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ABSTRACT, 

This thesis describes experimental observations on 

the form of velocity profiles and the incidence and nature 

of flow disturbances and turbulence in the aorta. 

The work is presented in two parts. In the first, 

the technique of constant temperature hot-film anemometry, 

and its possible application to measurement of point 

blood velocity in arteries, is discussed. The development 

and evaluation of a probe designed for intra-arterial 

use is described, and the performance of the probe and 

anemometer system in steady, unsteady and turbulent flows 

of water and blood are evaluated. The system is shown to 

be capable of registering arterial point velocities with 

acceptable limitations of accuracy and frequency response. 

The second part describes measurements made with 

this system in the aorta of dogs. Velocity profiles in 

the thoracic and abdominal aorta are shown to be blunt, 

with boundary-layers estimated to be less than 2 mm. 

thick throughout the cycle; significant skews are 

demonstrated, the explanation for which appears to lie 

in the influence of local geometry on the flow. A study 

of flow disturbances in the aorta, based on visual 

observation of instantaneous velocity waveforms and 

frequency spectral analysis, is also reported. Turbulence 

is shown to occur, its appearance being related to peak 



Reynolds number and the frequency parameter. a ; its 

possible origins are considered. 

The physiological significance of the observations, 

their applicability to normal conditions in the conscious 

animal and man, and their possible implications in terms 

of arterial wall pathology and vascular sound production 

are discussed. Worthwhile further applications of the 

technique are outlined. 
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INTRODUCTION 

The main object of this study has been to extend the 

very sparse information previously available on the form of 

blood velocity profiles within the aorta during the cardiac 

cycle, and to examine the nature and extent of any high-

frequency disturbances, and particularly turbulence, which 

might occur in the aorta under physiological conditions. 

An arterial flow velocity probe with good spatial discrimina-

tion and a high frequency response was therefore developed, 

and used to examine instantaneous velocity waveforms from 

point to point within the aorta of the dog. 

Apart from their intrinsic interest, such measurements 

are relevant to a number of questions in cardiovascular 

physiology. It has been demonstrated that both the 

endothelial surface (Fry, 1968) and the arterial wall 

(Roach, 1963) are sensitive to local hydrodynamic events, 

and recently Caro, Fitz-Gerald & Schroter (1970) have 

postulated that low wall shear rates are important in 

dictating sites of atherogenesis. Similarly, flow regimes 

are of interest in terms of their influence on mixing 

and mass transfer processes, pressure-flow relations, and 

the generation of audible sounds. In addition, many 

techniques which have been used to measure instantaneous 

volume flow rate (or the related quantity, instantaneous 

cross-sectional mean velocity) depend for their accuracy 

on some assumption about the velocity profile. For 
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example, the pressure gradient technique used by Fry, Mallos 

& Casper (1956), mentioned below, assumed entry conditions 

with a uniform velocity distribution; and the assumption 

of an axisymmetric velocity profile is inherent in the use 

of cuff electromagnetic flowmeters (Shercliff, 1962). 

Similarly, catheter-tip velocity transducers tend to 

register the velocity close to them and may therefore be 

sensitive to the velocity profile. The quantitative use 

of some ultrasonic Doppler techniques for blood velocity 

measurement also involves some assumption about the form 

of the velocity profile. 

Many of these techniques are applied in the proximal 

aorta, where it has been universally assumed that entry 

conditions exist, with a very thin boundary layer surround-

ing a broad fluid core which moves with uniform velocity. 

This assumption needs confirmation; Kuchar & Ostrach (1967) 

have pointed out that whilst entry conditions almost 

certainly exist in the ascending aorta, it is not certain 

whether conditions upstream (in the left ventricle and at 

the aortic valve) will produce a uniform velocity profile. 

Furthermore, the proximal aorta is not a straight pipe, 

and asymmetries might therefore be expected in the region 

of the bends, their shape depending on the presence or 

absence of viscous shear, and its form. In a viscous flow 

with relatively thick boundary-layers, the centrifugal 

pressure gradient which occurs in a bend produces a helical 
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motion, the faster moving core streamlines being swept to 

the outside of the bend (Goldstein, 1938). In an inviscid 

flow, with a flat velocity profile, there would be no such 

secondary motion; in this case the pressure gradient would 

be balanced by an acceleration of the streamlines near the 

inside wall. An inlet flow with thin viscous boundary layers 

and an inviscid core represents an intermediate situation 

and 'thus the flow patterns there depend strongly upon 

boundary layer growth and local geometry. 

Although direct measurements of the axial components 

of velocity (the object of this study) clearly cannot 

describe the time-varying and three-dimensional flows to 

be expected in such a system, they should yield useful 

information about the relative importance of viscous and 

inertial factors, the form of the inlet flow, and the 

major geometric influences. In particular, there appears 

to be a lack of information, either theoretical or 

experimental, about oscillatory flow superimposed upon a 

steady flow in curved pipes. 

Direct evidence about turbulence in arteries is also 

of interest. Both practical and theoretical difficulties 

have retarded the study of arterial flow disturbances and 

the possible transition to turbulence. In general, 

engineering studies have examined turbulence and transition 

primarily in steady flows, and there have been few studies 

of the stability of pulsating pipe flows. Those which have 
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been carried out (Yellin, 1966; Sarpkaya, 1966) centred 

primarily around the growth and decay of disturbances in 

sinusoidally accelerating and decelerating flows, but the 

conditions differed considerably from those to be 

expected in large arteries, since the boundary layers 

were thick, and the oscillatory components of the flow 

were small compared with the mean. This corresponds to 

domination of transition by the mean flow properties, and 

thus discussion of the onset of turbulence in arterial 

flow has been largely speculative, based on comparison 

with steady flow regimes. Such speculation has suggested 

that turbulence might occur in larger arteries during 

systole. The few attempts which appear to have been made 

to examine arterial flow in vivo, either by direct cine-

matography of injected dye (McDonald, 1952) or by cine-

radiography COhlsson, 1962) have tended to bear this out. 

Flow visualisation techniques are, however, difficult to 

interpret in phasic flow, since they are observed locally 

and for short periods, and almost any disturbance (vortex 

streets, secondary motion) may affect the dyestream and 

look like turbulence. Similarly, the standard technique, 

that of demonstrating the breakdown of the Poiseuille 

pressure-flow relationship, is inapplicable, and therefore 

point velocity measurement, with an instrument capable of 

following high frequency fluctuations, becomes extremely 

attractive. 



At the outset of this work there was no satisfactory 

method available for the measurement of velocities from 

point to point within arteries. Attention had been largely 

concentrated on the measurement of volume flow, or of a 

cross-sectional average velocity from which volume flow 

could be derived. Thus although Frank (1928), and later 

Willer (1954), in attempting to apply the principle of the 

Pitot flowmeter for arterial measurements, pointed out 

that local velocity measurements were of considerable 

intrinsic interest, most physiologists considered that the 

existence of the velocity profile would merely complicate 

the derivation of the really important parameter, volume 

flow, from measurements of point velocity. Partly - because 

of the small pressure differences between the dynamic and 

static tappings of a Pitot probe within an artery, and 

partly because of difficulties due to the non-linear 

calibration characteristics of such devices, neither Frank 

nor MUller derived quantitative data in arteries. Baxter 

& Pearce (1951) did obtain calibrated velocity records 

with this technique in the pulmonary artery of the cat. 

The waveforms are probably distorted, since the differential 

pressure signals were linearised electronically on the 

basis of the steady flow Bernoulli equation, pressure drops 

due to local inertia being ignored. This would not affect 

peak velocities and the quoted values (50-80 cm/sec) 

should be reliable. This paper is of historical interest, 

since it presents probably the earliest measurements of 
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phasic velocity ever made in the pulmonary artery, and the 

only successful application of the Pitot technique in 

arteries; however no attempt was made to explore velocity 

profiles, the probe being rigidly mounted on the centre-

lirie of the(cannulated) vessel. 

The Pitot technique has also been used in veins 

(Mixter, 1953), and has recently been revived for studies 

of flow within the heart (Taylor & Whamond, 1972). 

A number of other pressure gradient techniques have 

been used to derive instantaneous point velocity in arteries. 

Fry, Mallos & Casper (1956), and later Porje and Rudewald 

(1961) employed the longitudinal pressure gradient within 

a vessel, but a necessary assumption in this technique 

was that viscous energy losses were very small, so that it 

can only be applied in inviscid flow such as entry regions 

with flat velocity profiles; it does not permit the 

exploration of boundary layer regions where viscous effects 

become important. The basic equations of fluid motion 

were applied much more fully by Womersley (1955) to 

oscillatory pipe flow. Here, viscous terms were not 

approximated, and the solutions allow the derivation of both 

velocity distribution and instantaneous cross-sectional 

average velocity from the pressure gradient. McDonald 

(1955) shows good agreement between velocity waveforms 

measured directly in the femoral artery of the dog by 

high speed cinematography of injected air bubbles and 

calculated by means of Womersley's equations from the 
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pressure gradient measured at .the same time. However, 

restrictive simplifications (assuming rigid walls and a 

straight pipe far from entrance conditions) limit the 

application of this method also, and these techniques, 

which dropped out of use largely because of the demands 

they make on manometer performance and experimental 

technique, all involve the assumption of laminar flow and 

are incapable of detecting turbulence. For all these 

reasons they are inherently unsuitable for exploratory 
• 

studies of arterial velocity patterns. 

The catheter-tip form of electromagnetic flow probe 

(Mills, 1966; Mills & ShillinEford 1967) provides some 

degree of spatial discrimination, apparently responding to 

flow velocity within approximately one radius (1.25 mm.) 

of its surface. The signal is therefore effectively 

derived from a circular region of the flow cross-section 

approximately 5 mm. in diameter, which gives it only coarse 

discriminatory ability in a sheared flow, and prevents its 

use close to vessel walls. It will also be insensitive to 

eddies and velocity fluctuations on a scale much smaller 

than 5mm., even if they are convected past it slowly 

enough for the perturbation to lie within its frequency 

response (up to approximately 80 Hz). Thus it is also 

unsatisfactory for the examination of flow disturbances 

and turbulence. 

A number of attempts have been made to develop heat 

transfer techniques for the measurement of blood flow 
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velocity. The earliest work appears to be that of Machella 

(1936), who used a fine wire stretched across the diameter 

of the vessel and heated it by constant current. Such a 

system measures some function of cross sectional average 

velocity and is liable to errors due to strain-gauging of 

the wire - i.e. stretching, and therefore resistance 

changes, due to inertial and drag forces; this may be 

non-linearly related to velocity. In addition, since the 

wire has a finite mass whose temperature is allowed to 

vary, frequency response is limited; as McDonald (1960) 

points out, Machellals records show appreciable phase 

lags, which are probably a reflection of this. Like 

other heat transfer techniques, the method is non-

directional, so that all signals are registered with the 

same polarity. Machella does not discuss this, and appears 

to have assumed that arterial flow was unidirectional; 

nonetheless his measurements clearly demonstrated the 

pulsatility of arterial flow and the magnitude of the 

velocities involved and have particular relevance here, 

since the constant current anemometer he employed was the 

direct precursor of the constant temperature anemometer 

to be described in this thesis. 

Heated thermistors have also been employed for the 

measurement of blood flow velocity. Katsura, Weiss, Baker 

& Rushmer (1959) developed a constant-temperature heated 

thermistor probe, but found its frequency response inadequate 

for arterial measurements because of its thermal mass. 
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A catheter tip probe operated on the same principle, but 

employing miniature thermistors to improve frequency 

response, was described by Grahn, Paul & Wessel (1968, 

1969), but intravascular measurements were not presented 

and only qualitative evidence about the frequency response 

was offered. This type of device, which operates on 

exactly the same principle as the hot film system to be 

described here, clearly has the potential for good spatial 

discrimination. 

Constant current anemometry, the technique used by 

Machella, has a long history; the basic equation governing 

heat transfer from a fine wire by forced convection was 

published by King in 1914, and the system found many 

applications in aeronautical engineering, despite the 

limitations of frequency response and the extreme fragility 

of the very fine wires needed for good spatial discrimina-

tion. These drawbacks were in good part overcome by the 

development of constant temperature hot film anemometry 

(Ling, 1960) in which the wire was replaced by a thin 

metallic film mounted on a rigid supporting substrate, 

and the frequency response, greatly degraded in the constant 

current mode by the presence of the substrate, was improved 

by operating the film at constant temperature. 

There were a number of features which made the hot film 

constant temperature system attractive as a starting point 

for a technique to measure point velocity within arteries. 

It appearedfeasible to miniaturise the sensor element on 
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a needle probe; appropriate electronic circuits for con-

trolling the sensor had reached a high degree of development, 

and were available commercially; and on theoretical 

grounds a system of this kind could be predicted to have a 

good frequency response when used in a liquid like water 

or blood. 

The text which follows describes the development of a 

needle-mounted probe of this type and measurements made 

with it of blood flow velocity in the aorta of the dog. 
• 

During the period in which the work described in this 

thesis was carried out, two other groups (Ling et al, 1968; 

Schultz et al, 1969) have applied the same principle for 

arterial measurements, though with considerable differences 

in detailed technique. These, and the respective experi-

mental results, will be assessed in the text. The 

literature on arterial hot film measurements appears to be 

still growing, and recently, another laboratory has adopted 

the technique (Francis, Kiser & Falsetti, 1972). Accounts 

of the work described in this thesis have also been 

published and are listed at the end of the references. 
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SECTION 1: DEVELOPMENT AND EVALUATION OF HOT-FILM SYSTEM 

GENERAL CONSIDERATIONS 

Principle of constant temperature hot-film system 

A constant temperature anemometer circuit (Fig.l) 

consists of a Wheatstone bridge in the feedback loop of a 

high gain DC amplifier. The sensor is connected as one arm 

of the bridge; in the opposite arm is a variable reference 

resistance, usually in the form of a set of series resistance 

decades. The bridge output is applied as the input to the 

amplifier, and the amplifier output is in turn used to 

power the bridge. The sensor, in the case of film probes, 

is an extremely small resistive metallic strip mounted on 

a rigid insulating substrate (usually pyrex glass) and 

built into a probe which is connected to the anemometer by 

a cable. 

The instrument is set up under open-loop conditions, 

by matching the variable resistance exactly to that of the 

film and then increasing it by a fixed proportion - the 

overheat. When the loop is closed, this preset bridge 

imbalance produces an imbalance at the input to the amplifier, 

and thus an output voltage across the arms of the bridge. 

The film therefore heats up, and since it has a positive 

temperature coefficient of resistance, this brings the 

bridge into balance. Thereafter, provided the frequency 

response of the anemometer is flat over a sufficient range 
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to keep the film temperature constant, heat loss from the 

film is proportional to the power supplied to the bridge. 

Steady flow response  

The voltage output from the amplifier, V, is 

approximately related to fluid velocity past the film, u, 

by: 

2 V = V 	B 2 . A T 0 

(King, 1914), where V
0 
 is the signal at zero flow, B is a 

constant depending on fluid properties, probe shape and 

dimensions and bridge ratio, and AT is the temperature 

difference between the film and environment, dictated by 

the overheat. Intrinsically, the system does not distinguish 

forward from backward flow, and, for physiological measure-

ments, means must be provided for this. 

Obviously, AT has a strong influence on the sensitivity 

of the system, and in engineering applications the films 

are operated as hot as possible. In blood, excess 

temperature must be limited, both to prevent the accumulation 

of fibrin and platelets on the film, and to prevent damage 

to blood constituents. Fibrinogen, the most thermolabile 

constituent of plasma (Mcfarlane, 1960), is denatured above 

47°C, and above 48°C red cell damage also occurs (Ham, Shen, 

Fleming & Castle, 1948). Except where specifically stated, 

overheat has been limited in this study to 1%, which yields 

an excess temperature of approximately 5°C in the gold and 

platinum films used. 
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The relationship between,flow velocity and anemometer 

voltage output described by King's equation is obviously 

non-linear; its form can be seen in Figs. 3 and 9a, for 

example. Linearisation of the voltage-velocity relationship 

can be achieved over almost all the range of interest with 

commercially available linearising circuits; this technique 

was employed in all the animal studies presented here. 

In probe evaluation studies the anemometer output was 

recorded direct, since King's equation does not hold 

rigorously during transition from free to forced convection 

at very low velocities and linearisation becomes approximate 

below about 5 cm/s. Direct outputs were therefore necessary 

for assessment of the zero stability of the system and for 

direct comparison of signals obtained in steady and unsteady 

flow at very low velocities. 

Unsteady flow response  

A number of influences can cause departure from King's 

law in unsteady flow, and analysis of these effects is 

'crucial where oscillatory flows are to be measured. Fourier 

analysis of flow waveforms in major arteries shows that 

harmonics up to the eighth may have significant amplitude 

(Ferguson & Wells, 1959; Bergel & Gessner, 1966); thus 

the velocity waveform in the dog aorta may be expected to 

contain components of significant amplitude up to 

approximately 25 Hz; if present, superimposed flow dis-

turbances, particularly turbulence, will reach much higher 

frequencies. .In fully developed turbulence, the maximum 
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amplitude will occur at some ? centre?  frequency which will 

be of the order of 	where u is velocity and L is an 

appropriate dimension such as vessel diameter. About this 

centre frequency, amplitudes decay progressively to zero..  

