table indicating the minimum velocity at which a

particular harmonic component will be recorded undistorted.

In the table below, this has been done assuming a funda-
mental frequency of 2.5Hz: flow components measured in the
ascending aorta of dogs by Patel, de Freitas and Fry (1963) have
been converted to cross-sectional average velocity assuming an

average diameter of 16 mm. and are also included.
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Number of Frequency Amplitude of Minimum Total Velocity
Harmonic (Hz) Velocity Com- for Undistorted Record-~
ponent (cm/s) ing of Component (cm/s)

0 0 15 0

1 2.5 28 4

2 5 ' 20 8

3 7.5 9 12

4 10 6 16

5 12.5 '3 20

6 15 4 24

1 17.5 2 28

8 20 2 32

It can be seen that the amplitude of the higher harmonics is
small, so that some distortion of them is tolerable. Nevertheless,
the table does demonstrate the need to develop and use still
smaller probes, even if it is still necessary to mount the films

asymmetrically for equalisation of forward and backward response.

The correlations fer the backward sensitivity of probes of
type B shown in fig.34(c) cover the range of‘§3c/i3 between 0.04
and 0.5, and indicate that the reverse velocities will be measured
to within £20¢ if the forward steady calibration is applied.
Teking the example of a peak reverse velocity of 50 cm/s, the
values of;flﬁ/h for that instantaneous velocity range from 0.04

for the first harmonic to 0.32 for the eighth.
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It should be noted that in the correlations, most points at
high values of -Q}a/u have been obtained near zero velocity.
Whilst the"§3ﬁ/hl correlation should be universally valid where
quasi-steady behaviour is indicated, outside that range one would
not expect f-mﬁ/b to be the only parameter governing the behaviour.
Therefore, for the present, both the backward flow calibration
and the application of the system to turbulent frequencies must be

regarded as tentative,

Probes of type B have, however, been shown to have satis-
factory performance, particularly in relation to previous studies:
since a number of stable probes of this design had been constructecd.
all with similar characteristics, they were used for the studies
described in Part II. In fact all the data reported was obtained

with two such probes.

13. (Conclusions to Part I

The constant temperature hot-film system has been developed
as a means of measuring point velocities in arteries. Suitable
probes have been evolved and calibration procedures have been

adopted to enable the main sources of error to be assessed.

Commercially available constant temperature anemometers h---
been found to have distorted frequency responses when operated
at overheat temperatures low enough to be compatible with blood.

The two better instruments tested (DISA 55D01 and Thermosystems
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1054B) would cause more than 10% overestimation of arterial
velocities in dogs, with progressive distortion of the higher
harmonics, if a steady calibration (the most appropriate) were

employed.

However, the frequency response of the DISA 55D01 anemometer
has been corrected by the use of an adjustable output filter.
When this is accomplished velocities can be measured with an
accuracy of the order of i5% over most of the cyclej; near zero
velocity relative errors are larger, but in absoclute terms are of
the order 3 cm/s. Direction sensing is an aid to improved accuracy
at low velocity and its use in measuring the waveform in the aorta

of a greyhound has been demonstrated.

If calibration were performed by oscillating the probe in
still liquid, or by oscillating the fluid past the probe with
zero mean flow, the error due to the uncorrected anemometer
frequency response would be partly neutralised. In this case,
however, another error is introduced by the effect of secondary
motion on the calibrationy arterial velocities could then be
underestimated by up to 20%, depending on the amplitude of cscil-
lation, the probe configuration, and the relative magnitudes of

the harmonics in the arterial velocity wave.

The requirements for successful measurement of arterial
velocities are small physical size of the measuring probe

(streamwise dimension and bead size) to optimise the fluid and
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thermal dynamic frequency responses. The constant temperature
anemometer circuit is likely to require frequency response
correction by means of an output filler., Having established the
fluid-dynamic characteristics of the probe in unsteady
bidirectional flow, routine calibrations should be in steady flow

of blood, maintained at body temperature.




PART II

Measuremen® of Velocity Distribution in the Aorta
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14. Brief survey of arterial mechanicsg

The following section is an attempt at an historical account
of the subject, and because of the emphasis of previous theoretice-
work, parts of the survey may appear to have slight rele-
vance to the physiological studies presented in the thesis.
Nevertheless, they are presented, since they form a background to

the present work, and lead towards it in a logical way.

The systemic arteries are a system of branching, distensible.
elastic tubes conveying the blood, which is pumped by the left
side of the heart to the various organs and tissues of the body.
The heart generates a periodic pressure gradient, transmitted as
a travelling wave whose velocity is an order of magnitude greate~

than the fluid velocity.

Most mathematical models describing the wave transmission
and related fluid motion require straight cylindrical pipes with
no end effects. Thus, whilst they are useful in obtaining physicel
ingights into various aspects of cardiovascular behaviour, and
indicating the influence of various parameters, complete under-

standing requires consideration of the complex geometry.

The aorta, which is the subject of the present study, is
tepered, contains a 18Q@ degree bend within a few diameters of
the entrance, and incorporates major branches both at the ber?

and at the termination. The entrance is complicated by the
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presence of a valve, and the axis of the left ventricle, which
pumps into it, is angled relative to it. During reversed flow
the valve is closed and the flow, apart from being into the
dilating elastiz tube, is directed into two relatively small

vessels (the coronaries) to the side of the valve.

This survey describes some of the theories of wave trans-
mission gnd fluid motion in straight parallel tubes, followed b+
a discussion of the end effects and three dimensional flows

introduced by the shape of the boundaries.

14.1 Wave transmission

The veloclty of pressure wave propagation in a thin-walled
elastic tube, containing an incompressible, inviscid fluid, is
given by the Moens-Korteweg equation (i.e. the one-dimensionr’.

wave equation) (Korteweg, 1876; Moens, 1878):

€ = ,)‘“h:l’“ (14.1)
\ twfig?§

where E is Young's modulus for the vessel wall, R and h are its
mean radius and thickness respectively, and gfﬁ is the densi-iy
of the fluid. The expression arises in this form because the
mass of the fluld is assumed large compared with that of the

walls.

The effect of fluid viscosity, which is to reduce the
velocity of propagation and progressively damp the pressure

amplitude, has been calculated for steady-state periodic waves
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in an infinite pipe by, inter alia, Morgan and Kiely (1954),

Womersley (1955) and Atabek & Lew (1966).

Neglecting the inertia of the vessel walls, and assuming an
initially stationary fluid, Morgan & Kiely obtained analytical
solutions for waves of infinitesimal amplitude with wavelength
large compared with the vessel radius. These were possible in two
cases, (i) small viscosity, and (ii) large viscosity or low
frequency. They were in effect approximations for respectively
large and small values of Womersley's (1955) unsteady viscous pipe
flow parameter

o (14.2)
y

The expressions for wave velocity were

,

(1) large X

/7 N\
S ooy -.:""_(\!« o+ O (14.3)
< &N 4. /
(ii) small CA A
A (14,4)

C
~ - ~ V.
o (5 -4o)’%
where ¢ is Poisson's ratio for the wall materizly for an
incompressible material,which is approximately true of the
arterial wall, its value is 4. It can be seen from the equations
that the wave velocity depends on © and therefore onAfrequency.
For a composite waveform such as the arterial pulse there will

therefore be dispersion between the harmonic components, which

will also be damped at different rates.
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Womersley made effectively the same approximations as Morgan
and Kiely, but allowed for the inertia of the vessel walls,
which were assumed thin compared with the radius. He obtained a
similar governing equation for the motion and calculated the
variation of wave velocity and damping as a function of <X , with
a wall thickness to radius ratio of 0.l1l. The approximate
expressions of Morgan & Kiely give good agreement with Womersley's

curves for ©L > 5 (eq.14.3) and for ™ ™ 1 (eq.14.4).

If a travelling wave motion is described by the form

- RN e
L% P [L (’w‘) t-K f;)‘; where Y\ is complex,

ie. K=K o+l (14.5)

the wave velocity is determined by the wave number, K. s as

(O8]
= — (14.6)

K

. £
and the damping is a function of &'\ 2« Womersley pointed out

that for a composite waveform, the group velocity of the wave is

given by

C = i&i (14.7)

3 d K
and was able to estimate the wave velocity and dispersion. For
the femoral artery of a dog, in which the first four harmonics
were in the range 3 €< ¢f < 7, he calculated that cq and C

S

were within 2% of each other.
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Atabek and Lew (1966) modified Womersley's solution to take
account of the initial stresses which are present in an artery
(the vessel is both inflated by the internal pressure and longi-
tudinally stretched between sites of tethering). They found that
the pressure wave velocity was reduced to about half of that for
the unstressed vessel. Also appearing in their solution was a
much faster wave representing longitudinal oscillations of the
walls, as opposed to the radial oscillations of the pressure waves.
These are not apparent in the normal physiological state, but
Anliker, Moritz and Ogden (1968) excited them artifically in the
carotid artery of a dog. Whilst their velocity was higher than
that of the pressure waves, discrepancies between measured and
theoretical values were gttributed to anisotropy of the wall

material.

Later refinements of the foregoing analyses include calcula-
tion of the effects of a steady fluid velocity, independent of
the pressure oscillation (Morgan & Ferrante, 1955), external wall
constraint by added mass and distributed elastic elements
(Womersley, 1957) and external wall constraint by added mass,
elastic and viscous elements, together with anistropy of the
material of the vessel wall (Atabek, 1968) (also incidentally
reporting some errors in the earlier paper (Atabek & Lew, 1966),

which, however, do not affect the present discussion).

