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The development and evaluation of a hot-film probe, suitable for use within
arteries and operated with a commercial constant-temperature anemometer and
linearizer, is described. The performance of the system in the recording of
arterial velocity wave forms is described, and instantaneous and time-averaged
velocity profiles constructed from measurements in the thoracie aorta of dogs
are presented. The profiles were blunt, with boundary layers estimated to be less
than 2mm thick throughout the cycle, and significant skews were observed, the
explanation for which appears to lie in the influence of local geometry on the
flow. A preliminary study of flow disturbances in the aorta based on visual
observation of instantaneous velocity wave forms and frequency spectrum
analysis is reported. The oceurrence of flow disturbances and turbulence is shown
to be rclated to peak Reynolds number and the frequency parameter «. The
possible roles of frce-strcam disturbances and boundary-layer transition in
generating these disturbances are discussed.

1. Introduction

The analysis of flow in major mammalian arterics presents a number of fluid-
dynamical problems since the flow is pulsatile, commonly with a reversing phase,
and passes through vesscls of complex geometry. Whilst techniques to measure
pressurc and flow in such systems have been available for some time, point
veloeity measurements had not previously been achieved and the complexity
of the system has severely inhibited theoretical evaluation and model studies.

Recently, reports of the use of constant-temperature hot-film anemometer
systems for such measurements have begun to appear in the physiological
literature. Sced & Wood (1970a,b) have discussed the problems associated with
the use of hot-film anemometry in the arterial environment and described the
development of a suitable system. This system has been used in the aorta to
measure velocity profiles, and in a preliminary study of the generation of
turbulence. This paper presents some features of general fluid-dynamical interest
which emecrged both in the devclopment of the instrument and from the results
of the physiological studies.
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2. General considerations

The aorta (figure 1, plate 1) is the main artery supplying oxygenated blood
to body tissucs via its branches. It is fed through the aortic valve from the left
ventricle of the hecart. At its origin it is directed towards the head (ascending
aorta), but within about three diameters it arches through 180°, with major
branches leaving it at 90°, and runs along the spine towards the abdomen as the
descending aorta. It is tapered, with an initial diameter up to about 2 ¢cm in the
dog (a common experimental animal).

Flow into the aorta is pulsatile, with each ventricular contraction producing
a short period of forward flow (systolc) characterized by rapid acceleration to
velocities of 100-200 cm/s followed by deceleration, and with valve-closure being
associated with a period of flow-reversal and marking the onset of diastole. The
time-mean component of the velocity varies between approximately 5 and
30 cm/s.

It is commonly assumed that the velocity distribution at the entrance to the
aorta is uniform. However, it has not been possible until recently to check the
assumption experimentally and it is not known what influence the pattern of
ventricular contraction will have. Furthermore, the cusps of the aortic valve lie
just inside the entrance, although, experiments in a model of the aortic valve
region by Bellhouse & Talbot (1969) have suggested that disturbances from this
source should be slight. In another model representing the atrium and ventricle,
Bellhouse (1970) found that a vortex is formed in the ventricle during filling from
the atrium as a result of the flow through the mitral valve. This is likely to persist
into the ventricular contraction phase, with a corresponding influence on the
aortic entrance flow.

Although steady flow patterns in the entrance region of straight rigid pipes
are known (Nikuradse 1934), the modifying effects of unsteady flow and elastic
boundaries make it difficult to predict what will happen except perhaps in the
ascending aorta, where a number of studies (Atabek & Chang 1961; Kuchar &
Ostrach 1967; Jones 1970) suggest that there will be an inviscid core with a thin
aortic wall boundary layer. In the arch the situation becomes more complicated;
flow entering a bend will develop an asymmetric velocity profile. In a fully
developed viscous flow the higher velocities are on the outside of the bend, as a
result of the aetion of sccondary motion (Goldstein 1938). In inviscid flow with
a flat entry profile there is no secondary motion and the higher velocities develop
near the inner wall (Sced & Wood 1971). Since the form of the boundary layer in
the arch is uncertain, it is difficult to predict the magnitude of its influence.
Furthermore, the presence of two large branches must exert an influence, both
geometrically and by their effect on wave transmission and reflexion.