Thus at a systolic velocity of 100 cm/s, in a vessel 1 cm. 

in diameter, frequencies well over 100 Hz will occur in 

turbulent flow. 

The ideal instrument will have a flat frequency 

response. In practice, three sources of disturbance must 

be considered with hot film systems: 

1. Fluid dynamic effects  

Heat transfer from a body exposed to fluid flow depends 

on the form of the velocity and temperature gradients - 

that is, boundary layers - which develop at the surface. 

In steady conditions, and in unsteady conditions where 

velocity perturbations are small compared with the mean 

(Lighthill, 1954), the relationship can be examined 

theoretically; but where perturbations are large, and 

particularly where flow reversal occurs, it is difficult 

to apply existing theory rigorously. It is clear, however, 

that a change in stream velocity has to modify the boundary-

layer growing along the probe from its tip before the hot 

film can respond. With a tip-to-film distance of x cm., 

and stream velocity u, the time taken to modify the 

boundary-layer will be of the order of x/u; and this must 

be small in comparison with the cycle-time (1/f, where f 

is frequency) if the film response is to 'keep up' with 
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the velocity oscillation. Thus the ratio fx/u must be small 

compared to unity if steady heat-transfer conditions and 

calibrations are to hold. Near zero velocity, this 

requirement inevitably breaks down, and the situation is 

further complicated by rectification of the signal, which 

introduces higher harmonics than are present in the flow 

waveform. Figure 2 illustrates the effect this may have. 

The ideal and predicted hot film responses are superimposed 

upon a velocity waveform redrawn from an electromagnetic 

flowmeter record; as fx/u becomes large, the probe cannot 

respond fast enough to give a zero signal at zero flow. 

This reinforces the need for a means of direction sensing 

which will allow reconstruction of the true velocity 

history, and indicates that body length is an important 

feature of probe design. 

2. Thermal dynamic effects  

Part of the heat generated by the film will be con-

ducted into the substrate on which it is mounted. In 

unsteady flow, fluctuating thermal gradients may be set up 

in the substrate whose time course is different from the 

flow fluctuations, and which may therefore distort the 

flow signal. This problem has been treated by Bellhouse & 

Rasmussen (1968), who analysed mathematically heat conduction 

in a one-dimensional film-substrate model. This is a 

simplified situation, but they concluded that again errors 

would increase with diminishing velocity, and also with 

increasing frequency and substrate dimensions. They also 
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concluded that these effects should be slight in fluids 

such as water and blood, whereas the frequency response 

would be greatly degraded in air. 

3. Electrical effects 

These are extremely difficult to assess, since the 

overall behaviour of the system depends on a number of inter-

acting factors. High current-generating capacity (trans-

conductance) in the anemometer amplifier is an obvious 

prerequisite, since it is the power source which heats the 

film; and amplifier loop-gain must also be high if the 

changes in film temperature which produce the input voltage 

are to be kept small and corrected rapidly. These are 

characteristics of commercially available anemometers. 

However, the rapidity of the response is controlled in part 

by the small but finite thermal inertia of the film, and 

the amplitude by the temperature coefficient of resistance. 

These characteristics interact with the purely electrical 

properties of the circuit in a manner which cannot be 

calculated accurately. 

In summary, these theoretical considerations imply that 

fluid dynamic effects are likely to distort the signal at 

high frequency and/or low velocity, but the electronic and 

thermal properties of the system are not predictable. 

There is therefore a clear need to examine the frequency 

response experimentally, by direct comparisons between 

calibrations performed in steady and unsteady flow. 
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. CALIBRATION TECHNIQUES 

A number of different flow regimes proved necessary 

to examine all relevant aspects of probe performance. The 

majority of tests were carried out using steady motion of 

the calibrating fluid on a turntable apparatus, with or 

without superimposed sinusoidal motion of the probe. 

Poiseuille flow was generated in a steady flow pipe rig to 

examine the spatial discrimination of the probe and the 

effects of wall proximity, and fully developed turbulent 

flow was generated in the same rig to examine the response 

to turbulence. An oscillating pipe flow was used to 

examine wake effects in a bounded flow; and finally an 

indirect (electrical) test was developed for rapid frequency 

response assessment. 

Steady flow  

Turntable  

For routine use channel and pipe flows proved 

unsatisfactory, because the higher velocities were disturbed 

by eddies and turbulence, and because temperature fluctua-

tion in the liquid was difficult to avoid. Free jets from 

a still reservoir were ruled out because theoretical 

calculation of jet velocity is only accurate if a considerable 

pressure head is present; this makes it an unreliable 

method for velocities below 100 cm/s, and therefore a 

turntable device, which proved extremely convenient, was 

adopted. 



This consisted of a commercial transcription gramophone 

turntable (Goldring G99) having continuously variable speed 

from 16 to 80 rpm set by a built-in stroboscope, on which 

was mounted an open cylindrical container, of 30 cm. 

diameter, for the calibrating liquid. To ensure balance of 

the rotating mass, containers were machined from solid 

perspex or dural. 

Flow in the container immediately after starting 

rotation is complicated, but steady conditions, with solid 

body rotation, are achieved after a half to one minute 

depending upon rotational speed. The velocity at any point 

in the fluid is then known from radial position and 

revolution rate. 

Tests were made to check that immersion of the probe 

did not disturb solid body rotation, and that the wake 

behind the probe, which will of course rotate with the 

container, did not give rise to an artefact. The probe was 

plunged into the fluid after establishment of solid body 

rotation, and the signal monitored for any disturbance at 

the end of the first revolution after immersion. No change 

in the mean signal occurred, and it was concluded that the 

centrifugal force due to rotation caused secondary motion 

in the wake, which either displaced the wake away from the 

locus of the probe, or caused it to be damped within one 

revolution. At some combinations of radius and rotation 

rate, minor unsteadiness was present in the signal from 

water, but not from more viscous fluids like glycerine and 
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blood. This might be a vestigial wake effect, or it might 

be due to surface waves (.see below). Subsequently, a check 

on the validity of the assumption of solid body rotation 

was made by comparing calibrations made on the turntable 

and in a towing tank. The results are shown in Fig.3. 

There is no systematic difference between the calibrations, 

the scatter being attributable to dust contamination and 

local temperature variations within the fluid, both of 

which affect heat transfer from the film and are almost 

impossible to eliminate completely. 

The liquid surface during rotation is paraboloidal, 

the depth h at radius r being given by: 

h 	H + —7E— 
SL2 

 (
r 	2 
2 R2  

= O 	-  

where H is initial depth of filling, R is radius at the 

rim, n. is the angular velocity of the turntable, and g is 

acceleration due to gravity (Prandtl, 1952), Initially, 

the container was made with a second inner rim, at 8 cm. 

radius, to avoid making it too deep (at 80 rpm the depth 

at the centre would be zero for a rim height of 8 cm.). 

For studies on blood, a second dish was made; this had two 

annular channels, each 1 cm. wide, with centres at radii 

at 7.3 and 15 cm. The remaining spaces of the dish were 

filled with water, into which dipped supply and return pipes 

from a thermostatically controlled water heater and 

circulator (Churchill). After appropriate adjustment of 
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the heater, it was possible to maintain fluid in the 

annular channels at. 37°C (- 0.2oC), and to carry out a 

steady flow calibration in small steps from 0-120 cm/sec, 

using a total volume of 150 ml. blood. 

The presence of the probe can cause surface waves in 

the rotating fluid, which can propagate around the con= 

tainer and perturb the velocity field around the probe. 

Such disturbances should decrease exponentially in 

amplitude with increasing depth (Stoker, 1957), but might 

be a source of signal instability near the surface. 

This was examined empirically using various depths of 

liquid and probe in a 20 cm. deep container, and it was 

found that for a probe with a 1 mm. diameter shaft, signal 

disturbance from this source was insignificant if the 

probe was immersed to a depth of 1 cm. or more. The actual 

depth of the calibrating fluid beyond this was not 

important. 

A rotating calibrating system gives rise to a 

centrifugal force which might cause concentration gradients 

in fluids such as blood, which contains suspended particles. 

The outward acceleration is RS).2, which in this case is 

almost exactly lg at 80 rpm. Thus the outward movement 

of particles is no greater than the sedimentation rate, 

and in any case the fluid can be regularly stirred to 

ensure homogeneity. 
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Pipe-rig  

This consisted of a fixed-head water reservoir (con- 

taining honeycombing, fine mesh screens, and small glass 

spheres for flow smoothing), with a carefully radiused 

and polished 'trumpet' orifice which was connected, via a 

short perspex test section, to a 400 cm. straight stainless 

steel pipe with a polished bore, 1.68 cm. in diameter. 

At the downstream end of this was fixed a second perspex 

test section. Both test sections were cylindrical, and 

exactly the same bore as the pipe; each one had a single 

small entry port drilled through it and Covered with a 

rubber membrane through which the probe could be pushed 

into the flow. 

The length of the pipe was selected to be greater than 

the entry length at Reynolds numbers up to approximately 

2500* so that all laminar flows would have fully developed 

(Poiseuille) velocity profiles at the downstream test 

section. In practice, traverses with a Pitot probe showed 

that departure from the expected parabolic form was detectable 

*Entry length x in a pipe of radius r is given by 

X 1."-" .06.Re.r 
	

(Goldstein, 1938) 

Re is Reynolds number, defined as u.d; u is mean velocity, 
V 

d is pipe diameter, and 1.  is kinematic viscosity. 
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at Reynolds numbers above 2300. At higher Reynolds 

numbers, flow through this test section was turbulent. 

The upstream test section provided access to entry type 

flows with blunt velocity profiles. Flow rates in the 

pipe were controlled with a valve at the outlet, and 

measured with stopwatch and measuring cylinder. 

Unsteady flow 

Probe oscillation 

Sinusoidal probe motion was generated by mounting the 

probe on an arm connected to a yoke which was driven by an 

electric motor and executed true simple harmonic motion at 

frequencies up to about 12 Hz (Fig.4). The linear 

amplitude of the motion could be varied between about 0.5 

and 3 cm. When probe oscillation was used in conjunction 

with steady flow at small radii on the turntable, the 

stroke of the oscillation had to be limited to minimise 

the mean velocity variation due to the shift in radial 

position of the probe, produced by the tangential motion. 

For example, the peak to peak movement should be no greater 

than 1 cm. at radius of 3 cm., or 2 cm. at a radius of 

cm., to limit the velocity error to 15 of the mean. 

The oscillatory velocity of 'the probe was measured 

continuously with a Sanborn linear velocity transducer 

(6LV 3-N), which was attached to the probe clamp. The 

signal from this was recorded on ultra-violet paper alongside 

the probe velocity signal. Its calibration, which was 
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very stable, was checked in each experiment. 

For sinusoidal. motion, the instantaneous velocity of 

the probe V, is given by 

U = aw .sin wt 

where a is the half-stroke amplitude, and W is the angular 

frequency of oscillation. Peak oscillatory velocity is,  

therefore aW , or 2iTaf 	where f is frequency in Hz. If a 

steady motion, of velocity u, is added, then the probe 

velocity is given by 

u = Tr+ aw.sin Lot 

and peak forward velocity, a, by 

- 
U = U 	211: of 

The total range of peak oscillatory velocity available 

from the shaker rig was approximately 2-100 cm/sec. 

This combination of probe motion and liquid motion is 

exactly equivalent to a composite motion in the liquid 

along; the coordinates have merely been transferred 

between the probe and the liquid. Where a calibration 

system of this sort does depart from the situation in an 

artery is in the absence of wall constraint and friction, 

which might modify the wake. This was briefly examined in 

oscillating pipe-flow. 
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Oscillatory pipe-flow  

A brass pipe, 1.1 cm. diameter and 3 m. long, was 

mounted vertically (to avoid bubbles) and filled with water. 

This was moved in simple harmonic motion at frequencies 

from 1-5 Hz by a piston. The probe was inserted midway 

from the ends and aligned on the centreline. The pipe 

length was chosen so that flow past the probe was fully 

developed. For oscillatory flow under these conditions, 

the velocity profiles can be calculated exactly (Schlichting, 

1968), and the relation between the (monitored) piston 

velocity and centreline flow velocity at the probe can be 

derived. 

Indirect calibration method  

The frequency response of the anemometer in its 

operating mode was also examined by coupling an oscillator 

across the film, as shown in Fig.5, and injecting a 

sinusoidal voltage of small amplitude under the conditions 

recommended for the square wave frequency response test 

in the anemometer handbook. This produced a sinusoidal 

anemometer output, the amplitude of which could be plotted 

against the frequency of the (constant amplitude) input 

signal to yield an 'electrical' frequency response. 

This technique is easy to use, but has theoretical 

disadvantages as a method of assessing the instrument 

frequency response, since the signal disturbs the temperature 

of the film as well as the input voltage to the amplifier, 

and this represents a departure from normal operating 
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conditions. This temperature perturbation is very small, 

and as long as temperature distribution in the film is 

nearly uniform, requiring that conduction in the substrate 

should be in one dimension only (i.e. down into the 

substrate, and not spreading sideways to create spanwise 

or lengthwise temperature gradients under the film) the 

method should be valid. For these films, this requirement 

holds down to about 3 Hz.* 

In fact it will be shown that the frequency response 

measured electrically reflects closely that inferred from 

direct flow calibrations, and the method has been valuable 

in comparing the response characteristics of different 

constant temperature circuits and overheat settings,.and 

in monitoring the effect of necessary modifications. 

*One dimensional heat conduction will occur,  if the depth of 

penetration of thermal waves into the substrate is small 

compared with the smallest dimension of the film. The depth 

of penetration of thermal waves is given by 412 , 

Mi 	

where K is 
thermal diffusivity (approximately 6 x 10-3  cm2/sec for 

pyrex). Smallest film dimension is less than 0.02 cm. 

This becomes equal to K 
	

at a frequency between 2 and 3 Hz. 
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• PROBE FABRICATION 

Resistive metallic films can be deposited on a glass 

surface by vapour deposition in vacuo, by electroplating, 

or by application of paints which deposit a metal layer 

when fired to high temperatures. All these techniques were 

investigated, but the first two were abandoned because in 

preliminary trials the films had unpredictable resistances 

(probably because of uneven deposition on the curved 

substrates); they also required sophisticated equipment. 

The painting technique is comparatively simple, and 

was eventually used to construct all the thin film circuits.  

It is an old technique, originally (and still) used to 

decorate pottery; commercially available gold or platinum 

paints (Hanovia Liquid Bright Platinum, 0X5, and Liquid 

Bright Gold, KAl2 - Engelhard Industries), which contain 

the metal in solution as an organic salt, are applied to 

the substrate by brush, or dip-coating, and then baked in 

an oxidising atmosphere. This breaks down the salt to 

yield the free metal and volatile side-products which 

evaporate. If the temperature is elevated to the softening 

temperature of the glass, the metal film bonds firmly to 

its surface. 

In practice, a high temperature laboratory oven, 

ventilated with a trickle of air vented from a domestic 

hair dryer, was used initially. Later, when probe design 

problems had been solved and all the films were being laid 
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down on standardised tiny glass beads, a small bench-mounted 

heating coil was used. Sufficient air flow through the coil 

occurred by convection, and the glass steadily heated to its 

softening temperature (approximately 670°C for pyrex). The 

whole process took only about 30 seconds; thus large 

batches of films could be made, and the uniformity and 

abrasion resistance greatly improved with the use of multiple 

thin' coatings. 

The properties of both gold and platinum films were 

examined. Platinum films proved extremely tough and adherent, 

with resistances in the region of 1011/sq. cm., and positive 

temperature coefficients of resistance of 0.210 per °C. 

This value was highly reproducible, and constant over a 

wide temperature range. All these properties were 

desirable, as was the fact that wires can be soldered 

directly to the metal surface. Gold films had similar 

electrical properties, but were, predictably, softer. 

They were also less adherent to the glass and were soluble 

in solder; thus an intermediate step was necessary in 

soldering, to cover the gold surface in the soldering region 

with a thin layer of heat-fused silver paste. Despite 

these disadvantages, it proved necessary to use gold for 

most of the probes because more than one film was necessary 

on each probe for direction sensing (q.v.). This involved 

a masking and etching process to register the films with 

sufficient precision and platinum is extremely resistant to 
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both chemical and electrolytic attack; gold dissolves in 

seconds in a solution of iodine in potassium iodide. 

The first step in this process was to coat the whole 

glass bead with gold by dip-coating and firing, as 

described above. Definition of the required film pattern 

was then achieved by chemical etching of excess areas of 

this gold film after the application of an adherent mask 

made with photoresist (KPCR, Kodak). 

The metal-clad substrate was dip-coated with photo-

resist and dried. A negative photographic film image of 

the required metallic film pattern, life size, was then 

applied to the surface, and the photoresist layer exposed, 

through this mask, to ultraviolet light. The negative was 

removed and the bead immersed in photoresist developer, 

which hardened the exposed areas of photoresist, and 

dissolved away the remainder, exposing the excess gold, 

which was etched off. The photoresist was then removed 

with solvent. 