The comparison of the results of the above analyses with

experiment is bedevilled by difficulties in calculating the
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Moens-Korteweg velocity, o (eq.14.1). The value of Young's
modulus varies with both loading and frequency (Bergel, 196la, b)
although an appropriate value of this may be chosen; however,
Atabek (1968) points out that only elastic and muscular components
of the arterial wall contribute to thc elastic modulus, so that a

considerably smaller value of ?an{ than is commonly assumed

might be appropriate.

Ignoring these considerations, and taking “/WR = 0.16, with
the dynamic tangential modulus of § x 10° dynes/cm2 obtained by
Bergel (196la, b) for the thoracic aorta of a dog gives €, ™~
6 m/s with ¢ ~* 5.5 m/s (Womersley) or :.- 3 m/s (Atabek & Lew).
McDonald (1968) obtained group velocities for the natural pulse
wave between 4.5 and 5.5 m/s, also in the thoracic aorta of dogs,
and observed that his results were in the range obtained by other

workers, as summarised by Bergel (1561b).

There have been numerous other attempts 1o calculate the
pulse wave velocity and some of them are discussed in the review by
Skalak (1966); the papers mentioned here were introduced because
of their direct bearing on the work of Womersley, who also cal-

culated velocity profiles.

Womersley observed that his calculated damping, suggesting
amplitude diminution of 5 to 6% over 10 cm., appeared larger than
had been observed in practice. He suggested that since the wave-

form changes as it progresses, changes in the amplitudes of the

components may be disguised. There is also reflection from



- 112 -

junctions, so that an observed arterial waveform will be composed

of both outward travelling and reflected components.

Womersley (1958) calculated the variation of wave reflection
coefficients with O and area ratio for isolated bifurcating
junctions with equal branches. In the arterial system, the total
cross-sectional area increases peripherally, the increase on
average being about 1.2 for each branch. Womersley found that
the minimum reflection occurred close to this value, with a
magnitude of only a few per cent. This is in agreement with the
results of a non-linear approach by Hunt (1969), using the method

of characteristies.

There has thus been some difficulty in interpreting the
observed increase in the peak of the pressure wave as it travels
peripherally. Nevertheless, Womersley pointed out that the
presence of other junctions would profcindly modify his results,
because the impedance of a finite length of tube is not the same
as the tube of infinite length which he assumed. 1In fact, the
flow disturbances introduced by a junction may give rise to very
large increases in the input impedance. For air flow in the lung,
where ©l is of order unity, giving a quasi-steady Poiseuille
profile in developed flow, Pedley, Schroter & Sudlow (1970)
showed that the disturbances introduced by branches increased
the resistance over a short length of tube by three to four times
the Poiseuille resistance. However, increasing <X can increase

the resistance by greater proportions, and it is not clear
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whether branching would create such a large effect on the velocity
profiles at high X . Further, the effect would have to be very
large 1o cause a significant reflection coefficient.* Lighthill
(unpublished) has also suggested that the effect of reflections i«
small, and that a greater influence would be due to (a) change in
elastic properties with distance from the heart and (b) transfer
of energy between harmonics (i.e. because the system is non-
linear). The latter phenomenon has been investigated by Attinger,
Anné and MeDonald (1966), who perfused excised dog aortas, which
were inflated to physiological pressure, with a simple harmonic
pump. The oscillatory pressure range was up to 1100 cm. water,
but only the fundamental frequency was present in the transmitted
waveform which was measured at four points spaced along the
vessel. Also, Anliker et al (1968) found only mild dispersion at
frequencies between 40 and 200 Hz in pressure waves which were
artifically excited in the thoracic aorta of intact anaesthetizzd

dogs.

There are apparently no abrupt changes in the elastic
properties at junctions (McDonald, 1960) but a succession of
weak reflections, due to progressive changes with distance,

would have a cumulative effect, although it may not be large.

A most significant finding, however, has recently been
communicated by Caro, Fitz-Gerald & Schroter (1970); this is
that the area ratio at junctions is subject to much greater

variation than had hitherto been reported. For example, the

*R,T. Jones (1969) reported model tests which pointed to a major

contribution from the distributed distal junctions.
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dimensions of the aortic bifurcation were measured from arterio-
grams in 22 human subjects; the area ratio varied between 0.52
and 1.08. Similar variations were observed at major branches in
large arteries, and this is almost certainly amajor reason for the

observed effects t2cause reflections become larger the greater the
area ratio differs from the mean value of 1.2,

14.2 Pluid velocity distribution

For oscillating flow of a viscous fluid in a rigid tube of
infinite length, Grace (1928) and Sexl (1930) derived the
velocity field for a single harmonic. Womersley (1955) and
Uchida (1956) realised that the system is linear, so that the

effect of the Fourier components of a complex wave is additive.

The Navier-Stokes equations reduce to

oy, oLl gy »(Z\_‘W 1 (14.8)
b.t E} >;'7( 2‘-\‘—-& - b,‘,.

k!

-,

since U = U, = O ‘\’//Bfﬁ:@“ E‘L"gg/a)%:f)
where the subscripts refer to the cylindrical coordinate directione

For a periodic pressure gradient

S L lwt
- w
<P - A+ 2 Aje (14.9)
L ’)\K ' UJ:"..A..),

assuming a solution of the same form,

:S“‘ ot .
feee by, U= R4+ 2 U € (14.10;

"’5 ] i vy
. &J:tu!
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a set of independent ordinary differential equations for (xt,and
the LHi s is obtained. The solution is

s - E A
= ”‘fi? (th’r¢> = 41* FAQ,FQ \ “( {J
A'/W ’ (0 =, - "\() (Ql i 3/2}

jot

14.11)

n.t.,)

where \)0 is the zero order Bessel function of the first kind.
It will be seen that the first term on the right-hand side is the
Hagen-Poiseuille velocity, incorporating the steady component,
Ao’ of the pressure gradient. For small values of ¢ (unity or
less) the second term on the right-hand side has the limiting

form

ot ‘ w2 2\ ‘
W ef‘“ = - ptw e \/R - ) (14.12)

i.e. the motion is quasi-steady, with a P01seu1119 velocity dis-
tribution appropriate to the instantaneous pressure gradient.
For large values of ol (greater than 10) the motion near the

centre of the pipe is given by

cwk . 2 (ot - T :
wee — AGR @(('C ) (14.13)

(] B e

/...x '-TXZ‘

The overall profile is nearly flat with thin boundary layers:
but there is a maximum in the velocity distribution at the edge
of the boundary layer which moves closer to the wall with
increasing ™ . Equation (14.13) gives the core flow, which
lags the pressuré gradient by 900, implying an inertia-
dominated flow. The amplitude of the pulsations diminishes

inversely as ™X 2.
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Hale, McDonald & Womersley (1955) measured the pressure
gradients in the femoral artery of a dog, at the sume time film-
ing the motion of dye, which had been intooduced into the artery,
with a high speed cine camera. The flow wave was calcula{s? from
equations (14.9) and (14.11) after analysing the pressure élxdient
into its Fourier components. The velocity profiles were cal-
culated for the first four Fourier harmonics in addition to the
steady term. The parameter < was in the intermediate range,
3.34 for the fundamental and 6.67 for the fourth harmonic, so

that the velocity profiie was well rounded at peak systole.

If the tube is elastic, the system is non-linear and the
differential equations for the i{.,'s include terms containing al’
the other frequencies, so a simple analytical solution is not
available. Womersley (1955) calculated a first order correction
allowing for changes in tube diameter and derived the waveform of
the cross-sectional average velocity. This was compared with
results of the cine technique obtained simultaneously with the

pressure measurements used in the calculations.

The calculated waveform was generally similar in shape to
that measured, although the peak systolic velocity was over-
estimated by 10 to 15% and greater proportional errors were
present in some other phases of the waveform. Womersley pointed
out that for a given pressure function, the pressure gradient is
inversely proportional to the wave velocity (i.e. \fF/z}‘: =
-(}ﬁ)éyp/ét; )y so that flow is increased by increasing

elasticity.
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14.3 Entrance effects

Whilst the analysis for fully developed flow may be valid
over part of the femorgl artery, in many arteries it may be
expected that entry conditions will prevail. The entry flow for
a rigid circular tube has been analysed by Atabek and Chang (1961,
for an entrance velocity of the same form as in eq.(14.10) but
with no flow reversal. The Navier-Stokes equations for the inlet

region gre reduced to

c:‘u-d 4 L‘ e)t.. 4y E\.‘-’;}, |
&t T HY 'gf‘ ) (14.145

‘:A\rf-‘ + U- C\\ A+. L{T“ é'i‘:“
4‘.
3t Es"a' N | v
——-..xi + J(B\r‘” PIRLER- L R
- Y ?5*;,7'
The assumptions made in order to obtain a solution were (1) small

(14.15)

transverse velocity ({;,) so that eq.(14.15) is replaced by

YL -0 (14.16)
eV
(ii) the transverse velocity gradient much larger than longi-
tudinal near the walls where the viscosity effects are most

_ \2 2
important, so that o \.r,‘,?/b} can be neglected in eq.(14.14).

These two are the usuagl boundary layer approximations, and
were employed, for example, by Atkinson & Goldstein (1938) *o
calculate the steady inlet length. The third approximation made

by Atabek and Chang (originally adopted by Targ (1951) for steady
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\

4

o
flow) is more controversialj the terms am}a(ﬁtrzlg'/a) + \3’,.(50'35!55:'/
are replaced in eq.(14.14) by

.a‘r‘i

’?é =0 %—:;Jw

v

&

in order to linearise the equation, with the only justification
that it is true at the two extremities of the inlet length. For
the examples calculated the ehtry length oscillates with the flow
and approximates to the instantaneous steady length, and good

agreement with experiment is claimed in the few cases tested.