With regard to the extent to which flow disturbances and/or the development
of turbulence may occur within the normal circulation, very little information
exists in the literature. In general, engineering studies have examined turbulence
and the transition from laminar to turbulent flow primarily in steady flows.
However, the problem in arteries has been uniquely difficult, partly because of
the unsteady nature of the basic flow and partly because of the limitations of
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instrumentation and access. As an example, the standard techniques for demon-
strating the onset of turbulence in a pipe flow - the breakdown of the Poiseuille
pressure—flow relationship, or direct flow visualization — are inapplicable or
difficult to apply in unsteady flow. Because of this, discussion of the onset of
turbulence in arteries has been largely speculative and based on comparison
with the behaviour of steady flow regimes. Such speculation has suggested that
turbulence might oceur in larger arteries during systole. (Using the figures quoted
earlier, the mean pipe Reynolds numbers lie between 250 and 1500, but peak
Reynolds numbers are of the order of 5000.) The few attempts which appear to
have been made to examinc arterial flow in vivo, either by dircet cinematography
of injected dye (McDonald 1960) or by cineradiography (Ohlsson 1962), have
tended to bear this out.

There have been a limited number of studies of the stability of pulsating pipe
flows (Yellin 1966; Sarpkaya 1966) and these have centred primarily around the
growth and decay of disturbances in sinusoidally accclerating and decelerating
flows. Unfortunately, the experiments have been carried out for « values of 4-6,
which are somewhat lower than those encountered in aortic flows, and for condi-
tions where the oscillatory component was small compared with the mean.
Because of the low a values, the side-wall boundary layer is somewhat thicker
than that in the aorta and the flow might even be fully viscous. The small
oscillatory components, on the other hand, correspond to domination of transi-
tion by the mean flow propertics.

It is these features of arterial flow which indicate the primary requirements for
an artcrial hot-film probe. From a practical viewpoint this probe should be
suitably shaped for insertion and must be small and robust. In addition, since
the hot-film system does not intrinsically distinguish forward from backward
flow, some auxiliary means of signalling flow reversal must be provided. Further-
more, Fourier analysis of records from electromagnetic flow meters (which give
a fairly accurate instantaneous cross-sectional mean velocity) shows that har-
monics of the heart rate up to about the tenth may have significant amplitude.
The fundamental frequency in dogs is 1-3 Hz, thus the overall system should
have a frequency response which is flat to at least 25 Hz to reproduce the velocity
wave form. However, identifieation of flow disturbances and turbulence will
neccssitate a response at frequencies up to several hundred hertz.

The probe must also be capable of operating in a conducting fluid, since blood
contains a number of ionic eonstituents, and the overheat must be limited to less
than 10°C to prevent deposition of heat-sensitive blood constituents on the film.
Finally, a calibration apparatus which provides known water or blood flows,
both steady and oscillatory, over the range 0-100 cm/s is needed. It must also
include facilities for maintaining blood at 37 °C and should preferably require
only small volumes.

3. Anemometer system Anemometers

Commercially available circuits have been used throughout this work. The results
described here were obtained with a DISA 55 D01 anemometer and DISA 55D10
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linearizer. The anemometer was modified by incorporation of an additional series
resistance decade to allow balancing to 0-001 rather than 0-01 Q and by the
insertion of a switched resistor in parallel with the upper arm of the bridge. The
value of this was chosen as 1 9, of the arm so that when switched in it provided
1%, overheat automatically; with the gold films used, this gave a 5 °C overheat.

Probes

Laboratory fabrication techniques have been described by Seed (1969) and some
of the design considerations for such probes were discussed by Seed & Wood
1970a. The most satisfactory solution has been to limit the size and to use a flow
splitting shape with films at near zcro incidence on a flat or only very slightly
curved surface. The probe shown in figure 2 has proved the most satisfactory
design to date since the small surface curvature prevents flow separation through-
out the wide range of Reynolds numbers that occur within arteries. Three gold
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Epoxy resin fairing Direction-sensing films

Pyrex glass substrate

/ Wire leads from

needle shaft
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Figure 2. Intra-arterial velocity probe.

films, each 0-2 x 0-3mm, are set side by side, about 0-1l mm apart and at right
angles to the flow axis, on the surface of a Pyrex bead which is then mounted on
a hypodermic needle (0-75-1-5mm 0.D.) whose tip has been built up and faired
with epoxy resin to the desired shape.