Really sharp definition of this etched pattern depends 

upon intimate contact between the resist-coated substrate 

and the photographic negative. Photographic film which is 

sufficiently thin, flexible and dimensionally stable to be 

used as a negative is available in the form of 'stripping 

film' (Kodak Transparent Stripping Film, type 3), in which 

the emulsion layer (approximately 0.01 mm. thick) can be 

peeled off its backing after exposure and development and 

handled separately. Thus the mask is made in one step by 
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photographing on to stripping film a scaled-up image, in 

black and white, of the circuit layout required on the 

probe. After development the film is stripped from its 

backing, and folded round, or glued against, the substrate. 

It proved possible with this technique to systematically 

define up to three gold films 0.2mm. wide, and separated 

by 0.1 mm., on the surface of glass beads 1-1.5 mm. in 

diameter. 

Small areas at each end of each film were covered with 

silver by fusing on a silver paste preparation (Hanovia 

Silver Paste No.38). Fine, epoxy-lacquered wires were 

soldered to these points; the solder joints were reinforced 

with epoxy resin (.Araldite Twinpack), the wires then 

threaded through a pre-shaped hypodermic, and the glass bead 

cemented into position with more resin. 

The final design of probe, which was used in all the 

animal studies, and whose performance is to be described, 

carried three films, each electrically independent (Fig.6). 

The films were aligned at right angles to the axis of the 

needle, and thus at right angles to the axis of the flow. 

The upstream and downstream films were used for sensing 

flow direction (q.v.); the central film was connected to 

the anemometer and used for measurement of flow velocity. 

Although miniaturisation of these probes was obviously 

desirable on all counts, the detailed shape represents a 

compromise between the practical needs of arterial puncture 

and fluid dynamic requirements. A very wide range of 
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shapes and film orientations was tested originally. Most 

were discarded because incipient or actual flow separation 

in the neighbourhood of the film led to noisy or poorly—

reproducible velocity signals. Others had very different 

sensitivity to forward and backward flow. Some other 

theoretically attractive shapes were eiher difficult to 

build, or difficult to insert into an artery without 

gross haemorrhage. 
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ANEMOMETERS 

Commercially available circuits were used throughout 

this work. A number of these are available, all primarily 

intended for aeronautical application, particularly 

turbulence measurements with hot wire probes run at very 

high temperatures. None of them had entirely satisfactory 

performance when used at low overheats, the main failing 

being in frequency response. The DISA 55D01, which is a 

transistor design, caused least distortion of high frequency 

signals and was therefore adopted. Two modifications were 

made to it (Fig.5) to improve the accuracy of bridge 

balancing and overheat setting: 

1) An additional series resistance decade was 

inserted in the balancing arm of the bridge. This 

allowed balancing to .001 rather than .01 ohms. 

2) A switched resistor was inserted in parallel 

with the upper arm of the bridge adjacent to the 

decades. 	The value of this was chosen so that 

it reduced the resistance of that arm by 1%. 

Closing the switch then automatically provided 1% 

overheat. 

LINEARISATION AND RECORDING 

As described earlier, the relationship between 

anemometer outpUt and flow velocity is non-linear. It is 

convenient visually, as well as for derivation of average 

values, integrals, and derivatives, to linearise this 
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voltage-velocity relationship; this can be done with a 

commercial analogue circuit (DISA D10 lineariser) which 

accepts the output from the anemometer and is set up during 

calibration of the probe. It was used in all the animal 

studies reported here. 

During development and evaluation studies, the anemometer 

output was recorded using an ultraviolet recorder (S.E. 

Laboratories, 2005) with 450 Hz galvanometers. Appropriate 

zero adjustment, gain control, and impedance matching were 

interposed via operational amplifier circuits of the type 

described by Gordon (1972). 
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PROBE PERFORMANCE 

The results which follow apply to probes of the form 

shown in Fig.6, which was the design used for all the animal 

experiments. Behaviour in steady flow is described first; 

performance is then assessed in unidirectional and reversing 

oscillatory flow, and in turbulent flow. 

This section is necessarily fairly long, because many 

aspects of probe performance are relevant to intra-arterial 

use. It has been condensed as much as- possible, and 

summarises experience in a long programme of probe develop- 

ment; as will be immediately obvious, it also leans 

heavily on the knowledge of fluid dynamics supplied by my 

colleague in this part of the work, Dr. N.B. Wood. 

Steady flow 

Signal stability  

Heat loss from the film in still liquid occurs principally 

by conduction, since natural convection (buoyancy) and 

radiation losses are very small at 1% overheat. When the 

liquid is set in motion, forced convective heat loss is 

added. Both of these are directly proportional to AT, the 

temperature difference between film and environment• which 

is dependent on both film and fluid temperature. Variations 

in these were the principal cause of baseline (zero) and 

gain instability. In still liquid, the fluid temperature is 

constant; film temperature, however, is a function of 

bridge resistance, and zero drift occurred if there was 

any resistance instability in the probe circuit. High quality 
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leads and plugs between the probe and anemometer were 

therefore essential, but by far the commonest source of 

resistance changes lay in the film itself, which was 

susceptible both to mechanical damage (abrasion) and to AC 

electrolytic etching by stray potentials in the calibrating 

fluid. The likelihood of both was greatly reduced by firing 

on a protective silicon dioxide coating (again applied in 

the form of paint) during fabrication, as described by 

Vidal and Golian (1967). Thin epoxy lacquer coatings 

• (Araldite 820) were later shown to be even more satisfactory. 

Stray EMFts in the calibrating fluid were eliminated by 

earthing the steel shaft of the probe, and therefore the 

fluid, to the anemometer bridge earth. 

In steady flow on the turntable apparatus, AT was also 

affected by slow cooling of the calibrating liquid due to 

accelerated evaporation and latent heat losses. However, AT 

is set in the first place by balancing the bridge, which 

takes only seconds and was therefore repeated for each 

calibration point. 

When these precautions were taken, and the calibration 

liquid Was filtered to eliminate particle contamination, 

steady flow calibrations for each probe became highly 

reproducible - typically within - 5% in velocity terms over 

several weeks. Changes were almost always the result of 

damage to the film, and were easily detected during overheat 

setting because .of a change in resistance. 
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Short-term temperature drift was never a problem in the 

aorta. Initial experiments confirmed the observation of 

Wessel, James & Paul (1966), who found that short-term 

temperature fluctuations in the aorta are negligible. Slow 

drifts downwards, due to body cooling, occurred in long 

experiments; the effect of these was easily circumvented 

by regularly checking and, where necessary, resetting the 

overheat. 

Linearity  

Linearisation of probe response on the basis of King's 

law involves certain approximations. First, the value of the 

velocity exponent is weakly dependent on probe geometry, 

and the value of 0.5 strictly applies only to a. cylindrical 

body. Second, the zero flow signal depends on both con-

vective and conductive heat loss, and their absolute and 

relative magnitudes will be influenced by geometry, AT, 

and the thermal properties of the calibrating liquid and 

probe. Thus V
0
2 
 may not always be a precise zero flow 

intercept. 

The magnitude of these approximations was examined by 

numerical linearisation of directly recorded anemometer 

outputs from steady flow calibrations. A velocity exponent 

of 0.5 gave very good linearisation through the steady flow 

points, but the extrapolated zero intercept frequently 

differed slightly from the measured zero flow voltage. 

Thus linearisation, whether calculated or set up on an 

electronic circuit, involved errors at very low velocities, 



since the slope of the calibration effectively changed some- 

where in the region of 5 cm/sec. This was considered 

acceptable in practice, since other errors occur at these 

low velocities in unsteady flow (see below). The stability 

and frequency response of the electronic lineariser used in 

the animal experiments were separately tested and shown to 

be satisfactory. 

Relative  sensitivity in water and blood  

There were obvious attractions in using water for 

calibrations if the results were valid for blood. Heat 

transfer theory for homogeneous liquids predicted that flow 

sensitivity would be strongly influenced by viscosity, 

which implied not only a difference between water and blood 

calibrations, but possible dependence of the blood calibration 

on haematocrit. At this time, preliminary reports on the 

use of hot film systems in arteries were appearing from 

other laboratories, with conflicting statements on this 

point, which it seemed important to clarify. 

Serial calibrations were therefore carried out, at 

37°C, of water and of samples of blood, freshly drawn and 

anti-coagulated with heparin, 10 units per ml. To examine 

the influence of red cell concentration on sensitivity, 

extra samples of blood were taken and centrifuged; the 

resulting cells and plasma were then mixed in different 

proportions to obtain variations in haematocrit, and the 

probe was again calibrated in this reconstituted blood. 
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A typical result is shown in Fig.7. Sensitivity to 

flow (slope)was very similar; zero sensitivity differed 

considerably. Over a fairly wide range, haematocrit was 

unimportant. These results were highly reproducible with 

different probes and blood samples. 

The close correspondence of the forced convection 

response of the probe in water and blood leads to the 

possibility of simplifying a linearised calibration by using 

water, since only a zero offset is required to make the two 

responses identical (Schultz Ot al, 1969). The lineariser 

gain could be set up with a water calibration and the zero 

then reset with the probe immersed in a small, stationary 

sample of blood. There are, however, drawbacks to this, 

since the linearising circuit has the inherent property 

that any error in zero setting seriously changes the gain 

also. For this procedure to be valid, therefore, the 

difference between the forced convection signals must be 

exactly the same as that between the zero signals; this did 

not prove to be the case for all probes. This technique 

hats the further disadvantage that the calibration depends on 

the accuracy of setting of one point. The technique was 

tested on a number of occasions by calibrating in water and 

then transferring to blood, resetting zero, and examining 

the flow sensitivity in blood. On only one out of four 

occasions was this within 205 of that predicted from the 

water calibration, and the method was abandoned. The 

standard procedure was to calibrate the probe, in blood from 

the animal, at the beginning of each experiment. 



Spatial discrimination and blockage effects  

Two possible sources of error could not be evaluated in 

the open channel of the turntable apparatus. The first was 

the progressive blockage effect which might occur, and might 

distort the measured profile, as the probe was advanced 

across the diameter of a closed pipe. The second arose 

becaube the film was offset sideways from the tip position, 

as well as downstream, and in a sheared flow neighbouring 

streamlines with different velocities impinged on the probe, 

contributing to the growing boundary layer ahead of the film 

and possibly 'weighting' the response. This might appear 

as a distortion of the profile or as an offset of the 

measured profile in relation to the probe-tip position. 

Steady pipe flow was used to assess these sources of 

error. Probes were traversed across a diameter of the pipe, 

after calibration in water on the turntable apparatus. Two 

sites were used; the first was 10 cm. from the entrance, 

where th.e (blunt) velocity profiles could be predicted from 

th.e volume flow rate, using the experimental data of 

Nikuradse (1934). The second site was 400 cm. from the 

entrance, where the flow was fully developed. 

Results are shown in Fig.8. In the entrance region 

(Fig.8a) measurements made at three flow rates are compared 

with the predicted velocity profiles (full lines). At the 

downstream site (Fig.8b) measurements made at a Reynolds 

number of 1070 are compared with a parabolic velocity 

profile calculated from the measured volume flow rate. 



Blockage effects are clearly negligible. This was 

expected since the film is mounted about 5 mm. ahead of the 

probe shaft. Potential flow theory predicts that the 

velocity perturbation round an obstacle falls off as the 

square of the ratio of obstacle size to distance from it. 

In this experiment, with an area blockage at the plane of 

the shaft of 13%, the perturbation in velocity at the plane 

of the film should be under 1%. The worse physiological 

case, in the distal aorta, would give an area blockage of 

20%. In the ascending aorta, blockage would be less than 

10%. 

The profiles- demonstrate that 'weighting' of heat 

transfer does occur in sheared flows; first, offsetting the 

profile, in relation to the probe tip position, by 0.5-1 mm. 

towards the film position, and second, distorting the 

measurements close to the near wall. These results can be 

summarised as follows: this type of probe is unsatisfactory 

for making measurements within 2 mm. of the point of 

insertion through a wall; further out than this, velocity 

+ 
profiles can be registered within - 50

e  
(calibration accuracy) 

by taking a point midway between probe tip and film as 

the measurement position. Aortic profiles presented in this 

thesis were constructed accordingly from the measurements 

made in the vessels. 

Unsteady flow  

Direct testing of the behaviour of the system in 

oscillatory flow was possible up to about 12 Hz; above this 
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the motion of the probe was distorted by backlash and high 

frequency vibration in the shaker rig. 

A fairly standard procedure was adopted for the unsteady 

flow tests. For each run, a particular amplitude of 

oscillation was set on the shaker rig, and the frequency 

increased in steps from about 0.5 Hz upwards. At each step, 

probe and velocity transducer signals were recorded on the 

ultraviolet recorder, The peak probe signal during the 

forward stroke at each frequency was then measured, and 

plotted unlinearised against instantaneous velocity for 

comparison with the steady flow calibration. 

A number of such runs were normally made, each with a 

different steady velocity set on the turntable; a run was 

also made with the turntable stationary. Steady flow 

calibrations were carried out before and after the unsteady 

runs. Water was normally used, for convenience; similar 

results were obtained when the tests were repeated using 

blood. 

Initially, attention was focussed on the peak signal 

for two reasons. First, it was easier to read, and gave 

the best signal to noise ratio. This minimised scatter, 

which was important since it was deviations of this signal 

from the steady flow signal at the same velocity which were 

of interest - i.e. a potentially small difference between 

two large signals, both subject to scatter and measurement 

errors. Second,' it was least likely to be distorted by fluid 

dynamic artefacts, as discussed earlier. 
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The behaviour of the system in unsteady flows at 1% 

overheat was initially extremely confusing, because both 

artefacts in the flow, and distortions in the probe response, 

were present in proportions which depended upon the particular 

flow conditions, The situation is simplified if the 

behaviour in unidirectional oscillatory flow - which reveals 

the frequency response of the system - is examined first, 

and observations made in reversing flow - which reveals the 

fluid dynamic sources of signal distortion - are deferred 

until the frequency response has been examined. 

Frequency-response.  

At frequencies and amplitudes too low to cause flow 

reversal, the unsteady responses were consistently above the 

steady calibration (Fig.9a). In.Figure 9b, the results of 

these. and a number of other, similar tests are plotted in 

frequency-response form. It seems clear, despite the 

scatter, that the effect is frequency-dependent, but is 

independent of both amplitude of oscillation and absolute 

velocity. Electrical testing at low frequency also revealed 

a response that rose with frequency at 1% overheat (Fig.lO). 

All this suggested that the behaviour of the system rather 

than any fluid dynamic artefact was responsible for the 

flow result. Flow tests were therefore repeated at 5% 

overheat, since in this condition the electrical response 

was virtually flat at low frequencies (Fig.lO). The results 

are summarised in Fig.11. With the single exception of 

oscillation in still liquid (see below), the discrepancy 

between steady and unsteady signals was eliminated. 
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An overheat of 5% means a film which is approximately 

25°C hotter than the surrounding fluid, and this is at 

least 15°  too hot for use in blood. At 2% overheat, the 

maximum feasible for blood, the system performed only 

marginally better than at 1%. An alternative means of 

improving the frequency response was therefore sought. 

The most satisfactory solution would be to improve the 

design of the anemometer. This was not attempted, because 

at best it only offered a long-term solution; anemometer 

feedback theory is inexact and extremely complex, since the 

purely electrical amplifier and bridge characteristics 

interact with the thermal properties of the probe. Instead 

the simplest solution which suggests itself - a filter - 

was adopted. 

A single-stage resistance-capacitance filter at the 

anemometer output proved satisfactory. Since the amount 

of attenuation, and the exact frequency range over which it 

was needed varied between different probes, the filter was 

built with adjustable components, and was set up (using the 

electrical frequency response test) for each probe before 

measurements or calibrations were performed. The filter was 

in the form of a frequency-sensitive voltage divider 

(Fig.l2a); the upper arm is a non-inductive resistor R
1 

and the output is picked off across the lower arm, which 

contains a resistance R
2 
in series with a capacitor C. 

In Figure 12b, its amplitude and phase characteristics are 
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shown for two levels of attenuation (set by adjusting R1) 

at a single frequency setting. As can be seen, it gives 

progressive attenuation over approximately one decade of 

frequency. 

In Figure 13 is shown the electrical frequency-response 

of the system with the probe exposed to two steady flow 

velocities. This figure is directly comparable to Fig.10, 

though it is taken to much higher frequencies; over the 

range 1-25 Hz, the filter allows correction to within about 

55. 	 • 

In Figure 14 the results of unsteady, unidirectional 

flow tests with the filtered system are shown; this figure 

is directly comparable to Fig.9b. Again the scatter is 

rather wide, but the rising response characteristic has 

been neutralised. Over a number of such tests, the response 

appeared flat within ± 5% at low frequency. Using the 

electrical test to higher frequencies showed that the response 

was flat within - 10% up to 500 Hz (Fig.l3); this was 

considered satisfactory. 

Reversing oscillabry flow 

If the maximum oscillatory velocity achieved by the 

probe exceeds the steady velocity imposed by the turntable, 

flow over the probe will be reversed for some part of the 

'backstroke', and the probe will move through its own wake. 