The most reliable estimate of the steady entry length is
probably that obtained from the experimental data of Nikuradse

(1934) and is given by

where Rep is the Reynolds number based on the mean velocity and

the tube radius.

In the aorta, the vessel which most concerns us here, entry
conditions might be expected, but it has been pointed out by
Kuchar and Ostrach (1967) that the usual assumption of a uniform
velocity profile through the aortic valve had never been tested
experimentally. They analysed the entry flow for an elastic
parallel tube, and again employed Targ's assumption, observing
however that the presence of taper, quite apart from the branche-

and bends, precludes an end point to which the flow can develop.
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Atabek (1964), observing that the flow in the entrance of a
branch will not be uniform, modified his earlier theory to allow

account to be taken of this.

The parameter 3 takes a value of approximately 20 for the
fundamental harmonic in the ascending aorts of a greyhound, so
the developed flow in this case would have g very thin boundary
layer and a broad uniform core. There would thus be very little
convective acceleration of the core between the entrance and the
developed regioni and it has been argued by Jones (1970) that the
entrance length can be obtained by matching the quasi-steady
boundary layer from the entrance with the fully-developed boundary

layer. By this means he obtained a very short inlet length, of

the order of 1 cm.

This may be demonstrated by an order of magnitude calcula-
tion as follows:

The thickness of the developed oscillatory boundary layer is

i

of order {Eﬁ/&d>/% whilst that of the quasi-steady boundary layer
is (:"\i’ 7‘5/[}} “ where 7¢ 1is the distance from the entrance and
ij is the instantaneous velocity. (The convective accelera-
tion of the core may be neglected, because of the thinness of
the developed boundary layer.) Equating these gives an estimate

of the matching point and is

DC ~ 4 “'}/“Jj (14.18)
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The forward velocity varies between zero and about 100 cm/s

producing a fluctuating entry length, as with the theory of Atabek

. y
and Chang. A quasi-steady entry length would vary as UK //?‘

and it is interesting to note that eq.(14.18) may be written

£,
&

x v YR x o~ Ree (14.19)
v R e %

demonstrating yet another quantity which is dependent on oL

The foregoing argument refers to the oscillatory components;
if the steady component is considered to develop independently,

equation (14.17) applies.

14.4 Effect of curvature

The bend at the arch of the aorta may be expected to have a
significant effect on the flow. It is well known that if steady
flow with a developed profile enters a bend, the dif ferential
centrifugal pressure gradient causes the faster moving stream-
lines in the middle to move towards the outside of the bend across
the diameter, the slower moving streamlines migrating in the
opposite direction around the circumference so that a double
helical motion results (Coldstein, 1938). For simple harmonic
oscillating flow in a bend, with zero mean flow, Line (1970) has
calculated the secondary motion and obtained very high cross flow
velocities. However, this may be explained by the continuous
action of the centrifugal pressure gradient on the same vclume

of fluid in Line's steady-state oscillatory solution and the
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presence of a mean term would be expected to reduce the effect, as

it did in the case of the oscillating cylinder discussed in Pars I.

The equations governing steady entry flow in a bend have been
derived by Pickett (1968), but the behaviour of potential flow in
a bend (steady or unsteady), which is discussed more fully later
in this section (14.5), is worthy of note. In this case no
rotational motion is possible and the flow adjusts to the centri-
fugal rressure gradient, producing an asymmetric velocity profile

with the higher velocity at the inside of the bend.

At the aortic arch the flow divides between the brachio-
cephalic and left subclavion arteries and the descending aorta, <~

that 2 further disturbance is added to any produced by the bend.

14.5 Unsteady invigeid flow in a bend

It has been argued that, at least in the ascending aorta,
boundary layers will be thin and that there is a broed inviscid
core. Therefore it is worth enquiring what effect the bends in
the aorta have on the core, assuming that because the boundary

layers arc thin, secondary motions are small.

Tigure 36 shows the system being considered. Fluid is cross-
ing a surface; 1, orthogonally, with uniform velocity at any
instant. This represents the system in the veniricle, where
the blood is probably sufficiently mixed for such a condition to
exist. The fluid flows into a curved rigid conduit, so that

temporal pressure changes are in effect communicated
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instantaneously, and crosses a surface, 2, in the bend, which is
also orthogonal to the streamlines. Distance along the surface is

denoted by n, and velocity ao and pressure b, may vary along it.

Along any streamline Bernoulli's equation relates the

instantaneous pressure and velocity:

- b

d

, 2 o * Y
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where s is distance in the streamline direction.

If the velocity may be represented by

K (i €

o5 = a ¢ 14.21
‘)1’ - 2“ Few ( )

SRS

where () is the fundamental angular frequency, m represents the

number of the harmonic and q, may be complex, then

E,( g} . f‘h‘: (IJ t
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Therefore ﬁq//ét'is proportional to g and may be written

%%: - D‘c‘( (14.23)

where D is a constant. Equation (14.20) then becomes

-~
i i R | N 14.24
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Differentiating equation (14.24) with respect to n

E :'*.‘L
= "L "}-\-"" +q }C’V;, + 2 \c% ds (14.25)
AF p Sa L ‘ »

The last term in equation (14.25) may be written

n
fm

s ds Ve _ Tdsfa . 14.26
Dq___....opdh,bg_vl%_ ] (14.26)
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But s and n are orthogonal, so A':/QIV\ = 0 and equation (14.25)
reverts to its steady form. The same result could have been
obtained by arguing that if the boundaries of an inviscid unsteady
flow do hot vary with time, the streamlines are fixed. By con-
tinuity the relative velocities are also constant and may be

derived by considering steady flow.

The centrifugal pressure gradient along ¢\ 1is given by

-

}_)_E’l - T ha (14.27)
E@f\ AN

where r is the radius of curvature of the streamline at the point

considered. Substituting for éiﬁw/z'n into equation (14.25)

and noting that increments in n and r are identical, we have

R 4 a
M (14.28)
v A
The solution is
fn ¥ 2 -An o+ gm C (14.29)
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i O : .
where 'Vt {. is a constant of integration.

i.e. ﬂ“CL = const. (14.30)
.

Thus the velccity is inversely proportional to the radius of
curvature of the streamline, and is therefore larger at the inside
of the bend. The same situation will obtain when the direction
of flow is reversed if the streamlines pass through a plane of
uniform velocity. A consequence of the velocity distribution, by
continuity, is that the streamlines will be more concentrated at
the inside of the bend and more widely spaced at the ocutside.

They will not, of course, be concentric in general.

15. Procedure

15.1 Animals and instrumentation

The measurements of acrtic velocity profiles were made in
adult dogs weighing 15 to 30 kg., principally greyhounds. They
were anaésthetized with intravenous pentobarbitone sodium
(Nembutal), initial dose 3C mg./kg., and occasionally premedicated

with morphia, 1 mg,/kg., given intramuscularly.

Cardiovascular behaviour was monitcred via electrocardiogram
and static aortic pressure, the latter by means of a Statham
P23 Gb strain-gauge transducer with AC excitation (S.E. Labs.
423/1 amplifier and 511/5 oscillator), and connected to the
animal by a saline filled nylon catheter (30 cm. long, 1.5 mm.
i.d.). The catheter was introduced into the left carotid artery

and adjusted so that its tip lay in the orifice of the brachio-
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cephalic artery. It is worth pointing out that the static pressure
increases during each heart beat to typically 120 mm. Hg at pesk
systole compared with 80 mm. Hg during diastole; by contrast the
dynamic pressure range is typically 0-4 mm. Hg. The pressure
transducer system had a naturai frequency of 100-150 Hz with a
damping factor of 0.1-0.15, measured by the pressure transient

method (McDonald, 1960).

The signals were recorded on magnetic tape (Precision
Instruments P1-6200 FM recorder) with display facilities on a
large-screen multiple-channel oscilloscope (Cardiac Recorders
Ltd.). Some setting up was done with an ultra-violet galvanometer

recorder (S.E. 2100) in parallel with the tape recorder. Tape

playback procedure is desecribed in section 15.5.

The chest of the animal was surgically opened by left thora-
cotomy (removal of ribs) or sternal split (splitting the breast-
bone along the middle), so that all the accessible parts of the
thoracic aorta were exposed. Respiration was maintained by
positive pressure ventilation (15-5 cm. H20) (Cyclator, British

Oxygen Co.) through a cuffed endotracheal tube.

Minimal interference was caused to the tethering of the
aorta (section 14), small areas being cleared of overlying fat
so that purse-string sutures could be sewn into the wall at sites
selected for traversing. The sutures were tightened around the

probe shaft after insertion, forming a seal.
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In a few experiments an incision was made in the abdomen to

provide access to the abdominal gorta.

15.2 Aortic cast

In the living animal it is impossible to determine the
geometry of the aorta accurately ﬁecause of the presence of other
vessels, organs and tissues. Therefore a cast was made in two
dogs, the second being the more successful, It is important to
maintain physiological pressure if accurate size and shape is to
be obtained. Liquid resin (Strand Glass Co., clear casting resin)
was pumped into the aorta from the abdomen through the right iliac
artery, the more proximal major branches (e.g. brachio-cephalic,
subclavian, coeliac, renal arteries) having been tied off, and the
pressure was monitored via the carotid catheter. Post mortem,
the heart muscle will not withstand physiological pressures, so a
second carotid catheter with a balloon on the end was manoeuvred
retrogradely into the left ventricle; the ventricle was then
sealed by inflating the balloon. To maintain the geometry, in
particular to keep the heart in position, the chest was kept

closed and the lungs were inflated whilst the resin hardened.

Photographs of the completed cast (i.e. after removal of
soft tissue) are shown in fig.37, in which the principal traverse
sites are shown. The ascending azorta in the dogs used in the
experiments was 1.5-2.0 cm. in diameter and approximately 5 cm.
longs; sites were chosen in the middle and approximately 1 cm.

above and below for antero-posterior traverses. At the upper
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site left-right traverses were also made. Further left-right
traverses were made in the descending thoracic aorta at two sites,
near the top and near the middle, and antero-posterior traverses
were made near the middle of the abdominal aorta. Varicus
traverses were made at other sites, but only those which were
repeated in several dogs have been selected for presentation and

discussion.

The terms proximal and distal, used in discussing the
results, are taken to mean respectively nearer the heart and
farther from the heart. That is, in general, upstream and down-

stream in relation to the main flow direction.

15.3 Probe calibration

Having adjusted the output filter to obtain an acceptable
freguency response from the anemometer system (section 7), the
velocity probe (of type B, fig.9) was calibrated in steady flow
during each experiment. At the time of introduction of the
pressure catheter, a 140 ml. sample of blood was taken, anti-
coagulated with heparin (10 units/ml.), and placed in the turn-
table calibrator (section 5). The blood was maintained at 37°C
by the water heater/circulator and a calibration from 0 to 125
cm/s obtained. The anemometer output was linearised by means of
a DISA 55D10 Lineariser. The Wheatstone bridge containing the
twin direction sensing films on the probe was balanced to give
a null reading at zero flow and both velocity and direction
signals were recorded on tape. A typical velocity calibration

is shown in fig.38.
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15.4 Velocity traverses

The pointed tip of the velocity probe, which was formed from
the tip of the hypodermic needle, with the cutting edges still
partially exposed, was used to plerce the arterial wall at the
chosen site, within the circle formed by the purse-string suture.
The suture was tightened just sufficiently to prevent leakage,
avoiding puckering, the probe was aligned on a diameter normal to
the vessel, point upstream, and clipped into the slide of a
plastic carrier. To make the traverse, the slide was moved along
a millimetre scale on the carrier, which was either mounted on the
operating table, or hand-held, depending on the site. The system
was adopted to cause minimum pressure or constraint on the

vessel wall.

To measure the internal diameter of the vessel, the probe
was traversed from the near to the far wall, and the width of the
probe head added (2 to 2.5 mm, depending on the probe used). The
near wall position could be detected when the probe tip began to
indent the vessel, and the far wall was established when the flow
signals were flat (zero flow) throughout diastole. (A velocity
signal was detected during systole as the vessel expanded, being

unconstrained. )

The probe was then traversed at 1 mm or 2 mm intervals
across the vessel; velocity and direction signals from the
probe, together with electrocardiogram (e.c.g.) and aortic

pressure were continuously recorded.
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Traverses were made at each site in pairs, inward and outward.
Any continuing drift in conditions would thus appear as a con-
tinuing drift in the profiles. A shorter-term drift, which
reversed direction, might still be masked, and these double
traverses were therefore repeated with both long (50 to 100 beats)
and short (less than 10 beats) sampling periods. In addition, at
most sites records were taken repeatedly at a single reference

station during at least one traverse.

The above-mentioned precautions provided a check on stability
of cardiovascular behaviour; probe sensitivity was also subject
to variation as a result of temperature change in the animal and
surface deposition over the film. The former was slight and long
term, its effect being eliminated by repeated resetting of the

overheat.

With some probes, the signal amplitude was found to decrease
gradually with time of immersion in blood, and examination reveled
fibrin deposits which originated in minute discontinuities at the
epoxy/metal junctions around the glass bead. Therefore the probe
was wWiped between each traverse station, by pushing it against
the far wall of the vessel. Recording repeatedly from a sinrgle
reference station, as described above, also provided a check on

deposition.



15.5 Data processing

Although it proved possible to obtain recordings of velocity
traverses in which the long-term cardiovascular behaviouf was
stable, it was found that there were small variations from beat to
beat. Thus, if instantaneous velocity profiles were to be derived
from measurements of different beats, an averaging procedure was

necessary-

Traverses were selected for analysis in which short-term
variations were judged to be minimgl. The only index of changing
conditions immediately accessible from the records was heart-rate.
Therefore, before analysis, the e.c.g. signals recorded during
each traverse were played back on an oscilloscope (Tektronixz 502),
The oscilloscope sweep was triggered from the "R" wave of the
e.c.g. S0 that successive beats were in phase, and superimposed
photographs wcve taken. Any traverse during which the heart-rate

varied by more than 5% about a mean value was rejected.

The svwitching of the rectified velocity signals to obtain a
reconstructed waveform of correct polarity was accomplished off-
line by playing them through a unity-gain switched amplifier.
The direction signals were used to generate compatible pulses
in a comparator, which switched the polarity of the output

signal.

The reconstructed velocity signals were then averaged. The

output from the switched amplifier was connected to an averaging
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oscilloscope (Forthern Instruments NS-513), again using the "R"
wave of the e.c.g. as trigger, so that successive velocity waves
were sampled. The average was formed by comparing the successive
signals, and suitable weighting could be selected, dependirg on
the number of waves sampled. The averaged waveform was stored

in digital form, but could also be replayed in analogue form,

and this was done for each traverse station either on an ultra-
violet recorder (S.E. 2005) or a pen recorder (Brush Mark 280).
The probe calibration was subjected to the same procedure so that

the relative signal amplitudes were maintained.

The justification for this type of averaging, which is strictly
designed to eliminate noise, is that the fundamental waveforms
were similar and the beat to beat variations were due to random
fluctvatiors, probably caused by flow disturbances. These flow

disturbances are discussed later.

The instantaneous velocity profiles were constructed from
the averaged waveforms at various phases of the cycle. Comparisons
were made of results from repeated measurements at a reference
station, and of profiles obtained from successive traverses
at the same site., Results which showed evidence of changing
conditions were discarded, and only consistently repeated

results are presented here.

In addition to instantaneous velocity profiles, time-
averaged profiles werc obtained by replaying the tape through

an operational amplifier integrating circuit.
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16, Results

Simultaneous records of e.c.g., aortic arch pressure and
velocity in the ascending aorta, unprocessed except for direction
switching, are shown in fig.39. Figure 40 shows typical averaged
waveforms from different sites: (a) ascending aorta,

(b) descending thoracic aorta, (c) abdominal aorta. They are
from different animals, since all sites could not be made
accessible in any one experiment. In general, the velocities
were similar in waveform and magnitude to those recorded at
similar sites with cuff electromagnetic flow meters (Spencer &

Denison, 1963).

Centre-line peak velocities in the ascending aorta from 8
dogs varied between 40 and 2C0 cm/s, and the time averages from
8 to 24 cm/s. The cardiac outputs (see Section 17) based on these
measurements ranged between approximately 1 and 4 1itres/minw,
which is reasonable for dogs in deep anaesthesia. (A total of 31
dogs was used in the experiments; some were employed in develop-
ment studies, whilst the results from others were discarded

because of variability of cardiac performance.)

Representative velocity profiles derived from the averaged
waveforms are presented in figs. 41, 42 and 43. Antero-posterior
traverses of the ascending aorta are given in fig.41l (a), (b) and
(c) from proximal, middle and distal sites respectively;

fig,41(d) shows a left-right traverse at the distal site. 1In
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fig.42 the profiles from the upper and middle descending thoracic
aorta in the left-right plane are shown, and fig.43 is an antero-
posterior traverse in the abdominal aorta. In each case, five
phases in the cycle have been selected, representing early and
peak systole, peak backflow, and two further phases of interest,
depending on the waveform. On the right-hand side of each figure,

the time-averaged velocity distrihition is presented.

Points closer than 2 mm to the walls have been deliberately
excludeds; at the near wall because of interaction between the
probe and the vessel boundary layer (see pipe tests, section 9,
Part I), and at the far wall because effects of radial movement
might cause errors. Radial displacements are approximately 7%
in the thoracic aorta (Mallos, 1962) and peak radial wall

velocities are 2-3 cm/s.

For clarity, profiles from individual traverses are presented;
with the sampling precautions which have been described, similar
patterns were measured consistently in different animals, although
there was some variation in skew. This is illustrated in fig.44,
where systolic velocity profiles in the antero-posterior planc
from the distal ascending aorta in six dogs are plotted. It is
postulated in the Discussion (Section 17) that the skew at this
site is a result of the geometry. This of course varies as a
normal biological variation from dog to dog, and in any case it
was not possible to traverse at a site which was exactly

similar in each animal. This is the likely explanation for the
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variations in skew which the figure demonstrates. Variations in
Reynolds number are not considered to exert a strong influence in

this situation, as the effect is due to irviscid phenomena.

In has been mentioned that the averaging process eliminated
flow disturbances. Therefore individual waveforms were examined
from all experiments. It was noticeable that signals from the
proximal ascending aorta exhibited low-frequency disturbances
which lasted into diastole (fig.45), whereas in the distal ascend-
ing aorta the waveforms were in general much smoother (fig.39).
This suggests that disturbances were generated upstream of the
proximal measurement site, presumably in the ventricle or the
aortic valve region, and decayed with time. In one experiment,
marked low frequency disturbances were seen during systole in the
distal ascending aorta, which were apparently developing into

turbulence in the upper descending aorta (fig.46).