In addition, it will, twice per cycle, pass through the 'high 

frequency low velocity' conditions predicted above, from 
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fluid dynamic considerations, to distort the response. To 

assess these sources of error, and to examine the relative 

sensitivities of probes to forward and backward flow, the 

unsteady flow studies were extended to include reversing 

flow and the extreme case of zero mean flow, when the probe 

is continuously in its own wake. 

a) Wake effects  

Figure l5a shows a steady flow calibration together with 

signals obtained when the probe was oscillated in still 

water at frequencies up to about 12 Hz. Two sets of results, 

at different amplitudes of oscillation, are shown. In 

Figure 15b, these results, combined with those from other 

runs, are plotted in frequency-response form. The results 

demonstrate a repeatedly observed feature: that for a 

given instantaneous velocity, the dynamic response was higher 

than the steady response. 

In this example the effect is partly due to rising 

frequency response of the electronic system, which was 

operating, unfiltered, at 1% overheat. However, the effect 

was constantly present, even with a flat frequency response; 

this is shown, for example, in Fig.11, where the frequency 

response was corrected by running the system at 5% overheat. 

Very similar results were obtained when the probe was 

exposed to flow oscillating sinusoidally with zero mean 

velocity in a pipe. 

The effect was not frequency dependent. As shown in 

Figure 15, the discrepancy increased as amplitude of 
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oscillation decreased, and magnitude was also influenced by 

the position of the film on the probe surface. This was not 

explored systematically, but it was noted that on.7one multi-

film probe, one film gave signal augmentation of 20% over 

the steady calibration; a second film, situated 15% nearer 

the tip of the probe, gave signal augmentation of 6%. 

This dependence on geometry was very suggestive of a fluid-

dynamic origin of the effect. When aluminium powder was 

sprinkled on the surface of the water for flow-visualisation, 

a steady streaming motion was seen in the initially still 

liquid when the probe was set in motion; the form of this 

is sketched in Fig.16. Such secondary streaming motion was 

described, and examined theoretically, by Schlichting (1932); 

it stems from an interaction between viscous and inertial 

forces. On each stroke, the probe induces motion in the 

fluid through which it passes (which becomes the wake) by 

viscous drag. As the probe slows and then reverses its 

direction, the wake, with its newly acquired inertia, 

continues in motion. Thus the probe acts as a pump and a 

streaming motion is set up. Such motion, which has been 

shown by Richardson (1967) to increase heat transfer from 

the oscillating body, appeared to be the cause of the 

increased signals seen under these conditions. 

Oscillatory probe motion is of course analogous to 

oscillatory motion of the liquid with zero mean flow about a 

stationary probe; even then it would seem to have little 

direct relevance to the motion of blood within an artery. 
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However, it merely represents an extreme condition whose 

essential feature is reflux of the wake over the probe. 

Since transient flow reversal in diastole is a common feature 

of flow in large arteries, this effect might be a source of 

error. Therefore, once the effect had been identified, a 

series of calibrations were performed with a steady velocity 

set on the turntable, and the frequency of oscillation of the 

probe increased, as before, in steps, but arranged so that 

flow-reversal occurred, its magnitude increasing with each 

step in frequency. The results of a series of such runs 

are presented in Fig.17, where probe responses are plotted 

against X , the ratio of unsteady to steady velocity 

components of the flow. Flow reversal occurs in any flow 

where A is greater than unity, and lasts for a longer 

fraction of the flow cycle (approaching one half cycle) as 

the value of A  increases; it occupies a third of the cycle 

at X.= 2.. It can be seen that a significant elevation of 

the probe response above unity, implying some wake effect, 

does not occur till X exceeds 2. This is not likely within 

a large artery, and thus velocity measurements within the 

aorta should be free of distortion by wake effects. 

There will be an error, however, if probes are calibrated 

by oscil3ation in still liquid, which, as a quick and con-

venient method, was used by both Schultz et al (:L969) and 

Ling et al (1968). The effect would be to distort the 

calibrations so'that arterial flow velocity was under-

estimated by an amount dependent on amplitude of oscillation, 
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probe geometry, and possibly other factors. The magnitude 

of this effect cannot, in general, be predicted; if the 

calibrations shown in Fig.15 were used, for example, arterial 

velocities would be measured 7-17% below their true value. 

If no direct comparison is made with a steady flow calibra-

tion, an oscillatory calibration of this sort will appear 

satisfactory, since it will linearise satisfactorily, and 

give the impression that the overall frequency response of 

the system is flat, as shown in Fig.15b. It appears to be 

for this reason that the method was accepted by Schultz et 

al and Ling et al. 

b) Relative sensitivity to forward and backward flow  

This proved to be the most difficult feature to control 

in probe design, since the velocity field very close to the 

probe surface - i.e. the boundary layer - is influenced by 

probe geometry and it is this that governs heat transfer 

from the film. It follows that identical sensitivity to 

forward and backward flows requires exact symmetry of the 

probe upstream and downstream of the film position. 

In practice, this was unattainable with needle-probes 

because of the shaft (see Fig.6) and because very precise 

alignment of the films during construction was difficult. 

Furthermore, calibration trials showed that with transient 

periods of flow reversal, films had different sensitivity 

for steady and unsteady reversed flow. This was presumed 

to be due to changes in the form of the boundary layer, 

together with, or due to, the presence of wake disturbances. 
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In practice, therefore, each completed probe was tested in 

steady forward flow and unsteady reversing flow. Where 

there was severe divergence (greater than 20%) between the 

sensitivity to steady forward flow and unsteady reversed 

flow, the probe was discarded. Initially this led to a 

good deal of wastage; later, with further miniaturisation, 

it became less important. The results of one such 

calibration are shown in Fig.18; in this case the probe 

was considered satisfactory. 

c'J Probe boundary-layer effects  

The final source of error to be examined was boundary 

layer phase-lags, which were expected on simple theoretical 

grounds as the parameter fx/u approached unity -i.e. at high 

frequency and/or low velocity. Their importance was assessed 

by measurement of full cycles of oscillatory flow, both with 

and without flow reversal, using a probe which had very 

nearly equal sensitivity to forward and backward flow, and 

a frequency response corrected by means of the output filter 

described earlier. 

Figure 19 shows typical results, (a) for unidirectional 

flow and (b) for reversing flow. For an individual cycle, 

since f and x are fixed, the errors appear during low 

velocity periods of the cycle. The results from many 

complete cycles analysed in this way and plotted as a 

function of fx/u are shown in Fig.20. It can be seen that 

fidelity falls off rapidly as fx/u exceeds about 0.2. 
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Nonetheless, absolute errors from this source (which can be 

read off Fig.19) are less than 1 cm/sec except at instants 

of zero flow. The latter error, which shows as a 'lifting-

off' of the rectified signals from the zero velocity base-

line - e.g. Figs. 24D and 25 (upper trace) - is reduced by 

an order of magnitude by extrapolation through zero during 

reconstruction of the unrectified waveform - e.g. Fig.25 

flower trace). Of course, at the instant of zero velocity, 

any correlation involving velocity becomes meaningless. In 
• 

fact, measurements of zero 'lift-off' for three probes with 

similar film and substrate dimensions but different overall 

streamwise lengths (i.e. different values of x) were found 

to correlate with frequency only (Fig.21); it is thus likely 

that 'lift-off' is a substrate conduction effect, and is 

independent of convective heat transfer. 

Detection of turbulence  

Earlier in this section, it was pointed out that if 

turbulence occurred within the aorta, it would cover a wide 

frequency range - certainly extending above 100 Hz. Since it 

proved impossible to generate known oscillatory flows at 

high frequency, the response of the hot film system to 

turbulence was difficult to assess quantitatively. The 

absolute upper frequency limit would be set by the dimensions 

of the film, since it could not detect an eddy much smaller 

than itself (i.e. of the order of 1 mm.). Eddies of this 

size, convected past the film at 100 cm/sec, represent a 

frequency of 1000 Hz. From electrical frequency response 
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1-1g, (e.g. Fig.13) it seemed that the system should be 

le of responding up to at least 500 Hz. Boundary layer 

:_derations (see over) would at first sight suggest a 

limit; taking a tip-to-film length of 3 mm. (a typical 

for these probes), assuming again that the turbulent 

city fluctuations would be superimposed upon a systolic 

city of 100 cm/sec, and using the results in Fig.20, 

distortion due to boundary layer phase-lags might be 

2ted to become significant above approximately 70 Hz. 

_Let, this is certainly too low, because the boundary 

r would itself be greatly modified by the presence of 

silence, becoming thinner, and therefore reacting 

er to velocity fluctuations. Pedley (1972) has 

ntly published an analysis of the behaviour of probes 

his type in unsteady flow, using boundary-layer theory 

redict heat-transfer. His results, which give good 

itative agreement with the experimental observations 

ribed here for oscillatory flow, predict that turbulent 

city fluctuations will be registered within 5% up to 

ilz when they are superimposed upon flows with 

cities of 100 cm/sec or more. 

It was of course extremely simple to show that the 

cm was capable of registering turbulence, by exposing 

'robe to turbulent flow in the pipe rig; Fig.22 

-3trates this. It was also possible to extend this test 

nd simple visual observation, since the measurements 

made at the downstream end of the pipe rig, where 
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turbulence was fully-developed and could therefore be 

compared with observations on developed turbulence made 

with hot wire probes of known high frequency-response 

(e.g. Laufer, 1954). Such experimental results bear out 

theoretical predictions that spectral energy content 

(measured with the spectrum analyser and expressed 

2U U
2
Af- see Appendix A) decays with increasing 

that u  OC 1 
U4f 	f 

energy distribution, 

as 

frequency 

thus a 

against 

in a'predictable fashion, such 

logarithmic plot of spectral 

frequency, should be a straight line with slope -1.67. 

Figure 23 shows such a plot for the probe, with a line 

through the points which has a slope of -1.67. This is 

obviously close to a best fit, and thus the circumstantial 

evidence is strong that these probes will register 

turbulent velocity fluctuations faithfully up to at least 

500 Hz. 

Direction-sensing 

Early trials showed that a second film, placed close to 

the heated film, and acting as a resistance thermometer, 

could be used to detect flow reversal. When it lay down-

stream, its resistance increased; flow reversal was 

accompanied by a drop in resistance. This effect does not 

appear to be due to heat convected by the flow, but to 

biassing of the surface temperature distribution created in 

the glass substrate by the heated film, since a 'heat-

pulse' applied to one film intermittently was detected after 

an equal delay by the second film, regardless of whether it 

lay upstream or downstream. 
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The clarity of the direction signal was greatly improved 

by mounting films on either side of the heated film, and 

connecting them as two arms of a Wheatstone bridge. The 

amplified output of this bridge gave an unequivocal direction 

signal, since 'common-mode' signals due to noise and flow 

sensitivity were largely cancelled out, and flow reversal 

was signalled by polarity change. The performance of this 

system in the calibration rig is shown in Fig.24. 

Probes with twin direction-sensing films were used in 

all the animal experiments. The Wheatstone bridge was run 

at low power (less than 1% of velocity film power) and the 

amplified output displayed, or recorded, with that of the 

heated film. The bridge balance position was set up and 

recorded during calibration. Figure 25 demonstrates the 

performance of this system in vivo. 

In the majority of experiments, both velocity and 

direction signals were recorded on magnetic tape, and it 

was then possible to 'reconstitute' the unrectified velocity 

signal electronically at playback. The velocity signals 

were played through a unity-gain switched amplifier; the 

direction signal was used to generate switching pulses in 

a comparator, and these pulses controlled the polarity of 

the switched amplifier output. Thus the part of the 

(rectified) velocity signal which corresponded to reverse 

flow was automatically inverted, and the switched amplifier 

output was an unrectified velocity signal. Figures 27, 28, 



- 59 - 

32, 42, 43 and 44 show examples of such automatically 

processed signals; the discontinuities at the instants of 

switching are occasionally visible. 

- SUMMARY 

The needle-mounted probes in the form shown in Fig.6, 

used in conjunction with a commercially available anemometer 

and lineariser at 1% overheat, have the following 

characteristics: 

1) Adequate signal stability, provided temperature 

variation in the environmental fluid is small, or overheat 

is adjusted frequently. Repeated steady flow calibrations 

then reproduce t 5% unless the films are mechanically 

damaged - which is immediately detectable as it produces a 

resistance change. 

2) A frequency response which rises at low frequency; 

this can be considerably improved by a simple output filter. 

The frequency response extends upwards to at least 500 Hz. 

The system will register turbulent velocity fluctuations up 

to this frequency when they are superimposed on high mean 

velocities; indirect evidence suggests that there is little 

amplitude distortion even at the top end of this range. 

3) In unsteady reversing flow, ancillary direction-

sensing films will signal reverse flow unequivocally, and 

this signal can be used to activate switching circuits which 

correct the polarity of the velocity signal automatically. 

4) At the instant of flow reversal in such flow, the 



velocity signal is subject to severe errors due to phase-

lags in substrate heat conduction. This cannot be prevented, 

but is unimportant if direction-sensing is available to 

correct the polarity of the velocity signal. 

5) At low velocity and/or high frequency, velocity 

signals are distorted by boundary layer phase-lags over the 

probe, leading to an over-estimate of velocity. This is 

also inevitable, though it can be minimised by probe 

miniaturisation. The errors introduced in calibration 

studies were large in percentage terms, but in absolute 

terms were always less than 4 cm/sec. As an instantaneous 

error, this might*be larger in the ascending aorta with the 

very rapid flow reversals which occur at high heart rates; 

elsewhere in the circulation it is unlikely to be exceeded. 

61_ A further error is present with some probes at 

very low velocities (less than 5 cm/sec) because the 

velocity-voltage relationship which is assumed in setting up 

the linearisation circuit breaks down near zero flow. This 

will act in the opposite direction to the error in (5). 

7) Equal sensitivity of probes to forward and backward 

flow is difficult to achieve because it depends upon very 

rigorous control of probe geometry. In this work, probes 

with sensitivities within 20% of each other for forward and 

backward flow were tolerated. 

8) Calibrations in regimes of unsteady flow which 

include considerable degrees of wake reflux over the probe 
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will be influenced by secondary motion. The extreme case - 

oscillation of the probe in initially still liquid - 

introduced errors of up to 17%. Calibration in unidirectional 

oscillatory flow, or (far simpler) steady flow, appears most 

appropriate for arterial work. 

9) Calibration should be performed in blood. 

Thus with appropriate adjustment of frequency response, 

followed by steady flow calibration in blood, the system 

is accurate within It 5% (calibration error) during most of 

the cycle. Velocities between about 5 cm/sec and -5 cm/sec 

will be unreliable; and larger reversed velocities will 

only be accurate - 20%. Turbulent velocity fluctuations 

will be registered at least semi-quantitatively up to 

500 Hz. The probe can discriminate spatially down to 

approximately 0.5 mm., but it is not reliable for 

measurements closer than 2 mm. to a flow boundary. 
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SECTION 2: ANIMAL EXPERIMENTS  

METHODS 

Pre aration of animals 

For the measurements on velocity distribution, adult 

dogs (mainly greyhounds) weighing 16-30 Kg. were used. 

Anaesthesia was induced and maintained with intravenous 

pentobarbitone sodium, with an initial dose up to 30 mg/Kg. 

Occasionally, intramuscular morphine, 1 mg/Kg, was used as 

premedication. 

In the later series of experiments on flow disturbances 

and turbulence, dogs between 3 and 14 Kg. were used, because 

the detection of highly-disturbed waveforms in the previous 

experiments, and in studies in other laboratories (Ling et 

al, 1968; Schultz et al, 1969), had been confined to small 

dogs. These animals were premeditated with morphine, 

4 mg/Kg, and anaesthetised with intravenous pentobarbitone 

sodium; this combination permits a small dosage of 

pentobarbitone to be used for induction, and prevents the 

increase in heart rate which occurs with pentobarbitone 

alone. 

Aortic pressure was measured with a Statham P23Gb 

strain-gauge transducer, attached to a 30 cm. nylon catheter 

(1.5 mm. i.d.) introduced into the left carotid artery and 

later adjusted so that its tip lay in the orifice of the 

brachiocephalic artery. The system had a damped natural 
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frequency (pressure transient method, McDonald, 1960) of 

100-120 Hz and a damping factor of 0.1-0.2. 

An intravenous cannula was inserted.into a leg vein 

for drug and anaesthetic infusions. In the later experiments, 

one vagus nerve was exposed in the neck for electrical 

stimulation. 

The chest was opened via a left thoracotomy or a 

sternal split, respiration being maintained by intermittent 

positive pressure ventilation (Cyclator, British Oxygen 

Company) via a cuffed endotracheal tube. In early 

experiments, in which the aorta was encircled with a full 

collar probe-mounting, it became clear that any distortion 

of the vessel produced gross skewing of velocity profiles 

within it. Thereafter, no attempt was made to mobilise the 

aorta; small areas were locally cleared of overlying fat or 

pleural reflections, and purse-string sutures sewn into the 

wall. In some experiments, a left paramedian incision was 

used to expose the abdominal aorta, which was prepared in 

a similar fashion. 

Calibration and mounting of velocity probe  

The velocity probe was calibrated during each experiment. 