17. Discussion

The mcasurements presented demonstrate that boundary layers
in the aorta are thin, that is they lie within the 2 mm annulus
adjacent to the wall in which the probe response was unreliabls.
Making the rigid tube assumption, which enables the system to be
considered linear, and the velocity wave thus composed of
irdependent harmonic components, the unsteady boundary layer

. . Soq
components have thickness 4  of order +/ /Ll and so
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The thickest of the oscillatory boundary layer components, that
for the fundamental frequency, is therefore of the order of a
millimetre or less in the aorta. Close to the entrance the

boundary layer thickness of the steady component, 53 y Varies as
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where Re is the Reynolds number of the steady component, referred
to the distance from the entrance. The steady component of the
boundary layer thickness is therefore of the same order as the

"inaccessible" annulus.

The range of peak systolic velocities measured at the axis
is of the same order as would be expected from the observed
pressure. For the inviscid core, the equation of motion may be

approximated by
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80 that pressure and velocity are in phase, as shown in fig.39X

Peak systolic velocity will be approximately lewf{ic s where LxF
\ \

is the difference betwecn systolic and diastolic pressure. In

fig. 39 [’3‘0 ~+ 35 mm Hg. and taking ¢ = 500 cm/s in the thoracic

*Equation 17.3 is only valid for a simple wave with no reflections,

and therefore only holds near the beginning of the cardiac cycle.
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aorta (McDonald, 1960), this gives a peak systolic velocity of

nearly 100 cm/s, which is close to that measured,

As mentioned in the Results section, the velocities are
similar to those measured by electromagnetic flowmeters, and the
cardiac outputs derived from the time integrals are in the accepted
rangc. The time integral represents the steady component of the
velocity wave and it was. assumed that the integrated centre-line
velocity approximated to that for steady flow in a pipe inlet.
Estimating the appropriate value of the inlet parameter :ﬁ_’ﬁLixza,
the ratio of core velocity to cross-sectional mean velocity
could be obtained from the theoretical profiles for the steady
component in an elastic tube obtained by Kuchar and Ostrach
(1967) (these werc very close to Nikuradse's experimental results
for a rigid pipe). The coronary flow, which had branched off
upstrcam of the measuring sites, is normally in the region of
5 to 10% of cardiac output (but is subject to considerable
variation) (Gregg and Fisher, 1963), so the cross-sectional mean
velocities obtained as described were multiplied by 1.1 to
obtain the estimates of cardiac output. The figures thus
obtained, and quoted in section 16, aré subject to errors from
flow asymmetry, non-linear elastic effects and variation in
coronary flow, but are sufficiently accurate to indicate that

the results obtained are reliable.

The most notable feature of the velocity profiles is that

they are not uniform, and in fact exhibit extremely marked
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skews, which in some instances can be explained quite simply.

In a few cases, however, the origin of the asymmetries is obscure,

At the site nearest the aortic valve (fig.41(a)) the profile
is flat in early systole, but develops marked asymmetries later
in the cycle. Peak velocity is achieved later ne;r the anterior
wall of the vessel, as shown in fig.4%, which produces the skew
observed in late systole. Large scale disturbances were usual at
this sitey; they are apparent in the figure and it can be
postulated that differences in phase of the disturbance are
responsible for the skew observed. However, arterial velocities
are periodic and contain a number of harmonic components, so it is
difficult to distinguish the details of any disturbance from the
basic waveform. The axis of the ventricle liecs at an angle to the
proximal ascending aorta (fig.37(b)) and the skew is also consistent
wlth inviscid flow in a bend with the orientation existing there.

If this were the reason, the disturbance could be cited as the

reason for the apparent absence of the skew in early systole.

A third influence which should not be neglected is that due
to changes in geometry during ventricular contraction and
relaxation. The coronary artery flow varies during this period,
but is probably too small to be important since 70-90% of

coronary flow occurs during diastole (Burton, 1965).

Just distal to the aortic valve are three pouches, the
sinuses of Valsalva, equally spaced around the aorta and con-

tinuous with the interior wall of the vessely; the cusps of the
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aortic valve are attached at the upstream edges of the sinuses

and their orientation is anterior, left posterior, right posterior.
The left and right coronary artcries originate in the left posterior
and the anterior sinuses respectively, the third sinus being
"plind". These features are clearly visible in the photograph

of the cast (fig.37).

The skew observed in early diastole (180—1900) at the proximal
site is thus consistent with coronary flow during that phase of

the cycle.

The velocity distribution during a large proportion of the
cycle at the distal site in the ascending aorta appears to be
determined by the bend at the entry to the aortic arch. Inviscid
flow in this bend would produce such a skew, as discussed in
section 14.5. The boundary layers are thin, so the influence of

any secondary flows might well be slight.

The effect breaks down in diastole, after the second flow
direction change (2160), where the Reynolds numbers are much
lower (less than 200). Thus viscous forces might inhibit the
centrifugal effect so that there is insufficient time for the
skew to re-establishj +this explanation is supported by a flat
velocity profile observed in very early systole (not shown),
when the Reynolds mumbers were similar. Alternatively,
or additionally, the flow pattern near the aortic arch branches

may be relevant; during late systole (2340 onwards) anterior
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forward flow and posterior retrograde flow is maintained, suggest-
ing circulation. No measurements were made in the brachio-
cephalic or subclavian arteries but electromagnetic flowmeter
measurements (e.g. Inouye and Kosaka, 1959) indicate that forward
flow is often maintained in these vessels during diastole. In
addition, the impedance offered to the streamlines entering the
branches is probably different from that experienced by the flow
which continues around the aortic arch. (In gencral, the relative
peripheral resistance will change depending on the rcgional
demand.) Furthermore, measurements of pressure made by Noble et
al (1967) showed marked changes in waveform between the proximal
and distal ascending zorta. The increase in magnitude of the
second and third harmonics, which were 504 higher at the distal
site suggests that there are significant pressure wave reflections
from the junctions in the arch (McDonald, 1960). The possibility
exists that very close to the junctions (within about one diameter)
the reflected component of the pressure wave is not uniform

across the vessel. Such non-uniformity would, however, quickly
disappear as a result of circumferential and transverse pro-

pagation.

It has been confirmed that the skews in the anterior-
posterior profiles measured at the distal site were not an
artefact due to progressive changes in flow alignment across
the vessel relative to the probe. A probe was constructed

which had a cylindrical hot-film element which was aligned with
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its axis perpendicular to both the stream and the traverse: it
was thus insensitive to flow direction in the plane of the
traverse, and similar skews were measured. It has not,; however,
been established whether a secondary motion component was present

in the measurement; this is unlikely in the inviscid core.

At the middle site in the ascending aorta, the major
influence appears to be the bend at the entry to the arch, causing
similar profiles to those at the distal site. However, in late
systole (1500) the profile shows an inflexion, suggesting a
competing influence from the proximal (upstream) region. It was
at this phase of the cycle that the strong skew was observed at

the proximal site.

The left-right traverse at the distal site shows skews,; with
higher velocity towards the left wall. The aorta has a bend in
this plane at the entry to the arch (fig.37), and the higher
velocity is at the inside. Therefore the skew here can also be
explained by the bend. The diastolic profiles probably remain
from the systolic phase; being maintained by viscous stresses,
as was suggested in the case of the anterior-posterior profiles
at this site. The reverse flow runs preferentially down the
left wall, on which side is one of the coronary arteries: the
influence of the entrances to arch branches, which are close to
this site, is uncertain since flow in them could be in either

direction at this phase of flow.
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The curvature of the streamlines in the bends is, of course,
unknown, but rough cstimates based on the curvature of the
boundaries suggest that they are of the right order to fit the
explanation that the main skews are due to the inviscid core flow
in the bends. That is, the ratios of velocities near opposite
walls was approximately inversely proportional to the curvature

of the boundaries.

Particularly in diastole, there is evidence of fairly com-
plicated three-dimensional flows, and flow visualisation experi-
ments, which would have to be conducted in models would obviously
be valuable., TFlow in models of the aortic valve and sinuses has
been investigated by Bellhouse & Talbot (1969), Bellhouse (1969)
and Bellhouse and Bellhouse (1969). Their model was probably
oversimplified, in that the non-azlignment of the ventricle and
proximal aorta was not simulated, and neither was the coronary
flow. Since the volume of the coronary flow in each ecycle is
approximately equal to the total volume of the sinuses of
Valsalva (estimated from the cast), the flow in two of them will

probably be considerably influenced by coronary drainage.

Little of value can be said about the profiles from the
descending thoracic aorta (figs.42(a), (b)), since only the left-
right plane could be traversed in this region without severe
distortion of the vessel. It is likely that there are fairly
strong influences from the division of the flow at the branches

of the arch, giving rise to changes in streamline curvature and



- 142 -

asymmetries in the boundary layer, perhaps involving secondary
motions. The blunt profile, with higher velocities on the right
wall, was a consistent feature; the skew is not explicable on the
basis of local inertial effects because there is only a very slight

curvature in the left-right plane.

In the abdominal aorta, close to the termination, where, in
the dog, the aorta divides into threc branches, the most notable
feature is a lower velocity near the axis during reverse flow.
This implies an M-shaped profile since the velocity at the wall
must be zeros; profiles of this form have been demonstrated for
convergent flows in dichotomously branching models at comparable
Reynolds numbers by Schroter and Sudlow (1969), caused by the
merging of the boundary layers from the inner walls of the
daughter branches into the core of flow in the parent branch. 1In
steady flow, this process was accompanied by the development of

helical sccondary motions, comprising four helices.

Evidently, as in the ascending aorta, better understanding
of the flow in the descending aorta would be assisted by flow-
visualisation experiments in appropriate models. Traverses in
other planes were not possible without gross disturbance of the

anatomy because of the presence of other vessels.