At the time of introduction of the pressure catheter, a 

sample of blood (approximately 150 ml.) was taken, anti-

coagulated with heparin (10 units/ml.) and placed in the 

turntable dish, where it was maintained at 37°C throughout 

the calibration. The probe was lowered into the blood and 
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clamped. The system frequency-response was examined by the 

electrical method, and adjusted by the output filter attached 

to the anemometer. The zero and gain settings of the 

lineariser circuit were adjusted, and a steady flow 

calibration from 0-125 cm/sec was carried out. Figure 26 

shows the quality of linearisation which could be achieved 

with careful setting up. 

The lineariser output signals were recorded on magnetic 

tape with an FM recorder (Precision Instruments PI-6200). 

The recording speed was 3.75 i.p.s. which gives a response 

flat within 1 db to 1 K Hz; this was checked. During the 

calibration, the Wheatstone bridge containing the twin 

direction-sensing films on the probe was balanced to give 

zero volts at zero flow. The output from this, suitably 

amplified, was recorded on a separate tape channel, as were 

blood pressure and ECG during the experiment. The inputs 

to each channel were monitored on a six-channel display 

oscilloscope (Cardiac Recorders). 

At each site in the aorta, the probe was inserted by 

direct puncture, and the purse-string suture tightened 

around it just sufficiently to prevent leakage. The probe 

was aligned on a diameter normal to the vessel, and clipped 

into the slide of a plastic carrier; the latter was then 

rigidly clamped to a bar on the operating table, so that 

as the probe traversed the diameter of the vessel lumen, 

the slide moved'along a millimetre scale on the carrier. 
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This system was adopted to avoid pressure or constraint on the 

vessel wall, except at the entry point of the probe. 

At each site the internal diameter was established by 

traversing the probe from the near to the far wall and 

adding the width of the probe head (2-2.5 mm., depending 

upon the probe used). The position of the far wall was 

established as the point at which flat (zero flow) signals 

were recorded throughout diastole. (As the vessel was 

unrestrained, a velocity signal was still seen in phase 

with systolic pressure, due to expansion of the vessel and 

loss of contact between the velocity film and the far wall.) 

Investigation of velocity distribution 

After measurement of vessel diameter, the far wall was 

taken as a datum point, and the probe traversed across the 

diameter of the vessel in one-or two-millimetre steps. 

Velocity and direction signals from the probe, aortic arch 

pressure, and ECG were recorded at each station. Since 

these sequentially recorded velocity signals were to be 

used after each experiment for the reconstruction of 

instantaneous velocity profiles, a great deal of care had 

to be taken to establish stability, both of probe sensitivity 

and of cardiovascular behaviour. 

Probe sensitivity may be changed by a temperature 

variation in the blood and by surface deposition in the 

immediate region of the film - either thermally insulating 

it, or modifying the boundary layer over it. The effect of 
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temperature variation was cancelled by repeated checking of 

film resistance, and, where necessary, resetting of overheat. 

Probe contamination was prevented by wiping the films against 

the far vessel wall between recording points. (With some 

probes, signal amplitude was found to fall off gradually 

with time. This did not happen in the calibrating apparatus, 

and examination revealed fibrin deposits which originated 

in minute discontinuities at the epoxy/metal junctions 

around the film-bearing glass substrates. Presumably, 

fragments of tissue were carried into the vessel during 

wall puncture and initiated clotting by release of tissue 

thromboplastin.)_ .In later experiments the animals were 

anticoagulated with heparin as soon as surgical exposure of 

the vessels was completed. 

A number of precautions were taken against variations 

in cardiovascular parameters which might affect the 

velocity measurements: 

11 Sampling procedure - traverses were made at each 

site in pairs, inward and outward. Any continuing drift in 

conditions would thus appear as opposite skew in the profiles. 

A shorter-term drift which reversed direction might still 

be masked, and these double traverses were therefore repeated 

with both long (50-100 beat) and short (less than 10 beat) 

sampling periods. In addition, records were taken 

repeatedly at a single reference station during at least one 

traverse at most sites. 
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2) Averaging procedure  -.the only index of changing 

conditions immediately accessible from the records was heart-

rate. Therefore, after each experiment, the ECG signals 

recorded during each traverse were examined; any traverse 

during which heart-rate varied more than 5% about a mean 

value was discarded. 

To eliminate beat-to-beat variations, the velocity 

waveforms recorded at each station were then averaged. 

The velocity signals were played out through the automatic 

direction-correcting circuit described earlier. The 

reconstituted velocity signal was passed to the input of 

an averaging oscilloscope (Northern Instruments NS-513), 

which was triggered by the R-wave of the ECG. The time-base 

of the oscilloscope was set so that during each sweep, one, 

or sometimes two, complete velocity cycles would be captured. 

During the sweep, the signal was digitised by the oscillo-

scope at 512 equal intervals, each value being stored. On 

the next sweep, the amplitude of each stored signal was 

compared with that of the new one at the corresponding 

instant, and the stored signal adjusted up or down according 

to the discrepancy. The relative emphasis given to the 

new and stored signal in this adjustment could be varied by 

the operator. Thus an average could be built up roughly in 

a few sweeps, or precisely with a large number. 

The average velocity waveform for each station on a 

traverse was built up in this way by playing through the 
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averaging oscilloscope an equal number of velocity signals 

recorded on tape at each station. The tape was stopped at 

the end of the record from each station, and the averaged 

waveform was recorded on a pen-recorder, having been played 

out from the oscilloscope, as 512 successively presented 

analogue (i.e. voltage) signals, at a rate slow enough to 

lie within the frequency-response limits of the recorder. 

Figure 27 shows average waveforms retrieved in this way. 

The probe calibration was played out through the same 

system. Instantaneous velocity profiles were then constructed 

by taking values at corresponding instants from the averaged 

waveforms for each station of the traverse. Subsequently, 

the waveforms from each station, and the velocity calibration, 

were replayed again from the tape through an operational 

amplifier integrating circuit, to provide time-average 

velocity. 

Investigation of flow disturbances  

In these experiments the probe was aligned on the 

centreline of the vessel and clamped. ECG, pressure, 

velocity, and flow-direction signals were tape-recorded as 

before. In addition, in five experiments, the velocity 

signals were passed through a frequency spectrum analyser 

(see Appendix A). The velocity signal and the spectrum 

analyser output were recorded simultaneously on an ultra-

violet paper recorder (S.E. Laboratories, 2005), using 

450 Hz galvanometers. 
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Changes in heart-rate and peak velocity in these latter 

experiments were induced by a number of means, either singly 

or in.combination: 

1) intravenous isoprenaline infusion at a constant 

rate of 0.5-1 lig/Kg/min. 

21 Single intravenous injections of propranolol, 

1 mg/Kg. 

31 Single intravenous injections of pentobarbitone 

sodium, 10-20 mg/Kg. 

4) Vagal stimulation at 25-50 Hz using 10 msec. 

squarewaves. 

Following each intervention, recordings were made, and 

frequency spectral analysis performed. Where possible, 

the effect of these interventions on the velocity waveforms 

was examined at more than one site in the same animal. 



RESULTS AND DISCUSSION 

Velocity distribution  

Velocity waveforms were in general comparable to those 

which had been recorded at similar sites with cuff electro-

magnetic flowmeters, and at any one site showed little 

beat-to-beat variation; Fig.28 shows a run of beats 

recorded in the ascending aorta, together with simultaneous 

ECG and pressure traces. The phase relationship displayed 

in this figure is not quite correct, since the pressure 

signal was recorded downstream of the velocity signal, and 

there will also be a transmission delay in the pressure 

catheter. Assuming a wave speed of 500 cm/sec in the 

ascending aorta, the pressure wave will take about 10 msec. 

to travel between the two probes, and perhaps 1-2 msec. to 

traverse the pressure catheter. Advancing the pressure 

signal 12 msec. will, if anything, improve the 'in-phase' 

relationship between the two in early systole. This 

relationship is in itself evidence that viscous forces are 

small. If wave reflection is ignored, the equation of motion 

for inviscid flow can be approximated as: 

so that acceleration and temporal pressure gradient are in 

phase. Of course, at other points in the cycle, this 

relationship breaks down because of viscous effects, wall 
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movements'and wave reflections, but if it holds in early 

systole, peak velocity will be approximately 47  where q 

is the pulse pressure. In Figure 28, 	Al, C.•_../ 35 mm. Hg, 

and if c = 500 cm/sec, peak systolic velocity is almost 

90 cm/sec, which is close to that measured. 

Some waveforms in the ascending aorta had peak reverse 

velocities higher than those usually observed with EM 

flowmeters. This is probably a combined effect of the 

superior frequency-response and inferior reverse flow 

accuracy of hot film probes. In many of these experiments, 

cardiac cycles were short because of anaesthetic-induced 

tachycardia, and reverse flow in early diastole lasted less 

than 20 msec.; this implies frequency components of 25 Hz 

and above. Also the spatial averaging which occurs with 

cuff EM flowmeters might possibly lower their signals in 

xevexse flow; small phase differences in the timing of 

boundary layer and core flow reversal, for example, would 

have this effect. In the descending aorta, backflow in 

early diastole did not always occur (e.g. Fig.29), and never 

reached the velocities seen more proximally. Fairly typical 

averaged waveforms for this site, and for the abdominal 

aorta, are shown in Fig.29; these are not from the same 

animal, since all sites could not be made accessible in 

each experiment. 

Centreline peak velocities in the ascending aorta 

ranged from 40 to 200 cm/sec, which must reflect cardio-

vascular effects of anaesthesia and surgery, as well as 
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physiological variability. Time-average velocities ranged 

from 8 to 24 cm/sec. 

Velocity profiles recorded at each site in the aorta 

showed consistent features from animal to animal, despite 

some scatter. In Figure 30, peak systolic velocity profiles 

are plotted in non-dimensional form at three sites in the 

ascending aorta. Each plot is made up of one or more 

profiles from each of several animals. The lower profiles 

were measured as near as possible to the aortic valve, with 

probes inserted just downstreLn of the sinuses' of Valsalva. 

The profiles therefore represent the region 1-2 cm. from 

the valve. The next site was 1 cm. downstream from this, 

and the third (top) a further 1 cm. downstream, approximately 

'1 cm. proximal to the point of origin of the brachiocephalic 

artery. In all cases, the probes were aligned as nearly 

as pospible in the plane of the arch, like wheel spokes. 

In these, and all succeeding profiles, points closer than 

2 mm. to the walls have been deliberately excluded; at 

the near wall because of unreliability of the readings, as 

described earlier, and at the far wall because the vessel 

was unrestrained. The thoracic aorta expands and contracts 

radially by approximately 7% with each pulse (Barnett, 

- Mallos & Shapiro, 1961). While the peak radial wall 

velocities associated with this were estimated to be only 

3-7 cm/sec in the present experiments, the proportional 

errors in radial position are larger the closer the approach 

to the wall. ' 



- 73 - 

The first obvious feature, of these profiles is that the 

boundary layers are very thin; in nearly all cases, they lie 

in the unexplored region less than 2 mm. from the walls. 

This is in accordance with theoretical predictions. 

Since the proximal ascending aorta is an 'entrance region', 

it is possible to make crude estimates of boundary layer 

thickness in systole from simple theory (Schlichting, 1968). 

Such estimates only serve to predict the order of magnitude 

to be expected, since available theory treats situations 

which are much simpler and more clearly defined than the 

real one. 	Nonetheless, they provide useful confirmation 

that 2 mm. is a realistic upper limit to boundary layer 

thickness. Two methods can be used: 

1) To consider the way a boundary layer over an 

infinite flat plate grows with time when motion is started 

impulsively from rest; this treats the time-course of 

systolic flow acceleration appropriately, and boundary layer 

thickness 6 is given at any point by 

6 --- 4 ,RT, 

where t is time elapsed since the onset of motion. If we 

take t as approximately one-tenth of the cardiac cycle, then 

S is 2.5 mm. at a heart-rate of 1 Hz, and 1.5 mm at 3 Hz. 

2) To examine the way a boundary layer grows with 

distance from the leading edge of a flat plate in steady flow; 

then S is given by 
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where x is distance from the leading edge, and u is free-

stream velocity far from the surface. If we assume that 

x is 2-4 cm., and u is 100 cm/sec, then 	6 = 1.4 - 2 mm. 

Boundary layer calculations for further cases, such as an 

oscillating flat plate, or a steadily accelerated flat 

plate, give very similar values. 

If the boundary layer in the ascending aorta is assumed 

to be 2 mm. thick, and to be similar in form to that on a 

flat plate, the radius of the vessel will be effectively 

diminished by 0.7 mm. (the 'displacement thickness, 

Schlichting (1968)). A notional cross-sectional area for 

the flow can be calculated on this basis, and used in con-

junction with the mean velocity figures quoted above, 

give a range of aortic flows between 1.0 and 3.7 litres/min, 

with a mean of 2.2 litres/min. 

These values are reasonable, but must be approximate, 

since changes in aortic radius during the cardiac cycle are 

ignored. Radial expansion during systole may effectively 

cancel the 'displacement' effect of the boundary layer, since 

it acts in the opposite direction with comparable magnitude. 

Assuming zero boundary layer thickness gives figures 14-23% 

higher, the discrepancy getting smaller with increasing 

vessel radius; it would become less than 10% at a radius 

of 1.45 cm. In the human aorta, therefore (given axisymmetric 

flow), it might be possible to derive volume flow from a 

point velocity measurement with reasonable accuracy. 
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At the site nearest the aortic valve, the profiles shown 

in Fig.30 demonstrate reasonable axisymmetry, implying that 

blood ejected from the left ventricle moves into the aorta 

with uniform velocity (except very close to the walls). 

However, this pattern, which is typical of entry flow and 

has been commonly assumed to hold in the ascending aorta, 

did not usually hold throughout the cycle. Velocity profiles 

reconstructed from the averaged waveforms recorded at this 

site in a single animal are shown in Fig.31 for five phases 

of the cycle. In this case a marked skew developed in late 

systole, associated with a peaking of the velocity wave which 

is progressively more marked towards the anterior wall. 

The effect is illustrated in Fig.32, which shows individual 

waveforms near each wall. 

The origin of this effect is not clear. It might 

originate in the ventricle, either as a result of the pattern 

of contraction, or of flow disturbances - for example the 

vortex round the mitral valve cusps which Bellhouse (1970) 

demonstrated in models and Taylor & Wade (1970) observed in 

vivo. It might be due to flow disturbances generated in the 

outflow tract; a traverse in this plane lies almost in 

line with the junction between two valve cusps anteriorly, 

and is in line with the centre of the third cusp posteriorly. 

Alternatively, it could be caused by the flow curving into 

the aorta; the axis of the ventricle lies at an angle to 

the ascending aorta, and the higher velocity occurred at the 
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inside of the curve; thus the mechanism described in 

Appendix B could operate. This seems a less likely origin, 

since in another animal the effect was present inter-

mittently. A locally generated flow disturbance seems the 

most probable cause. 

The marked early diastolic skew at this site could have 

similar origins; but its orientation is also consistent 

with drainage into the left coronary artery, since the 

posterior end of the traverse lies close to the left posterior 

sinus of Valsalva. Velocities were close to zero in the 

latter part of diastole; this was a feature common to most 

of the waveforms in this region. 

The systolic velocity profiles at the two more distal 

sites in the ascending aorta (Fig.30) show progressive 

skewing, with higher velocities developing near the posterior 

wall (inner curvature of the arch). As the profiles show, 

this skew was consistent, though its magnitude varied from 

animal to animal. 

In Figure 33 instantaneous profiles recorded at the 

most distal site in one animal are presented; the features 

they demonstrate, including the rstolic skew, were seen 

consistently and strongly suggest inviscid behaviour in the 

broad core of the flow, under the influence of a centrifugal 

pressure gradient, as described in Appendix B. In very 

early systole the profile is axisymmetric (not shown); 

centrifugal fordes then begin to act, and the skew appears; 

when flow reverses, the profile becomes a mirror image under 

the same influence. Thereafter the effect breaks down; 
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when the second direction change occurs (216°) the profile 

behaves as if only a uniform axial pressure gradient 

were acting. This may be because Reynolds numbers are low, 

as in very early systole, so that the centrifugal effect is 

inhibited and there is insufficient time for the skew to 

re-establish. Alternatively, or additionally, the pattern 

of flow near the aortic arch branches may be relevant; 

certainly during late diastole (324°  onwards) anterior 

forward flow and posterior backward flow are maintained, 

suggesting a circulating flow, perhaps draining into the 

brachiocephalic artery. A further complicating factor is 

that the impedance offered to the streamlines entering the 

branches is probably different from that experienced by the 

flow which continues round the arch. 

It was confirmed that the skews measured in this plane 

were not an artefact caused by progressive changes in flow 

alignment across the vessel relative to the probe. A probe 

was constructed with a cylindrical hot film element, which 

was aligned with its axis perpendicular to both the stream 

and the traverse; in this orientation it was insensitive 

to flow direction in the plane of the traverse; similar 

skews were measured under these conditions. 