It is of interest that the integrated profiles, representing
the velocity distribution in the steady component, are blunt

throughout, except at the site nearest the valve. In the



ascending aorta such entry profiles would be expected for the
steady component, and in the descending aorta development is
probably inhibited by the presence of branches and taper. The
flow disturbances which were present in recordings at the distal
site have been mentioned; these were of low frequency (i.e.
large scale) and would be likely to affect the mean component as
well as the instantaneous velocities, particularly as they

appeared to exhibit some regular features.

The hot-film technigue has recently been applied by two
other groups for velocity measurements in the aorta (Schultz et
al, 1969; Ling et al, 1968). Ling et al used a simplified, non-
directional probe, and relied on signals from an electromagnetic
cuff flowmeter fitted just downstream to identify foward and
reverse components of flow. They show velocity profiles obtained
in the descending aorta of pigs, but the sites are not specified
and, as they demonstrate, the presence of the electromagnetic
cuff has a constraining effect on the segment studied. It is
nevertheless of interest that the profiles shown are blunt, with

thin boundary layers.

Schultz et al presented measurements of velocity distribu-
tions from both the ascending and descending aorta of dogs, but
in all but one instance only the time-integrated profiles were
shown. It is possible that their calibration technique introduces
errors (see Section 1), but in the set of instantaneous cyclic

profiles which they presented for an anterior-posterior
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traverse in the ascending aorta, skews were apparent which were
similar to those shown here from the middle and distal sites,

The time-integrated profiles presented by Schultz et al were
subject to error because the integrations were performed on the
rectified (i.e. uncorrected) waveforms; the direction sensing
was by a single auxiliary film which did not facilitate auto-
matic switching as employed here. The possible effect of this is
illustrated in fig.47, where integrations from the ascending
aorta have been obtained on rectified and de-rectified signals.
In this instance the skew is almost obliterated by the use of

rectified signals,

It has besn mentioned that the flow near the gortic valve
was disturbed, but although the Reynolds number in peak systole
was of the order of 5000 the disturbances did not generally
develop into a turbulent structure. On the contrary the disturb-
ances were less at morc distal sites, It is likely that, as
argued by Yellin (1966), the supercritical Reynolds number phase
of the flow was usually too short to allow development of
turbulence, and that the disturbances were damped out during

diastole.

In only one dog of this series wem apparently turbulent
waveforms observed (fig.46). This was also the smllest animal
studied (weighing between 15 and 20 kg.) and it is interesting
to note that both Ling et al and Bergel et al (1970) observed

turbulence in smaller dogs only. A smaller animal would in
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general have a faster pulse and smaller arteriess 1in this respect
the animal in which turbulence was observed in the present tests
was atypical, with a slow pulse and at least average aortic
dimensions. The turbulent waveform was seen in the upper descend-
ing thoracic aorta, where the velocities and Reynolds numbers

were a little high for this site, and it was noticed that the
waveforms in the distal ascending aorta were more disturbed than

usual.

Features of the flow which were probably significant were
the relatively long period of systole, with a duration of nearly
half the pulse period, and the slow pulse which meant that systole
was also long in absolute terms and the supercritical Reynolds

number phase was therefore longer than usual.

As is well known, in steady flow the Reynolds number
represents the ratio of inertial to viscous forces, and the
importance of Reynolds number in stability considerations is
explained in those terms. However, the steady inertial forces
are due to convective acceleration, relative to Eulerian
coordinates. Unsteady flow contains an extra inertial term,
due to the local, or Euler acceleration. TFor a velocity of the
form

¥ SRR A R (17.4)
the local acceleration is given by

MWy (17.5)
pot

e
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The viscous term in the equation of motion is

Voou L. Y\ (17.6)

— et
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e

and the ratio of "unsteady" inertia to the viscous forces is

K - o (17.7)

3
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Hale, McDonald and Womersley (1955) defined an "effective Reynolds
number" for stability based on considerations of'the shear rate,
involving ¢4 . Arguing that stability will be6affected by
inflexions in the velocity profile, Sarpkayg}%oilelated transition
in unsteady pipe flow with both Reynolds number and <X , but only
for flows where the mean was greater than the amplitude of the
osCillatory components. There is a scarcity of consistent

physiological data on flow stability and there is a clear need

for further expcriment.

18. Conclusions to Part II

Using the hot-film anemometer system whose development was
described in Part I, phasic velocity profiles have been measured

at various sites in the aorta of dogs.

Boundary layers were found to be thin, as would be cxpected
from theory, and the velocities and cardiac outputs were in the

ranges derived from measurements by electromagnctic flowmecters
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and dye dilution. Skews were found in the profiles at most sites,
throwing doubt on the accuracy of previous flow measurements made

with electromagnetic flowmeters and pressure gradient techniques.

Some of the asymmetric velocity profiles in the proximal aorta
were interpreted as being due to the action of centrifugal pressure
gradients on the effectively inviscid core flow, suggesting that
secondary motion effects were small. Other skews, observed during
retrograde flow could be explained by the orientation of drainage

to the coronary arteries.

Other asymmetries in the profiles were found for which there
was no ready explanation, but which probably had their origin in

disturbances induced by the shape of the boundaries.

It has been shown that if time integrals of the velocity
distributions are required, it is important to feed the recon-
structed signal, with correct polarity for the reverse phase,

into the integrator.

In gencral, velocity signals were smooth, suggesting laminar
flow. Close to the heart the waveforms were disturbed, but

only in one dog was apparently developed turbulence observed.
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(a) Forward sensitivity.
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Fig. 35 Static and dynamic _calibrations of probe B:
canine blood at 3700.
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Fig. 36 Notation for inviscid flow in a bend.



FPipe 37 Jast of dorn aorta, sh win: traverse sites, Jast
made by perfusing with liocuid resin, ‘with pressure
maintained at 120 mm !Heg., chest closed, and lunis
inflated durin- hardening.

(a) anterior view



- 195 -

i, 37 (b) left lateral view.,
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Fig. 38 Steady flow ca%ibration of velocity probe,
in blood at 37 C.
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Fig. 39 E.C.G., centreline velocity in ascending
aorta, and aortic pressure. The velocity
signal has been switched to correct polarity
as described in text.
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Fig. 40  Waveforms from different sites in the aorta.
Lach waveform is an average, derived from
many beats at the stated site.
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Fig. 41 Velocity profiles in the ascending aorta, constructed from

averaged beats (see text). The origin (0Y) is in all cases
the R wave of the E.C.G. Time-averaged profiles for each
site on right.
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Fig. 43 Velocity profiles in abdominal aorta, 2.5 cm. nroximal to
termination. antero-posterior. Jiameter 12 mm., Fulse 150.
Arranged as Fig. 41,
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Velocity profiles at peak systole from six dogs:
ascending aorta 1 cm. proximal to brachiocephalic

artery.

Velocity referred to that at centreline

and probe position referred to vessel radius.
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Appendix A: Simplified ancmometer thecory

It was found that the equation for the response of the
- amplifier in the DISA 55D01 anemomcter could be approximated as
well by a first order equation as. by one of second -order.
Therefore equation (3.6) becomes
l\f\'ﬂ..+ V = \/b + G % (A.1)
At |
As noted in Section 3.2, Freymuth did not include the effects
of cable capacitance and irductance, nor of any inductive compensa~
tion in the bridge.. For the configuration of the DISA bridge .
- shown in fig.Z,.the bridge equation becomes, for-h&iSlOé

(Appendix D)

o= VRR-R) | (C e )+ (LD XLp) R dv/at

(Ru+R)* (R;FR )
\/R(RH’R) AL R' RH C gV (5.2)

(Ry*tR") (R+R) ot
The complete anemometer ecuation then becomes a second order

ecuation, i.e.

AV+I— <M+zr; Vb AV +_HAave VH Av (4.3)
MU RV, M 2wl M
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where M ‘v\ C R R CA/ + K)

The advantags of the second order scuetion is that its
solution may be characterised by a natural frequency {r\: {A)n/Z,TT

and damping factor T: s where

- , Ve.
W = (H/m " M) (A.4)

1 Ve
= a,.((nm \ H vV (4.5)

rA !
< "‘ .«
(Recall ['= (R“+R’> 2GR (RH‘“R,A Yo If ; is small the
syeten tonds towards rescnance wilth a rising frecucney resvonse for

(R 4 L\Jh .« As increases}the resnonse at low freguency flattens
1

Lf"‘b

. -~ . .
and the I‘Oli-—-dfl frequency falls. Tor higher values of {x a falling
responsc is obtalned. 3Similar resnonses are obtained from a third
order couatlon; but it is not possible to express the characteristics

of its solution in as simple a form.

It is found that ¥ is much smaller than m\/b /H\/ and so
cquation (A.5) may be written

b
SAWCEN
P (m\ Vi (4.6)

2 2\ WM V
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The Disa 55001 ancmemeter may be oporated oither with constant
amplifisr gain or with a gain which incrcases with decrcasing
freoucncy to a D.C. gain of 45,000, For stable operation at low
overheat, the latter charactoristic is found to be necessary. In
thig case the gain falls from the D.C. level to the mid-frequency
gain, Gm at a frequency fm denending on the set valuc of Gm; in many
of the experiments roported here G was 275 (nominal) and £ vas
approximately 500 Hz. Thus for the frequency rangs of interest

hore, the gain was stirongly dependent on frecuency.

In calculating the ancmometer characteristics, a difficulty
arises in determining the thermal capacity, m of the probe.
Evidently the capnacity of the gold film is negligible in comparison
with that of the substrato, which will be the important component.
Howsver, because of temperatur: gradients in it, its effective
thormal capacity will be less than its total capacity. It is in
any casc likely to be frequency dependent since the depth of pene-

b
tration of thermal waves into the substrate is of the order (Kslm) <
Thus a simple one-dimensional model may be taken to reprc- ont the
probe heat capacitv, although, as discussed in Section 5.3, onc

should be wary of the result at very low frequencies.

i.e. 8 e ﬁ\ C
~ P Ce T / Ks
¥ o)
whoere A, is the surfacc area of the film,e s & and H are the
T g S )

(A.T7)

density, specific heat and thermal diffusivity of the substrate.
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Because G and m viry with frequoncy, the coefficients in

equation (A.3) also vary, as do i».)n and.E .

The valucs of the bridge componcnts cre given in Appendix D
. R - \/ ¢ 1 "‘6

values of othor relovant perauecters are Vi, = 0.8, M ~v 10 sec,
™ = 1.7 Gm/G (for 1% overhcat,and G = 260) and m = 5 ¥ 10“5/JE§
ij /OC (from eq,(A,7)) compared with a total hoat capzcity of the

ovrex be =33 /° ; .
1 mm pyrex bead of 1 x 10 / Co As a trinl case, the
characteristics of probe 38 at a mean velocity of 12.7 cm/s ar
taken; a calibration in water gave V = 4.05, and H = Te56 x
1073w/%,

With these wvalues, the variaticn of natural frequency fv1 and

g
denping Ffactor g s togothor with the gain is given for the

frequency range of intcrest:

Table AT
r(Hz) G it £ (Hz) Zi
5 5000 4 = 1072 2000 0.25
10 2700 3% 1070 2000 0.32
25 1000 1.4 % 107° 3300 0.44
100 350 5 x 10“6 4000 0,96
1000 260 4 x 1070 7000 0.87

Iigure A.1 shows the characteristics of the second order eguation
. . . - . . . . P = .
with periodic forcing function. It will be seen that if E} is greater

than about 0.7 the system displays a rising frequency response,



whereas if it is 0.7 or lesz the response falls with increasing
frequency. Howevor, the rising response is only significant at
frequeneies of the same order as the natural fregquency. In Table
AT it is scen that whilst at low frenuenciecs i? is less than 0.7,
fn is several orders higher then £, so that the response at these
freouencies is effectivoly flat. As f increases, as a consejuence
of the varistion in G and m, thc systom moves to highor values of
Z: and a falling frequency response. Thus the overall result is &
flat response at low freguency, oventually falling off towards the
freoucncy limit. At 1 k Hz, the prediction is that the responsec
would be only about 1% down comparcd with D.C.; experimentally the

response was well below this,

A principal observation reported in the thesis is that increas-
ins the ovoerheat from 1% to 5% flattened the response at low
freocquency. This is cquivalent to reducing r to one fifth of its

o

— . - . .
value at 1% overheat, leading to & decroasc Of.S by 2.2 times., This

iz in thce opposite directicon to that required.

Thus the lincarised theory fails to prcdict the observed rising
freouency response at low overhecat, the high freogueney behaviour and’
the effect of varying overheat. Tho behaviour of the non-linear

theory of thc ancmomder is analysed in Appendix Co
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FigeA.1 Solution of second order equation

2
¥ 2gw, Y, w2V = Feos wt .
dt? dt
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Appendix B: Electrical calibration of the svstem

The following account is based on the approach of Nielsen

and Rasmussen (1966), but differs in the details of the conclusion.

The electrical calibration is obtained, as illustrated in
fig.2 and described in Section 5.3, by applying the signal from an
oscillator across the probe whilst it is operating under the con-

ditions at which the response is required.

The oscillator, which is connected in series with the large
resistor RS, produces a sinusoidal voltage variation v . This has
two effects: (i) of directly producing a voltage perturbation ebg
at the positive probe terminal; (ii) of perturbing the probe
resistance by an amount /AR, causing a further voltage perturbation

ebr at the positive probe terminal.

We may write

Ko
e”s = = Vg (B.1)
Ry

since RH is both much less than the series resistance of the

other three arms of the bridge, and much less than Rs'

Also

)

= .._}.'i_..._... AR (B.2)
R'+Ry

be

The effect of these perturbations on the measured perturbation

of the amplifier output is
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AV = AV, + DV,

G <“ w)‘(e'bg + e’bf‘)

"

Ra(G {w) | ¥ }
= . Hc(ﬁ Uy V’G(“" AR
RS R +R (B.3)
where G(iw) is the (variable) A.C. gain of the amplifier.
If vg = 0 and the input to the anemometer is a velocity
variation AU, the output voltage response will be
AV, = Y8(w) AR
R. Al RH
» ) [ \ N
. VG(iv) (8, () BU+ 8, () AL) -,
! .
R + RH

where ep(iw):'&fR/AU 5 B;,(ém)=AR/LSC

and are the transfer functions of the probe with alternating velocity

input and current input respectively.

The required transfer function (& (iw) for the complete
eystem relates the output voltage response to the input velocity
variation. From eq.(B.4), with /\i = LSV/(RI + Ry),

Slie) = AV o YOl Byl (R Ra)
, AU 1*\’6{&'&0) Qé(im)/(Rl*_RH')l (B.5)




When the electrical test is being applied, with AU = 0, the

probe resistance varies in response to the current variation, i.e.

= O (L) AL = Bl AV + gﬁ—

From equations (B.3) and (B.6)

AV =AY Y Bp (119)/Ru(R+Ru) + 1
a 1"’\[ G(t‘u) BIP(‘:‘“’)/I(R‘+~RH>1‘

(B-T7)

From equations (B.5) and (B.7) we have

o) = AY. Gy Bl g N By /Ru(R' Ry)
MVog  BLGw) 14V B fw)/Ry(RE R
= AV G (¢ Btin) b
= = Gldo) Zpt Rk
A\Ibf, ) 9;(0») A 1+ b (5.8)

t
The probe transfer functions Eap and EE% may be obtained

as the solutions of the probe equation (3.4A) of Section 3 3. If

A= GCOS wi and Ai=Teesw b,
om < LaVR coslotrf) 1 BuR) dH eoslatid)
N M(R‘*‘ RH) ¢ HYnt + w? m dyU JH?-/mlJ,.w?—

= @‘;?c@s wt + @PGcoS wt (B.9)
where 4) = ‘h‘xu\"(-—wm/H)



Therefore

(+]

84 (£w) < consl. (B.10)
O (1)

.

For the conditions of interest the parameter b is much less
than unity. The term AV&’S is the response which would be
obtained if the probe were replaced by a dummy probe having a
long time constant, thus eliminatirg the resistance variations.
The bridge voltage component Avbr due to these variations then
disappears. Meilsen and Rasmussen kept Avbg constant in their
dummy probe tests, which would not be the case for the real probe.

It is the voltage which should be kept constants AN ng isg

“pr
then directly proportional to G(iw) and equation (B.8) becomes
E;(i. ) const. Av b
’ ! v
const. AV . 9‘, ((w)

const. AV ' (B.11)
v/" + C\}lfﬂ}/Hz

o 2p T
For the frequencies of interest W m/H « and the
required transfer function is directly proportional to AV, as
found in the tests reported here. Thus the dummy probe is not

required.
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Anpondix C: Non-—lincar thoory for the constant fompeorature

oncmometor

The lincarised ansmomctor thoory outlined in Sceticn 3.3, and
given in simplificd forw in Avpondix A, is anparontly too
approximate to model the bohavioeur obscorved with hot-film probes
opcrated &t low overhcat. It is thorcefore nccessary to invostigate
solutions to the full non-lincar cquation which cz2n bo obtaingd

te describe the operation of tho constant toemporaturc systom.

Similer basic equations to those alrecady given arc combined to
forn tho complote ancmometor couation. Those are =23 follows.

For the heatod element, couation (3.4) is uscd a~ain:

\’L(«)\ - H (‘R”Rrp) N dR
e s

i —
T IR 5

Rer) e =

Q.

a - ~ - . n . N .
A fullor form of tho bridge cquation (3.5) is

. VRURG-R) L R'RyRCy 4V
(R'*RH)Z (Ry+R7" dt

oy

The simplor amplificr couation given in Appondix A (cquation Aol)

is usecd horo:

M‘%%.‘.V: V, + Gu

If the effeoct of input bias, v, , is reguircd, the term V

b b

(cutput bias) may be roplaced by Vb + chvb9 where G is the I gain

DC

of the amplifier.
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The symbols ere as defined in Scetion 3.3, i.c. V is the
bridge voltegn, R the variabls resistance of the hoated element
(RH is its scet hot value and Rn its cold rosistance),m its thermal
capacity and @& its thermal cocefficicnt of rosistance. H is the

- s 1. .
heet transior cocofficient of the probe, R™ is the registance of
. L . .

the uppoer arm of the bridge, G and ¥ are respmectively the gain
and time constant of the amplifior and v is the bridge unbalance,
l.0. the amplifiecr input. CA incorporates the offect of capacitive

and inductive elements in the bridge, and is given by ccuation (D.9).

’

! !
In tho following, the approximation R+ R ~ RH““R

is made where appropriatc.