Instantaneous profiles for a single case at the middle 

site in the ascending aorta are shown in Fig.34. The 

systolic profiles in this case show both upstream and downstream 

influences, inflecting in late systole; during most other 

parts of the cycle, profiles are fairly symmetrical. 
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Traverses from left to right (at 90°  to the plane of 

the arch) were only feasible at the distal site in the 

ascending aorta, since the pulmonary artery overlies the 

aorta more proximally. Traverses in this plane (Fig.35) 

also show thin boundary layers; the systolic profiles 

were always relatively axisymmetric but skews were present 

during backflow, with higher (backward) velocity towards 

the 'left wall; again, this might reflect drainage into the 

coronary arteries or local circulation of flow. 

The growth of the boundary-layer with distance from a 

pipe entrance has been widely studied for steady laminar 

conditions, and it is possible to predict the length needed 

for full development of the profile - the entrance length - 

with considerable accuracy (see footnote, p.27). However, 

steady flow theory is obviously inappropriate in the aorta, 

and a number of attempts have been made to predict 

realistically entrance lengths in unsteady flow. Atabek & 

Chang (1961) used the simplified model of unidirectional 

oscillating flow in a rigid, straight pipe; they found that 

entrance length would vary with instantaneous velocity, 

and would be comparable with steady entrance length at the 

same velocity; thus even at modest velocity, the whole 

aorta would be an entrance flow. Kuchar & Ostracli (1967) 

extended the analysis to include the effects of elastic 

walls, and concluded that there will be an inviscid flow 

core, with very thin boundary layers, at least as far as 

the arch; they suggested that elsewhere in the aorta, 

complexity of the geometry renders the concept of entrance 
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regions inappropriate. Jones,(1970) approached the problem 

differently, calculating boundary layer thickness in fully 

developed oscillating pipe flow from Womersley's (1955) 

solutions (which hold far from the entrance), and matching 

this to a boundary layer growing from the entrance in quasi-

steady fashion. Using conditions appropriate for the 

proximal aorta, he obtained a matching point only about 1 cm. 

from the origii of the aorta. Matching results from steady 

and unsteady flow theory in this way is obviously crude, 

but the results emphasise one Important feature of thoracic 

aortic flow which applies to both the dog and man - boundary 

layers are likely to be thin in any region, even away from 

the entrance. 

This prediction is based upon the large values of 

the parameter a. which apply in the thoracic aorta. Womersley 
first demonstrated the cardiovascular relevance of this 

frequency parameter, which is defined thus: 

a= TAT 

where r is pipe radius, v is kinematic viscosity, and W is 
the angular frequency of the periodic flow oscillation. 

Since aortic flow is not sinusoidal, CC is used approximately, 

calculated on the basis of heart rate. The simplest inter-

pretation of a. is that it represents a ratio between the 
vessel radius r, and the boundary-layer thickness (which in 

oscillating flol; is proportional to 	(Schlichting, 1968)); 
W 
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more precisely, a.2  represents a ratio between inertial 

(i.e. local accelerative) forces and viscous (retarding) 

forces; thus when a, is large (e.g. greater than 10), 

viscous forces become unimportant and the flow is dominated 

by inertia; acceleration and pressure gradient are then 

almost in phase and boundary layers are thin in proportion 

to vessel radius. This is also true for inlet flow, so 

that although there is a conceptual difference between the 

two, both have very thin boundary layers. 

The governing influence of a. on velocity distribution 

in oscillating pipe flow has been demonstrated in a number 

of studies, both theoretical and experimental; Womersley's 

work is usually quoted because he was specifically consider-

ing arterial flow, and extended the theory to include 

complicating features, such as elastic boundaries. Values 

of a are high in the canine thoracic aorta; Young & 

Cholvin (1967) collected information on heart-rate and 

vessel size from the literature, and derived values of a. 

for the thoracic aorta of 8-13, depending on body weight. 

The more recent literature yields the values plotted in 

Fig.51, which have a mean of 14.4. In Figure 36, non-

dimensionalised velocity profiles, calculated from theory 

for fully-developed oscillating flow in a straight, rigid 

pipe at four points in the cycle for a. = 10 are drawn. The 

relative narrowness of the boundary layer is well shown, 

and it is clear that traverses across such a flow with the 

present probes would reveal little evidence of the boundary 

layer. 
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This is precisely what was found experimentally. In 

Figure 37, groups of peak systolic velocity profiles occurring 

in the arch and at three points in the descending aorta are 

plotted. Again, the data at each site is lumped from 

several animals; single, representative profiles at the 

upper and lower descending aorta sites are shown in detail 

in Fig.38 and Fig.39. The values of a: for these cases were 

12.8- and 15.3 respectively, and the bluntness of these 

profiles is therefore in keeping with the theoretical 

predictions. It is difficult to comment further on these 

profiles, since only one plane (left-right) can be explored 

in the descending aorta without distortion of the vessel. 

A skew, with higher velocities towards the right wall, was 

seen fairly consistently during systole (Fig.37); this is 

not explicable on the basis of inertial effects, because 

there is only a very slight curvature in the left-right 

plane at this level, and its origin must be related to the 

rotation and splitting of the flow as it traverses the 

arch. A fuller description of flow in this region would 

require detailed measurements in more than one plane, 

together with flow visualisation studies. 

Velocity distribution in the lower abdominal aorta was 

examined in only a few cases because of size limitations. 

The most notable features here (Fig.40) were blunt and 

relatively axisymmetric systolic profiles and a lower 

velocity near the midline during reverse flow. This implies 

an M-shaped. profile, a form which has been demonstrated for 
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convergent flows in dichotomously branching models at 

comparable Reynolds numbers by Schroter & Sudlow (1969), 

caused by the merging of the boundary layers from the inner 

walls of the daughter branches into the core of the flow in 

the parent branch. This explanation remains hypothetical, 

since difficulty of access and size limitation prevented 

more detailed exploration at this level. 

As was mentioned earlier, the hot film technique has 

recently been used by. two other groups for velocity measure-

ments in the aorta (Ling et al, 1968; Schultz et al, 1969), 

and it is obviously)of interest to compare their results 

with those presented here. Unfortunately this is not 

straightforward, since detailed technique and methods of 

data presentation differed in each case from those adopted 

here. 

Ling et al used a simplified, nondirectional probe, and 

relied on signals from an electromagnetic cuff probe located 

just downstream to identify forward and reverse components 

of flow. As they demonstrate, this has a modifying effect on 

the flow waveform in the segments studied, though they do 

not describe any effect on the velocity profile. In addition, 

the probe was carried in a plastic cuff assembly which 

encircled the aorta at the level of the traverse, so that 

the vessel wall was constrained and held rigidly; this also 

introduces the risk of angulation or displacement Of the 

vessel, which distorts the measured profiles. It also seems 

likely that their calibration was subject to wake artefacts, 
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as described earlier, since they calibrated probes in an 

oscillating pipe flow with zero mean flow. Thus absolute 

values of velocity, and details of the waveforms and 

profiles, may show some degree of distortion; but their 

results are still of considerable interest because the 

immobile vessel wall and the simplified, and therefore very 

small, probe permitted exploration of flow close to the 

walls. Their results agree well with those reported here; 

they show two sets of instantaneous profiles, measured in 

the descending thoracic aorta of the pig; the a, values are 

13.3 and 8.1, and the boundary layers have thicknesses of 

1.8 and 2.0 mm. respectively. 

Schultz et al, using probes of similar form to those 

described here, examined velocity distribution at a number 

of sites in the ascending and descending thoracic aorta of 

the dog. As discussed earlier, their calibration procedure 

Coscillation in still water) puts in question the reliability 

of the absolute velocities they record. They also 

accepted the inherent frequency characteristics of the 

system, which may have introduced distortion in the higher 

frequency components of the waveform. However, neither of 

these effects should grossly distort velocity profiles 

reconstructed at particular sites, and their results again 

show blunt profiles in the thoracic aorta. It is only 

possible to estimate boundary layer thickness roughly, since 

diameters are not stated (radial co-ordinates being plotted 

non-dimensionally as fractions), and they have made no 
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allowance for distortion due to wall movement or probe-wall 

interaction. Using the data as presented, the blunt core of 

the flow in the ascending aorta extends in all cases to 

within 0.15 radii of the wall - say 1.5 mm. for a vessel 

of 2 cm. diameter. In the proximal descending aorta, the 

corresponding figure is 0.25 - say 2 mm. for a vessel of 

1.6 cm. In a later presentation (,Bergel, Clark, Schultz & 

Tunstall-Pedoe, 1970), they include profiles at the level 

of the diaphragm, which show appreciable modification 

towards the parabolic form associated with developed steady 

or quasi-steady flow. In none of these cases are the a 
values given. 

Their profiles in the upper thoracic aorta demonstrate 

the skew reported here, and must, of surgical necessity, 

have been in the same plane. In the ascending aorta, 

however, they do not report systematic skewing of the profile 

in the antero-posterior plane of the distal ascending aorta, 

which was such a consistent finding in the present study. 

This may be because traverse orientation was not 

systematically noted - they present 'antero-posterior' 

traverses which are variously described as 'normal to' and 

'in the plane of the arch - but a more likely reason lies 

in the way they derived time-averaged values of velocity 

(from which the majority of their profiles were constructed). 

Their direction-sensing system did not permit signal 

polarity switching during reverse flow, and signals from 

each traverse position were therefore integrated in 
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rectified form - that is, as if all flow were forward - to 

give a time-averaged velocity. This does not affect the 

profile if flow is axisymmetric, but it can cause a 

considerable transformation if there is skew during back-

flow. Figure 41 shows an example drawn from the present 

work; the lower profile was obtained by integrating the 

switched signal, so that proper account was taken of 

reverse flow; the upper profile shows the result when the 

same waveforms were integrated in rectified form. It can 

be seen that the true skew is lost. 

Confirmation of this effect is given by the one 

velocity profile which is presented in cyclic, instantaneous 

form among their results (Fig.12(b), Schultz et al, 1969). 

It was taken in the antero-posterior plane of the ascending 

aorta, and shows similar skews in both forward and backward 

flow to those found in the present study (e.g. Fig.33). 

Thus the apparent discrepancy between the two groups of 

results may well be artificial. 

Flow disturbances 

Some waveforms recorded in the proximal ascending aorta 

.during the preceding experiments showed high frequency 

velocity fluctuations superimposed on the signal at, or 

shortly after, the moment of peak systolic velocity. One 

example, in which the disturbance was systematic enough to 

skew the velocity profile, has already been presented 

(Fig.32). In general, however, waveforms were smoother than 

this, particularly as the recording site moved distally, 
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and these experiments gave the impression that aortic flow 

was inherently undisturbed (i.e. laminar) although it 

might contain disturbances generated upstream of the 

proximal measuring site, presumably in the ventricle or 

outflow tract, and decaying with time. 

However, in contradiction to this, a waveform showing 

marked high frequency systolic velocity fluctuations, and 

strongly suggesting turbulent flow, was recorded in the 

descending aorta during one experiment (Fig./12). This was 

the smallest animal in the series (16 Kg.) and was also 

atypical in that it had been premeditated with morphine and 

had a slower heart-rate (90 per minute) than the average. 

Both. Ling et al and Schultz et al presented very similar 

waveforms recorded in the arch; .both described this as 

tairbulent flow, and commented that it had been observed 

xarely, and in smaller dogs only. 

In many of these experiments, the Reynolds number in 

peak systole was of the order of 5000, so that steady flow 

theory would predict turbulence; a series of experiments 

was therefore performed to investigate whether true turbul-

ence could ever occur in the, aorta, and if it did, whether 

the governing fluid dynamic conditions could be defined. 

Because of the observations mentioned above, the experiments 

were performed in small animals; the procedure used in 

each case was to record instantaneous velocity waveforms 

(and in selected cases, their frequency spectra) in the 

thoracic aorta before and after inducing changes in peak 
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flow velocity and/or heart-rate by the.methods listed 

earlier. 

Under these conditions, flow disturbances were 

frequently provoked, and it proved possible to classify the 

velocity waveforms with very little ambiguity into three 

types - undisturbed, disturbed and highly disturbed. This 

was, of course, a qualitative judgment, based on visual 

inspection of the waveforms, but the three types were 

clearly distinguishable, and only occasional intermediate 

forms were difficult to categorise. Thus a velocity wave-

form with negligible high frequency components is termed 

undisturbed, and representative of laminar flow; a wave-

form with high frequency components only at peak systolic 

velocity is termed disturbed, and thought to be representative 

of a transitional condition; and a waveform with high 

frequency disturbances persisting all the way through the 

deceleration phase of systole is termed highly disturbed 

and is thought to represent turbulence. Examples of each 

are shown in Fig. l+3. 

Strictly speaking, the presence of turbulence can be 

proved only by simultaneous demonstration of random velocity 

fluctuations in more than one plane of a flow. In practice, 

however, the process has been so well characterised in 

many fluid dynamic problems that fluctuations in one plane 

which have an appropriate frequency spectrum can be accepted 

as evidence of turbulence. In the aorta, the situation is 
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more complicated, since the unsteadiness of the underlying 

flow adds its own spectrum, which is inseparable from, 

and overlaps, that of the flow disturbances, as described 

in Appendix A. Nevertheless, frequency analysis provided 

strong evidence of the presence of true turbulence. 

Typical outputs at selected frequencies from such an 

analysis, together with the ('highly disturbed') input 

waveform, are shown in Fig.44, which demonstrates that 

there are appreciable high-frequency components associated 

with peak systole and the subsequent deceleration, and that 

these are damped out in diastole and vary in amplitude 

and duration from beat to beat. When the spectral energy 

distribution of such a waveform (calculated as in Appendix 

A)_ is compared to that for an 'undisturbed' waveform (Fig. 

)1-5)_, the increasing separation and differing rates of 

decay with increasing frequency are clearly shown. 

These observations are reasonable evidence that true 

turbulence can occur within the aorta, and prompted two 

questions. Could the fluid dynamic conditions governing 

transition to turbulence be defined, and could the origin 

of turbulence (in the sense of boundary-layer transition or 

the amplification of upstream disturbances) be identified? 

Fluid-dynamic conditions  

Conditions governing transition to turbulence in steady 

flow are well defined; the controlling parameter is 

Reynolds number;Re = U L  , where U is mean velocity, L the 
V 



— 89 — 

characteristic length scale (diameter in pipe flow) and 

the kinematic viscosity. For small Re (e.g. low velocity, 

highly viscous fluid) flow will be laminar - that is, the 

flow will have steady well-defined streamlines, and the 

transport of material, momentum and energy across the 

streamlines will occur only by molecular motion; any 

disturbance initiated in such a flow will be rapidly damped 

out by viscous action. As Re is increased, the stability 

of -the flow is altered, and the damping of small disturbances 

is decreased; ultimately, a condition of neutral stability 

is reached beyond which the amplification of at least some 

disturbances will take place. This value of Re is called 

the critical Reynolds number and denoted as Recrit. 
When 

Re > Recrit, and sufficient time is available, this 

amplification leads to turbulence, which manifests itself 

as random fluctuations in velocity, pressure, and other flow 

properties, superimposed on the mean properties of the flow. 

The critical Reynolds number for fully developed steady 

pipe flow, based on mean velocity and pipe diameter, is 

usually given as approximately 2000.. 	For steady flow over 

a flat plate, with boundary layer thickness 6 , the critical 

Reynolds number is given by 

Re. 	U5 	1000 
	

(Schlichting, 1968) 

V 
(these values of course correspond, since in fully developed 

pipe flow, 6 = d). 
2 
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The disturbances that initiate turbulence may come from 

a number of sources, and their magnitude has a considerable 

influence on Re
crit' 

However the major difficulties in 

predicting the stability of aortic flow are due to its 

unsteadiness, since it is steady-state turbulence that has 

been primarily examined by fluid mechanicians. First, 

the appropriate Reynolds number must be chosen, since the 

mean value is obviously inappropriate in such highly 

unsteady flows. As the disturbances observed in this and 

the other hot film studies occurred at or near peak systolic 

velocity 0.), it is peak Reynolds number, Re = ll. 	, that 

s 	
Nr 

appropriate here. However, the previously mentioned 

fact that a finite time is required for small disturbances 

t-o grow to turbulence in supra-critical Reynolds number flow 

implies that Re is not the only governing parameter, but 

that the time course of velocity changes will also be 

important. The appropriate nondimensional parameter 

describing frequency is a. ; as mentioned earlier, this 

represents a ratio between inertial and viscous forces in 

unsteady flow; more importantly in this context, it 

represents a ratio between the characteristic time for 

viscous forces to act, r2  , and the time of one cardiac 

V 
cycle, 

Thus at low values of CS, , quasi-steady behaviour 

will dominate, and 
Recrit 

must be expected to approximate 

to 2000; as a. increases, there is a decrease in the time 
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available in one cardiac cycle,, as compared with the time 

required for amplification of a disturbance. Thus the 

observed Re crit might be expected to rise with increasing 

heart-rate. 

Thus good theoretical reasons existed for predicting 

that both Re and a would govern transition in aortic flow, 

and in this series of experiments, the flow state was 

examined as these parameters were altered. The experimental 

conditions are given in detail in the Table. In Figure 16 

the data for the descending aorta obtained in both these 

and the previous experiments are summarised in terms of 

^ 
Re, a , and the extent of the disturbances observed. As 
indicated in the figure, the shaded points represent 

highly disturbed or turbulent conditions, the half-shaded 

points represent disturbed (transitional) conditions, and 

the open points undisturbed (laminar) conditions. Further-

more, points obtained in the same dog under different 

conditions are connected by a straight line. 

Although there are a number of points where, for a 

variety of reasons, only one flow condition was observed, 

A 
it is clear that Re alone does not govern flow conditions 

and that there seems to be a general trend whereby increas- 

e 
ing Re and/or decreasing a. leads to a more disturbed flow 

condition. The undisturbed and disturbed or highly disturbed 

conditions can be approximately demarcated by a line having 

the equation 

cra,t = 250  a. 
	(1) 
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Below this line, flow is stable and undisturbed; above it, 

disturbances begin to appear and can grow to turbulence. 

Origins of turbulence 

Having defined at least two of the main variables 

governing transition, it was of interest to attempt to 

define the origin of the disturbances, in the sense of 

distinguishing between freestream turbulence existing in 

-the blood ejected from the ventricle, and turbulence 

arising locally in the aorta itself. This can be attempted 

tentatively be examining the relative energy content of 

waveforms recorded at different sites, since the time-

averaged velocities in these and the previous experiments 

show that in the majority of cases, blood ejected from the 

left ventricle reaches the arch in a single beat. In the 

descending aorta, on the other hand, the flow is of blood 

which is in its second pulse since leaving the heart, and 

has therefore undergone a diastolic period in the aorta. 

In Figure 47 are shown spectra for similar conditions of 

flow in the arch and descending aorta of a single animal. 

The high frequency content in the arch is considerably 

increased over that in the descending aorta, which suggests 

that these are flow disturbances associated with the 

ejection of blood from the heart, and that they are damped 

out during diastole and are therefore much less marked in 

the descending aorta. However, this is not borne out by 

the results from dog 41, where both the ascending and 

descending aorta data is shown in Fig.l8. Here the 
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ascending aorta sees first-beat blood, whilst the descend-

ing aorta sees second-beat blood. The control conditions 

match those described in the previous case, but following 

isoprenaline, high frequency disturbances occurred in the 

descending aorta; based on energy content 'above the 10th 

harmonic, this was in fact one of the most turbulent flows 

seen. Since diastole appeared quiescent, the disturbances 

in the descending aorta seem not to have been convected 

from the ascending aorta, but rather to have been generated 

locally in the blood flowing from the arch into the 

descending aorta on its second beat. 

The implication of this is that transition to 

turbulence can occur in the descending aorta. It is 

possible to examine this proposition (and to provide a 

crude theoretical justification for the form of equation 

Cu,.1which was derived experimentally) by applying boundary 

layer stability theory to the aortic wall boundary layer. 

This is done in Appendix C; there is general agreement 

with the data, and local transition is theoretically 

plausible. 

The same applies to flow in the ascending aorta. In 

Figure 49, the data obtained in the ascending aorta is 

summarised. Again, an approximate demarcation line may be 

drawn between the undisturbed and the disturbed points, 

the resulting equation being 

1
Re crit 

= 50a (2) 
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In this case, the constant is almost a. factor of two less 

than for the descending aorta. This is not unreasonable; 

the blood in this case is in its ejection stroke from the 

heart, and may already carry appreciable disturbances which 

might be expected to modify the critical Reynolds number 

of the wall boundary layer. Reductions of the order of two 

in critical Reynolds number due to free-stream disturbances 

were demonstrated by Dryden (1936). 

Although these observations are compatible with 

boundary layer transition, there is obviously no proof, and 

there are other possible explanations for the origin of the 

observed disturbances. The most likely one is that 

disturbances originating in the ventricle or outflow tract, 

and interacting with each other,. may in appropriate circum-

stances be strong enough to generate 'cascades' of smaller 

and smaller eddies before being damped out. These could 

give spectra of the observed form, at least in blood on its 

ejection stroke. In 'second-beat' blood, in the descending 

aorta, the mechanism could operate only if residual eddying 

was present in the arch region at the end of diastole. Some 

of the instantaneous profiles presented earlier (Figs.33, 

38) show simultaneous forward and backward motion in 

diastole which may be a manifestation of this. 

Finally, it should be noted that the earlier reported 

observations of Schultz et al and Ling et al were in good 

general agreement with those reported here, though enough 

detail is not given to allow their data to be included in 

Figs. 46 or 49. 
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CONCLUDING DISCUSSION 

The observations presented here on velocity distribution 

confirm theoretical predictions in that boundary-layers both 

close to the left ventricle and far downstream in the 

descending aorta are shown to be thin. It is, however, 

clear that simple formulations of entrance-length, and of 

profiles in oscillating pipe-flow, are inappropriate; the 

most striking demonstration of this is the skewing which 

occurs in the distal ascending aorta under the influence of 

centrifugal force; the profile is still blunt, in the sense 

of having very thin boundary-layers, but the axial velocity 

at the edges of the boundary-layers on the inner and outer 

walls of the vessels may differ by 50% or more. Obviously 

any theory which ignores influences of this magnitude (i.e. 

straight pipe theory l is inadequate. The same is true for 

the effects of turbulence; even the more sophisticated 

theoretical developments, such as those of Womersley, 

assume laminar flow, and transition will inevitably modify 

boundary-layer behaviour. 

The major influences which unsteadiness of the flow 

and transition to turbulence have in thinning aortic boundary-

layers has meant that disappointingly little detail is 

revealed with the present probes; and boundary-layer 

exploration, even with much more miniaturised probes, would 

be a formidable undertaking. The aortic wall moves a milli-

metre or more radially in phase with pressure (Barnett et 

al, 1961); and the boundary-layer may be little thicker 
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than this. Measurements would almost certainly involve 

using a wall-mounted probe which could be traversed in 

fractions of a millimetre and discriminate spatially to 

that degree without interacting with the wall. It seems 

much more likely that information about the boundary-layer 

will come from 'remote' techniques like the very elegant 

'gated' version of the ultrasonic Doppler flowmeter which 

is being developed by Perroneau et al (1969). 

Despite the difficulties, more detail about boundary-

layers is needed both to assess the magnitude of the shear-

stresses to which the arterial wall is exposed, and to 

improve understanding of mechanisms of mass-transfer to 

the arterial wall. Fry (1968) demonstrated that the 

endothelial lining is sensitive to shear stress, and defined 

an 'acute yield stress', which lay between 300 and 540 

dynes/cm
2 
for the endothelium of the dog aorta; exposure 

to shear stresses whose time-averaged values exceeded these 

led to rapid deterioration and dissolution of the endothelial 

surface. 

At the time when Fry reported these measurements, there 

was no information available about the magnitudes of wall 

shear stress which might occur in the normal circulation, 

and the situation is little better now. The present measure-

ments have not defined the shape of the boundary-layer, 

so that calculations of wall shear stress involve assumptions 

about the velocity gradient at the wall and are very crude. 
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. Assuming a boundary layer thickness of 2 mm., and a shape 

similar to that in steady flow over a flat plate, wall shear 

stress would reach 32 dynes/cm2 for a systolic flow velocity 

of 100 cm/sec. Ling et al (1968) reported direct measure-

ments made with a flush-mounted'hot-film probe in a rigidly 

cuffed vessel in the descending aorta; peak shear stresses 

in syStole reached 80-100 dynes/cm2, and time-averaged 

values ranged from 16-32 dynes/cm2  . 

These measurements, though direct, must be very 

approximate, as they will be extremely sensitive to the exact 

alignment of the probe surface flush with the endothelial 

surface. Rumberger et al 01972) have approached the problem 

differently, by examining the boundary-layer in the aorta 

of the horse Cwhich is approximately 3 mm. thick); using 

a 1 mm. probe they have been able roughly to map it and 

estimate the velocity gradient at the wall. Their pre-

liminary results give a peak shear-stress of 2-3 dynes/cm2. 

_These differ so greatly from those of Ling et al that it is 

clear that satisfactory measurements have yet to be made. 

In addition to endothelial damage, Fry (1968) observed 

enhanced uptake of Evans' Blue dye into the arterial wall in 

regions of high shear stress. Similar observations were 

made by Caro et al (1971), and one of these illustrates 

extremely well how complex the flow behaviour may be close 

to vessel walls. One of the regions which showed marked 

uptake of Evans' Blue in Caro et al's experiments, when the 

dye was injected intravenously and allowed to circulate for 
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some time before examination of the vessels, was the 

anterior wall of the ascending aorta - i.e. the outer wall 

of the curvature into the arch. In the present experiments, 

the velocity of blood in the core of the flow close to 

this wall was shown to be lower than on the opposite wall, 

and since there was no evidence of different boundary-layer 

thickness, this would suggest a lower velocity gradient 

and Shear-stress at the outer wall. This paradox is probably 

due to secondary motion, the faster-moving (outer) layers 

of the boundary-layer moving towards the wall under the 

influence of centrifugal force, effectively adding a 

component of flow-towards the wall within the boundary-layer 

which would have a scouring effect. Again, local geometry 

appears to dictate the detailed form of the flow. 

The observations reported by Caro et al demonstrated 

shear-dependence of. mass transfer between the blood and the 

arterial wall, and led them to the hypothesis that this 

mechanism might be important in atherogenesis, by inhibiting 

efflux of materials like cholesterol in regions where the 

velocity gradient at the wall was low. Thus the lower 

limits of mean shear stress at arterial walls are also of 

interest, and are no better defined than the higher limits 

discussed above. 

On a strictly practical level, velocity profiles in the 

aorta have relevance to other techniques of velocity and flow 

measurement in the aorta. Cuff electromagnetic flowmeters 

are sensitive to asymmetries in the velocity profile of the 
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flow through them; it is clear from the observations 

reported here that when they are used to measure aortic flow 

they should be located away from the curvature of the arch 

and wherever possible, calibrated in situ. It is also 

crucially important that they should not displace or angulate 

the vessel, since this can grossly distort the velocity 

profile locally. Catheter-tip velocity probes, whatever 

their mode of operation, can be expected to give reasonably 

representative time-averaged velocities for the broad 

core of the flow except when they are located very close to 

the wall (within 2 mm. for a hot-film catheter, 3-4 mm. for 

an electromagnetic catheter), but instantaneous values will 

not be reliable in the distal ascending aorta except very 

close to the centreline. In large vessels - such as the 

human ascending aorta - the mean core velocity should be 

within 105 of the true cross-sectional mean velocity, and it 

is potentially possible to measure cardiac output with 

reasonable accuracy if vessel diameter can be assessed 

angiographically. 

The observations on turbulence have to be assessed care-

fully, since the fact that it can be precipitated in the 

aorta of the anaesthetised dog by manoeuvres like vagal 

stimulation or the administration of isoprenaline does not 

mean that it occurs under normal physiological conditions; 

indeed at first sight it rather suggests the opposite. It 

is, however, worth considering the matter a little further. 
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In order to use the conclusions reached above about 

transition predictively,, it is necessary to know the normal 

range of Re and a , and the factors which may affect them. 

Measurements collected from the literature for a range of 

animal species (Fig.50) show that both Re and a increase 

with body size, and that these increases are roughly pro-

portional. However, data is sparse for most species, and 

in the one species where it is reasonably abundant (the 

dog), there is very marked scatter, as is shown in Fig.51. 

.'here are several probable reasons for this, apart from 

experimental error, since the calculation of each point 

depends upon the assumption that viscosity is a constant, 

and upon three different measurements - vessel diameter, 

heart-rate, and peak velocity. The first and second will 

show body-size dependence; and the second and third will 

be strongly influenced by the nature and depth of 

anaesthesia. In Figure 51, for example, all the values of a 
above 17 were derived from animals under barbiturate 

anaesthesia, which regularly produces tachycardia. It also 

lowers peak velocity, and the lower values of Reynolds 

number are probably biassed downwards from this cause. The 

overall effect of anaesthesia will thus be to displace the 

points downwards and to the right, which the present 

observations would predict to be a stabilising influence. 

That this effect operates, particularly on Reynolds number, 

is confirmed by the data of Noble et al (1966), which was 
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obtained in resting, conscious animals. The Reynolds numbers 

are consistently at the high end of the range; it is possible 

that they are biassed upwards slightly because of local 

flow acceleration due to the constricting effect of the cuff 

probe; but even if this effect was very marked (say 20%), 

the points would still be at the high end of the range. 

Many of the points in Fig.51 would lie above the 

demarcation lines in Figs.46 and 49, and might therefore be 

expected to represent transitional or turbulent flows; but 

A 
since values of Re and a are anaesthetic-sensitive, it is 
of particular interest to examine their relationship in 

conscious animals and particularly man. 

Relevant data is extremely sparse; the values derived 

from Noble et al are virtually the only ones available for 

tEe dog. For normal man, eight points can be derived from 

the results of Snell et al (1965), who used the pressure-

gradient technique to measure velocity; and four points 

can be calculated from the data of Gabe et al (1969). These 

refer to four patients with ischaemic heart-disease, but 

since there was sinus rhythm without anatomical or valvular 

abnormality, it is perhaps reasonable to assume that normal 

fluid dynamic conditions existed. Finally, five values are 

calculable for normal man from the data of Free et al (1949) 

on the assumption that peak velocity is twice mean systolic 

velocity - i.e. that the systolic flow waveform is triangular. 

All these points, which apply to the ascending aorta, are 
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plotted in Fig.52; and the line from Fig.49 which represents 

equation (2) is drawn in. It seems likely on the present 

assessment that almost all these flows would have been 

transitional or turbulent. 

The situation in high output states such as exercise 

is even more speculative, since there does not appear to be 

any quantitative data available for conscious animals. 

Published electromagnetic flowmeter waveforms suggest that 

peak velocities (and therefore Re) may be as much as 50% 

higher than resting values. Comparable changes in a would 

also occur due to tachycardia (doubling heart-rate would 

increase 0. by 40%1,  so that under physiological conditions, 

the ReA  -a, point might well reside above the demarcation 

line and move up and down parallel to it with changes in 

cardiac output. 

The distance to which such turbulence in the ascending 

aorta might extend through the circulation is entirely 

speculative-, and is an obvious subject for study with 

catheter-tip hot-film probes. Schultz et al observed 

simultaneous turbulence in the aorta and the brachiocephalic 

artery in one animal, but could not decide whether this 

was convected to the downstream site or locally generated; 

the amplitude of the turbulent velocity fluctuations was 

A 
much lower in the brachiocephalic record. Both Re and CC 

are, of course, directly proportional to vessel radius, and 

A 
will fall with distance from the heart; but Re will also 

depend on local flow velocity, which may remain high at 
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least in the first generation of branches; beyond that 

it seems unlikely that transition could occur. 

There is no apparent reason, from the fluid dynamic 

viewpoint, why turbulence should.be undesirable, since the 

increased pressure drop over a laminar flow would be trivial 

compared to that caused by the peripheral resistance. 

There are, however, a number of interesting physiological 

implications. The first relates to sound production. It 

has been generally assumed in physiological and clinical 
therefore 

circles that turbulence is what causes murmurs, and/that in 

the normal circulation, it is usually absent; and the 

statement by McDonald (1960), that laminar flow is silent, 

_has generally been accepted. Neither of these is necessarily 

true. There are a number of phenomena associated with 

laminar flow which may generate sound - the vortex shedding 

which is the mechanism of the Aeolian harp being the 

classical example; and Bruns(1959) has argued that such 

phenomena are the cause of intravascular murmurs. 

Similarly, there is no a priori reason why turbulent 

pressure fluctuations should always be detectable at the 

chest wall; there might well be a 'threshold' corresponding 

to an appreciable intensity of turbulence within the vessel. 

No systematic attempt was made during these experiments 

to study sound generation. However, a loud, low-pitched 

systolic murmur was audible for the highly-disturbed flow 

conditions in dogs 41 and 42 when a stethoscope was applied 

to the aortic wall. These murmurs were not audible in the 
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neck, and possibly would not have been audible through the 

chest wall in a closed-chest animal. In the undisturbed 

control conditions in dog 41, no murmur was audible. 

The presence of turbulence in a flow will modify con-

ditions close to the wall through its effect on the shape 

of the boundary layer; if the mean flow-rate is not altered, 

the boundary-layer will be thinner in turbulent flow, and 

the velocity-gradient at the wall steeper. This effect will 

not always be gross, because the mean velocity outside the 
• 

Boundary-layer will fall. In steady flow, for example, 

at a fixed Reynolds number of 2000, transition from 

Poiseuille flow to turbulent flow will increase the velocity 

gradient at the,wall by approximately 50%. In arterial flow, 

the effect would probably be greater, since the profile is 

blunt even before transition; but its magnitude would also 

depend upon the mechanism of transition, which is not yet 

clarified. 

No long-term studies have been made of the effect of 

vibration on arterial walls, for obvious reasons; but 

Roach (1963) demonstrated that the onset of acute post-

stenotic dilatation in vivo occurred only when a murmur and 

palpable thrill were present over the segment distal to a 

stenosis. More recently, she has shown (Boughner & Roach, 

1970) that the changed elastic properties seen distal to a 

stenosis can also be produced by exposure of the vessel to 

small amplitude vibrations in the frequency range 30-400 Hz 
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for periods of several hours. This matches closely the 

frequency spectrum of velocity fluctuations detected during 

this work in turbulent flow. It is interesting to speculate 

that the dilatation of major arteries which takes place with 

age may be in response to prolonged low-amplitude vibration 

rather than intrinsic degenerative changes. 