Combining cguations (3.5) and (4.1) gives

(MueR‘RHRca\ dY | v- vy, = GVR'(R4-R)

{\Rﬂ‘i“R'>2/ At (R‘.‘+ Rt)l

¢

(c.1)

Priting couation (394) as

2
R-R=mdR _aVR 7+<RH-P\O) (C.2)

H H oAt H(R + R‘)'
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end substituting in equation (C.1) zives

(;\!\‘1' G HH4\ W)cl\( + V-V,
(R“-VRY“

_ GVR' [maa V'R + (R o\}
]

y \" )
®,> R H dt H(R ) |

Difforentiating couation (C.1) with respeet to time gives

b 2 { -
(M*__ GRR4RCN DY |, GRR,G dR dV Y
(Ry+R)T/dt™ (R +R) dt dt  dt

|
(R . Rr) | \ a4t At J (C.4)

Equations (C.1) and (C.4) may then bc combinod to climinate

(Rg®) s

(M kRRHR»A)~1 . dV

(Ry+RY At
= (M GRR,RCAN AV |y \j-!
df\ * J
(Ry+R")* [dt

LGRY 4R _CGR'R.CG, 4R AV
(RH+R) dt (R + ')?~ dt dt
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Substituting for dR/d‘t from cguation (3.4) into cquation (C 5),

we have

V\ (,i{ E2}1Fak,ﬁ (\/ Gﬁiy __(Sizsz .f.(\&)ﬁnci(;gR'F{¥iFQ<iA \/5 QEY
(Ror R/ dE? \dt y m(R,+ R
_xGR'R y*4
W\(RH"‘R?Q
((fR Ru(R ROSC(A \/dV GR’(R-RJ \/1
MRy R dE m(R.+R')

The right hand term in the coefficient of dv/dt and the left hand

(c.5)

term in the coefficient of H are negligible in comparison with

the othor respective terms of the coefficients, and writing RNRH
the completec ancmometor countion bocomog

..\/V'FV-\II;.V O(CR RH G“\ Q Pl \f “"
M | W\M(R +H>q W\M(l'\ +_Pl)

\ + \ ‘ 4 % Co
e NV V- kV +aVT = bV R (6-7)

whore \/1 G‘V{/c\t and. M = Ml‘ G R'R:Cﬂ/(ﬂ‘_‘ﬁ-lR'}Z

The foreing function; H, has tho form
0 =4 + BU- (coguation 1.6)

where A and B are calibration constants, as discussed in Section 1,

and we are interestcd iu a velocity variation of the form

U=U+Ucos wt



U bzing the o

iwan velocity and U the cmplitude of the periodic
clocity fluctu.tions of angular frocuency 6.

If

as

/o U )
=R+ 23U Q;. 2'.ﬁ.v::oSoot
= H + gy

————

U cos wt
e U

-.\:\-i-ﬁcosoot

the fluctuations ave not too largs, H may be approximated

(For'ﬁyﬁ S; 0.3 the error will be less than onc ner cent.)

The steady rosnonse is

V2

= ?-H
oné the recuirsd solution will be of the form
2 (R

V=V +Y“(_o$wt + \/.ZSin wt

(C.9)

P

where V o is the systom response to tho moan velocity.

Therc may
also be harmonic and subharmonic teorms arising out of the non-—
and Y
11 12

lincarity, but these have boen found to be small.
Y

(c.9

The values of
mzy then be found by substituting cquetions (C.8) and
Q) into sguation (C.7) and cxpanding.

Bguating thce sums of the coefficients of cof wl on cach side
of the¢ equation wields a cublc cequation for Y

117 which also
includes terms involving le

These, however, can bc assuacd
small, loaving an cquation for Y11 alonc.



This 1=

3 o % ~ 2 o
b Y +(ﬂ-"“?‘§+~——-—2"i“’_l 4K - oo
Te R V4 \d R 3VYYr 2w

(c.10)

which has to bo solved numorically. Insorting appronriatc values,
there arc found to bo two complox roots and one roal root. A
low froouencies the fregueney dependent torm in tho coefficient of

~S —
is small and, for oxamnplc, with H/H = 0.3y the Toal root

Carrying out a similar proccdurc with tho coofficients of

Sin wl vields 2 cublec equation for ¥

19 in torms of Y119 l.6.
3
2 \
V«-—------‘2. +‘é£—-y_‘_£ ‘\‘—-—————~d’kf i‘.‘. = C) (C 11)
-\76 3 y* 3aV?2 ‘\71

This eauation likswise hos only one real root, vhich is small,

and can bo approximated by

\le, ~ - !< W \yu

(C.12)

&

V 2oV N
At low freouwncy (less than 1kHz), le is negiigible in comparison

with Yl o which has a valuc appropriate to a Tlat frocuency

-

response.  This rasult can be obtained by inspoction of

ceustion (C.7)c the magnitudes of a and b arc of order 107 and
10 s . ! 4 5 . .

10 rcspectively and k is of order 107 to 107 depending on

° ° 2.
. o %
freguency. V is of order waV,; VV and V2 arc of order u)V 9 SO

that the torms involving a and b arc dominant for frcaucncics
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bolow about 1kHz, lcading to a flat frecuency response al low

freogusncy.

Thus, noithor the lincarised ancmomcter tl.ecory described in
Saction 3.3 and Appendix A, nor th. non-linsar theory prescnted
hore indicate the origin of the rising freaucncy responsc obtainod
in tho experiments reported in Scction 6. Theo couation for the
hoatod element (eg.3.4) clearly represents a considorable over—
gimplification in the case of a hot film probos an couation of
the form of co.3.4B is bettor, but it was shown in Scotion 3.3
that, when used in conjunction with a one-dimensional hoat
conducticn solution, it did not proedict the coffect cbscrved. It
is possiblc that a threeo—dimonsicnal solution, which could bo

obtained numerically, would illuminate the problom.

A Tocont investigstion (Perry & Morrison, 1971)%* included
analysis ¢f the influence of static bridg: unbalanco, but the

high D.C. gain of the DISA 55D01 ancaomuter causcs this offect to

be negligible,

*A B, Torry & Goli idorrison (1971 A study of the constant
v Y

temporature hot-uire ancmometer. J. Fluid lMeche 47, 577-599.
9

JON—Y
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Appendix D:  Houation Tor the DISA 55DC1 bridge

The configuration of thc bridge of the anemometor used in the
majority of cxperiments described here is shown in Fig.2. The
magnitudes of the components are as followss

Bridge ratio X = 20

Resistance of upper bridge arm Rl = 50 ohm

Probe ceble capacitance CC -~ 500 pPF

Probe inductencce Lp = 2/4H

Probe receistance (probe 38) R, = 7.5 ohm.

The cable compensating capacitors have values between 7 and
20 pF (presct at the factory) and have been assumcd to be egual at
13pF. The compensation inductance lb represcents two series
inductances for coarsc and fine adjustment (L and @ on the front
panel)s a typical value would bc between 22 and 29 H (Nielscn,

private comnunication).

Lot the rcactances of LP and LD be XL and. XLD respectively,

and thosec of Cc, CD and CD2 be lc, le and. XD2o Then the

impedance of the probe Zp 1is

—
\/' ar
R (0.1)
S - D.1
! - L= °
XL:* LA
where ZH =R + XL’ and that of the oppositc bridge arm ZX is
iyt X ~ " -Z.
A bR e (D.2)

N §
Moo Ly
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vhero Zp = X + X0 }mH/(XDl + }CRH).

(H.B. XRH is the value of the adjustable resistance to sct

the equilibrium rcesistance of the probo at RH; the time-varying

probe resistance is R).

The bridge unbalance voltage v is thon

sl e S2 XK (KT
x-,_"w,.‘- X, ‘L ,; 'a;."_: 4}(;\"&’.“23;

{

h . -

- . o fos XY 3 ‘ .
Tor all practical fregucncic XDl ). mH s0 ZLM XID + XRH
Expanding equation (D.3) and substituting from cguations (D.1l) and
(D.2) wc obtain
\v4 P <\
e B X R
, z

R RARX +XR X o X X \(x .-X)H(Daf)
+ X(: Xv!; ALX X Y

LE L

?M..........

wherc the denominator, D, is
o | ., . .\
D *f\"\ﬂ" 3“\X.('+ 2N X' X )‘Q-J—L x \X ..(‘ +

P . ;e
X !‘\HA!} +/K XLD xc_.x'oi* AR >\.(32>
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Estimating the orders of magnitude of tho torms using the
givon valuos, with X =+ L and X, = 1/4:C etc., it is found
that for it X 10° cauation (D.4) becomes

L VR(R, - R) . VR'EL R N - ,\c}

TR - L %

(\ ks 4 yc Xi:;..(\\"“., MR
fol N v (D.5)
X ;\‘\ + ;\ )L_

If the prob:s currcnt is i and that through thc opposite bridge
arm is I, then since X, = (L/i)di/dt cte., tho last term on the

right hand side of cquation (D. 5) is
- :

\\r"L - ._..,_..\:\..............» . L ‘E)»\’/ ; i j

Coa o, _,\'io

et I 2og b 1410
AV \‘:‘. 4o Lo i [ . \ . 5 o et e o ,
AR _ 1 ‘_«} -t 1 \‘,I. +

- = - 7 |
, . 2 NN . D.6
LAY XC T T )
4t 4t Ndt/ |

Estimating the magnitudes of the torms within the bracket in

cquation (D.6) for a pericdic voltage appliecd to the bridge shows

6

that the torms involving current can be noglected for ) < 10

Since Xy = V/CC%-:{- ctc., the capacitive torm in equation (D.5)

is
‘ [ , !
\J‘, o \I p\ A !Lﬁ l

U\ +R) \)\

= F\R:' VIR Y
‘*‘“‘*‘L—- \C': XL’D}.&)"’

\R +\< At

x
XM (D.7)
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and the complete bridge cquation is

= \/(;‘(E{k{~F{}
R+ RY (0.8)

"A.‘

N i ~_>( _ c
TR T 'ML'R }—t‘ A Vi 4\/‘
L X e RrY dt

_r
=
)

T —
e
)
X
l(‘-
e

For the values of theo components given carlicr, the inductive
terms dominate the unsteady part of the equation. The term CA in

equation (3.5) is thus

LD*‘X LP

. (D.9)

S &(—X‘(,..Dﬁ +
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