A great deal more needs to be done to define normal 

flow conditions within major arteries of animals and man, 

particularly close to boundaries, and it is clear that both 

new types of transducer, and a range of flow-visualisation 

techniques and mass-transfer studies, will be required both 

in vivo and in models to provide experimental information. 

The hot-film technique, however, may still have a good deal 

to offer; it is being applied to obtain more detailed 

descriptions of intra-arterial flow-patterns, both in 

larger animals (Rumberger et al, 1972), and, with probes 

of sub-millimetric dimensions (Francis, personal communica-

tion), in the dog. Obvious points to emerge from the 

present study are the need to establish normal values of 

Reynolds number and a, in man, to find out whether turbulence 

is the normal regime of flow in the human aorta, and to 

examine the relationship between turbulence and the generation 

of audible murmurs. Work along these lines, with catheter-

tip versions of the hot-film probe, is now in progress 

(Seed, 1972). 
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APPENDIX A: Frequency spectral analysis  

In a turbulent flow, the random eddies which constitute 

turbulence will be 'seen' by a velocity probe as fluctuating 

velocity components superimposed upon the bulk flow velocity. 

Thus the velocity recorded at a point in a turbulent flow 

may be represented as U+u', where U is the mean velocity, 

and u' is the fluctuating or turbulent component. Since u' 

fluctuates randomly, its average value is zero. However, 

the value of u'2  will not be zero, since squaring 'rectifies' 

the oscillations; so the mean square value of u', which is 

u' z, has a positive value, and this represents the mean 

kinetLc energy of the fluctuating velocity, u'. For 

comparison between different flows, it is convenient to 

express velocity and energy components non—dimensionally, 

as ratios of the corresponding mean components; thus 

U2  
expresses the fluctuating (turbulent) kinetic energy as a 

fraction of the mean kinetic energy of the flow. 

Because the eddies in turbulent flow are on every 

scale from large to small, and are carried with the mean 

flow, the fluctuating velocity components seen by the 

(stationary) probe will contain many frequencies, and a 

frequency distribution or spectrum of u' will exist, which 

can be characterised in a number of ways. For example, the 

amplitude of the fluctuating velocity component can be 

measured in a series of successive frequency bands; from 

this, fractional kinetic energy per cycle ( 

U1.4 
where Ar is bandwidth) can be calculated and expressed as 

a function of frequency, f. Typically, this distribution 
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.curve will be centred on some frequency, 10, and will 

diminish in amplitude as frequency becomes both very large 

and very small about this value 10. The value of f
0 
 will 

be dictated by the size of the largest eddies in the flow, 

and these will be on a scale,. L, related to the geometry 

of the flow. In a pipe flow, for example, the largest 

eddies.  will have a diameter approximately that of the pipe, 

and thus the appropriate value of L will be pipe diameter. 

Thus f
0 
 will be approximately equal to U/L. The maximum 

amplitude occurring within this frequency spectrum will be 

dictated by a number of interacting and often complicated 

features of the flow, which may include such phenomena as 

local and upstream geometry, flow obstructions and fluid 

viscosity. 

When the underlying flow is unsteady, as in an artery, 

the situation is more complicated, since frequency analysis 

of the velocity, U-1-11', will show the combined frequency 

distribution of the basic unsteady waveform and the 

turbulence. The former will be represented by a set of 

harmonics, falling in amplitude to, perhaps, 1% of peak 

velocity by the tenth - say 25 Hz in the dog. The frequency 

distribution of u' will be smooth, moving from virtually 

zero at low frequency through a peak and back towards zero 

at high frequencies. Thus the frequency spectrum will 

contain two patterns which may well overlap, though turbulent 

fluctuations at any frequency will be random from beat-to- 
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beat, whilst the harmonics of the underlying waveform will 

not. Thus even if quantitative spectra are available, 

distinctions between laminar and turbulent flows may be 

difficult. 

As mentioned above, comparison between two turbulent 

spectra is facilitated by plotting energy ratios rather 

than absolute values, since the latter are likely to vary 

with.  Reynolds number, and therefore with U. In unsteady 

flow, comparability is further helped by plotting such 
rather 

ratios against harmonic number/than frequency, since both 

axes are now non-dimensional and the parts of the spectra 

contributed by underlying flow harmonics should 'collapse' 

on to each other. 

Such a format has been adopted in this work. Measure-

ments of the velocity component in each frequency band were 

made by passing the arterial velocity signal through a 

frequency spectrum analyser (BrUel & Kjer Audio Frequency 

Spectrometer type 2112). This contains a switched series 

of narrow bandpass filters, with very sharply cut off upper 

and lower limits, which allow instantaneous analysis in 

one-third octave steps from a centre frequency of 25 Hz 

upwards. The sine-wave output therefore represents the 

instantaneous peak-to-peak amplitude of the signal for 

frequencies within one-third of an octave about the set 

frequency. An example of the output at a number of frequency 

settings is shown in Fig.44, together with the input 
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velocity signal. Spectral energy distributions were derived 

from these measurements as follows: the peak signal in 

each frequency band was averaged from a series of beats. 
we 

Since this signal, which/call a, is a sine-wave, a/T2 is a 

root-mean-square value for the velocity fluctuation occurring 

during systole in that frequency band, and a2 is the mean- 
2 

square (i.e. energy) value. To convert this into fractional 

2 	A 
systolic energy, it was divided by 

A  
u , where u is peak 

systolic velocity. Finally, each value of this was divided by 

the number of harmonics within its frequency band, to 

give fractional systolic kinetic energy per harmonic (E). 

Thus for each waveform, a series of values of E was derived, 

each corresponding to a particular frequency - which itself 

was divided by heart-rate and expressed as a harmonic. In 

Figures 45, 47 and 48, E is plotted against harmonic number; 

each of these plots is thus a systolic energy spectrum 

over a particular harmonic range. 



APPENDIX B: Velocity distribution of inviscid flow in a bend  

In unsteady inviscid flow in a rigid pipe bend, the 

streamline patterns will be fixed and will be invariant with 

time, and by continuity so will all relative velocities. 

Therefore the derivation may be simplified by assuming 

steady flow. 

Figure 53 shows the system being considered. Fluid is 

originating from a uniform stagnation region (1), represent-

ing the ventricle. Although the velocity in the ventricle 

is not zero throughout the cycle, the blood is probably 

sufficiently mixed for stagnation conditions there to be 

considered uniform at any instant. The fluid flows into a 

curved conduit and passes through a plane (2), which is 

orthogonal to the streamlines. Distance along the plane is 

denoted by s and velocity u2  and pressure p2  may vary along 

it. 

Along any streamline, Bernouilli t s theory 

pressure and velocity: 

relates 

0 = P2 	2f" 
22 (B.1) 

(Where p
0  

is the 	(uniform) 	stagnation pressure of the flow 

and p
2 

is the 	static 	pressure 	in region 	(2).) 

The centrifugal pressure gradient along s is given by 

 

(B.2) 
s 
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where r is the radius of curvature of the streamline at 

the point along s considered. 

Differentiating eq.(B.11 with respect to s, 

1)?2, 	(). Uzi-DU-2 	(B.3) 

S 	OS 

Substituting for 	from (B.2) and rearranging, 

OS 

(12, (B.4) 

  

Since increments in r and s are identical, B.4 becomes 

u
2 

-du
2 	

dr -dug 
 

= 	i.e. 
dr ' 	u2 

(B.5) 

the solution of which is 

ln.r = -ln.u2 
+ ln.c 

where ln.c is a constant of integration, 

i.e. 	r.0 	constant 
	

(B.6) 

Thus the velocity is inversely proportional to the 

radius of curvature of the streamline, and is therefore 

larger at the inside of the bend. The same mechanism will 

operate when the direction of flow is reversed. A con-

sequence of this velocity distribution, by continuity, is 
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that the streamlines will be more concentrated at the inside 

of the bend, and more widely spaced at the outside; they 

will not in general be concentric. The extent of the skew 

which is produced will be inversely proportional to the 

radius of curvature; variations in this dimension are 

probably the cause of the variations in skew in different 

animals which are seen in Fig.30. 
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APPENDIX C: Boundary layer stability theory 

Stability theory may be applied crudely to the aortic 

wall boundary layer by considering the forward flow in 

systole to be comparable to that associated with the instan-

taneous acceleration of flow over a flat plate. The 

velocity profile in this case is not unlike that of a 

steady flat-plate boundary layer and the critical Reynolds 

number criteria for a flat-plate based on the boundary 

layer thickness 6 may be applied as a first approximation, 

i.e. 

Re 	 bOb 
criZ 

= (a.15  
)c.riz 

( c. 1) 

It is only necessary to estimate boundary layer thickness, 

and this can be done by using the accelerated flat-plate 

formula 

6 	411.t 	
(c.2) 

and defining t as - 1 	- the approximate duration of 
4w 

systole; then on substitution, equation C.2 becomes 

6 	2 (c.3) 

    

    

A similar result may be obtained by examining Womersley's 

solutions (1957) where the constant is estimated to be 8. 

The profiles presented by Ling et al give .a value of 

approximately 5.5, and the results obtained in this study 
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(assuming a boundary layer thickness of 2 mm.) give values 

between 2 and 5.5. The choice is obviously somewhat 

arbitrary. However, if an equation of the form of C.3 is 

combined with C.1, the dependence of critical Reynolds 

number may be shown to be 

Re crit 
	constant x a 	c.4) 

where the constant of proportionality ranges from 250 to 

1000 depending on which of the above values is used. The 

experimental correlation (equation (1)) has the same 

format as this, with a constant at the lower end of the 

range estimated above. This in fact would be expected, 

since the disturbances generally occur during flow 

deceleration in systole; decelerating flows such as this 

exhibit inflection points in their velocity profiles, 

and have been shown to be more unstable than steady or 

accelerating flows (Shen, 1961). 
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TABLE 

Summary of data for flow conditions 

Dog 	Aortic site Diameter 	Experimental 	Heart 	Peak 	Re 	Flow state 
(cm) 	condition* rate velocity 

(Hz) 	(cm/sec) 

35 Descending 1.0 Control 1.47 95 2,700 8.2 Disturbed 

Vagal 
stimulation 0.76 69 1,960 5.75 Disturbed 

Isoprenaline 3.58 80 2,270 12.75 Undisturbed 

Control 2.0 71 2,050 9.5 Disturbed 

Isoprenaline 3.58 65 1,860 12.75 Undisturbed 

38 Descending 0.8 Control 0.95 154 3,500 5.2 Highly disturbed 1 

Propranolol+ . 	ru 
pentobarbitone 1.64 101 2,320 6.8 Disturbed %...o 

39 Descending 1.0 Control 1.75 56 1,600 8.6 Undisturbed 

Isoprenaline 3.42 127 3,630 12.4 Highly disturbed 

Control 1.82 72 2,060 9.0 Undisturbed 

40 Arch 1.6 Isoprenaline 3.46 107 4,890 19.8 Disturbed 

Descending 1.3 Isoprenaline 3.46 112 4,160 16.2 Disturbed 

41 Ascending 1.5 Control 2.0 75 3,230 14.2 Disturbed 

Isoprenaline 4.1 93 3,980 20.2 Disturbed 

Control 2.35 72 3,090 15.5 Disturbed 

Descending 0.75 Control 2.98 58  1,240 8.6 Undisturbed 

Isoprenaline 4.0 160 3,430 10.0 Highly disturbed 

42 Descending 0.8 Control 3.23 252 5,400 9.0 Highly disturbed 

'The term 'control}  implies morphine + pentobarbitone anaesthesia but no other intervention; 
it has no implication concerning the flow state. 
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Fig.2 Aortic velocity waveform showing 
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and predicted actual response (....) 
distorted by boundary-layer phase-
lags. 
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Fig.7 Relative sensitivity of probe to blood 
and water; paired calibrations, 
performed in steady flow and linearised 
numerically. 

Measurement of fully developed velocity profile in pipe 

(a) 	 (b) 
Fig.8 Velocity measurements in Steady pipe flow. 

Predicted (full line) and measured velocity 
distributions 
a) in entrance region; results for three 

different flow rates (Reynolds numbers 
726, 484o, 6520). 

b) fully developed flow far downstream 
(Reynolds number 10 0'. 
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Fig.16 Sketch illustrating the motion observed in 
small particles on the liquid surface near 
the probe during oscillation of the probe 
in initially still liquid. 

Fig.17 Effect of progressively increasing periods 
of wake reflux in each cycle of oscillatory 
motion on probe response. X is ratio of 
unsteady to steady velocity (see p.52). 
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Fig.22 Signal from probe in pipe-flow. The flow was 
slowly increased until turbulence occurred, and 
later stopped. Peak Reynolds number 9500. 

Fig.23 Frequency distribution of turbulent energy in pipe 
flow. The points are measured with the hot-film 
probe; the line is calculated from theory and from 
the hot-wire robe measurements of Laufer (1954). 
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Fig.33 Instantaneous profiles in antero-posterior 
plane, distal ascending aorta. Diameter 
14 mm., heart-rate 194. 

Fig.34 Instantaneous profiles in antero-posterior 
plane, middle site in ascending aorta. 
Diameter 22 mm., heart-rate 163. 

Fig.35 Instantaneous profiles in left-right plane, 
distal ascending aorta. Diameter 16 mm., 
heart-rate 190. 
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Fig.36 Instantaneous velocity profiles calculated 
from theory for oscillating pipe flow with 
Q(= 10. Profiles from 180° to 360°  are 
mirror images. 
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Fig. 37. Peak systolic velocity distribution at 
'indicated sites in the arch and descending 
thoracic aorta. Points calculated as in 
fig. 30. 
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Fig.38. Instantaneous profiles in left-right plane, 
upper descending thoracic aorta, 2.5 cm. 
from the origin of the left subclavian 
artery. Diameter 13 mm. Heart-rate 150. 
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Fig.39 instantaneous profiles in left-right plane, 
lower descending thoracic aorta, 10 cm. from 
left subclavian artery.. Diameter 15 mm., 
heart-rate 160. 

Fig.l0 Instantaneous profiles in R-antero-L-posterior 
plane, abdominal aorta 2.5 cm. from its 
termination. Diameter 12 mm., heart-rate 180. 
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Fig.41 Time-integrated velocity profiles in ascending 
aorta. 
	 waveform integrated in rectified form; 
	 waveform integrated after switching to 

assign negative polarity to reversed flow 
phases of the signal. 
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Fig.42 Velocity waveforms showing high-frequency flow-. 
disturbances during deceleration of systolic 
flow. 
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Fig./13 Velocity waveforms re-corded in the descending 
thoracic aorta. 
a) undisturbed; b) disturbed; c) highly disturbed. 
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Fig.44 Frequency analyser output for highly disturbed 
flow in the descending aorta. The input wave-
form is shown at the bottom. The velocity 
scale opposite the 50 Hz signal applies at all 
frequencies. 
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Fig.45 Energy spectra (derived as in 
Appendix A) for high frequency 
components of flow in the 
descending aorta. 
() dog 41, isoprenaline infusion -

highly disturbed; 
0 dog 41, control - undisturbed. 
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Fig. X16 Reynolds number and et for the descending 
aorta. 

C)undisturbed flow 
Odisturbed flow 
C)highly disturbed flow. 

The line corresponds to equation(1) in 
the text. 
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Fig.47 Energy spectra, as Fig.45. 

0 aortic arch 	) dog 40,  
descending aorta) isoprenaline infusion. 
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Fig.48 Energy spectra, as Fig.45. Dog 41. 
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Fig.49 Reynolds number and Of. for the ascending 
aorta. Symbols as Fig.46. The line 
represents equation (2) in the text. 
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Fig.50 Reynolds number and a for the aorta in a range 
of animal species. The number of measurements 
for each species is given, and the points are 
derived by averaging. Sources for the dog are 
cited with Fig.51. Other sources are: 

Adams et al (1969) - cat 
Kirkeb8 (1968) - hedgehog 
Ling et al (1969) - pig 
McDonald (1952) - rabbit 
Pfeffer & Frohlich (1972) - rat 
Rumberger et al (1972) - horse 

The measurements were all made in animals under 
anaesthesia. 
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Fig.51 Reynolds number and a for the dog aorta. 
Sources are: 

°Ling et al (1969) 
°Noble et al (1966) - resting, 

conscious dogs 
C)Schultz et al (1969) 
❑ Spencer & Greiss (1962) 
OSpencer, Johnston & Denison (1958) 
AThis study. 
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Fig.52 Reynolds number and a. for the ascending aorta 
of conscious dogs and man. The line corresponds 
to equation (2) in the text. Sources are: 

dog: 

man: 

C) Noble et al (1966) 
Q) Spencer, Johnston & Denison (1958) 

Prec et al (1949) 
XSnell et al (1965) 
Gabe et al (1969) 

Fig.53 Schematic drawing of flow in the proximal aorta. 
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