Each filin is electrically independent. The central film is connected to the
anemometer and used for mcasurement of flow velocity; the other two are used
to signal flow direction. In steady flow such probes yield stable signals provided
precautions are taken to avoid film damage and to allow for temperature varia-
tions in the liquid. The latter is a minor problem since resetting of the overheat
ratio is a simple and rapid manoeuvre. Protecting the films permanently from
damage, particularly electrolytic etching, is best achicved by coating the film
with silicon resinate during construction of the probe, using the technique
described by Vidal & Golian (1967). The thickness of the layer obtained is of the
order of 1 micron and has a negligible effect on the frequency response.
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Direction sensing

Films placed on either side of and close to the heated film, and connected as two
arms of a Wheatstone bridge, were found to give an unequivocal indication of
flow direction. They act as resistance thermometers, registering the bias in
streamwise temperature distribution in the substrata caused by the flow and
exhibiting only slight velocity sensitivity. The bridge unbalance signal changes
polarity with flow direction change and can be used to generate pulses in a com-
parator circuit. These pulses will switch polarity in a compatible unity-gain
switched amplifier which carries the velocity signal. Thus the part of the
(rectified) velocity signal which corresponds to reverse flow can be automatically
inverted before display.

4. Calibration Direct method

Steady velocities were generated by rotating liquid in an annular channel in a
circular vessel on a gramophone turn-table (Seed & Wood 1969). Probes were
clamped above the dish and lowered into the liquid. The system allows calibration
in small steps up to 120 cm/s, using 150 ml of liquid. The temperature of the
liquid can be held constant by circulating water (from a thermostatically con-
trolled heater circulator) through the spaces either side of the channel in the dish.
The validity of the system was checked by a comparison of signals obtained in a
towing tank and on the turn-table, using the same probe.

Unsteady velocities were generated by mounting the probe in a mechanical
oscillator which produced simple harmonic motion at frequencies up to 15 Haz.
The probe could therefore be exposed to sinusoidal fluctuations of velocity in still
liquid, or with any desired mean flow. The method of calibrating probes by
oscillation in still fluid (Schultz et al. 1969) is attractive because of its simplicity,
but was shown to be subject to artefacts caused by secondary flow generation
(Seed & Wood 1970a).

Indirect method

The frequency response of the constant-temperature system in its operating mode
was examined by coupling an oscillator across the film and injecting a sinusoidal
voltage under the conditions recommended for the square-wave test (DISA 55
D01 anemometer handbook). The injection of an electrical signal has disadvan-
tages as a method of calibrating the instrument, particularly at low frequencies,
since the temperature distribution in the film should be nearly uniform, requiring
that conduction in the substrata should be approximately one-dimensional.
This is more likely for a depth of penetration (k/w)? of thermal waves into the
substrata small compared with the smallest film dimension. On this basis the
method should be valid for frequencies down to 2-3 Haz.

Infact, the frequency response measurcd electrically, which gives an indication
of both the anemometer behaviour and the effect of thermal conduction in
the substrata, has been found to reflect closely that inferred from direct flow
calibrations. The method has been found valuable in comparing the response
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characteristics of different constant-temperature circuits and overheat settings
and in monitoring the effect of necessary modifications.

5. System performance Steady flow

Calibrations in both blood and water with these probes have been found to fit the
anemometer equation

V2 =4+ Bu*, (1)

using V2 (where T}, is zero flow voltage) in place of 4, and a value of } for the
velocity exponent ». (B is a constant depending on the fluid properties, the probe
body shape and dimensions, the anemometer bridge ratio and the temperature
difference between film and environment, dictated by the overheat ratio.) Serial
calibrations with a single probe over a period of weeks were normally repeatable
within +5 9.

Comparison between calibrations performed with the same probe at the same
overheat in blood and water revcaled differences in the term 4, but not in B.
Heat-transfer theory for homogeneous fluids predicts a difference in term B
because of differences between the bulk fluid properties of blood and water. The
causc of this discrepancy has been discussed previously (Seed & Wood 19706) and
is ascribed to the inhomogencity of blood.

Frequency response

Both electrical and oscillatory flow calibrations revealed that the anemometer
showed a rising frequency response when operated with these probes at 19
overheat ratio. It proved possible to improve the frequency response with a
single stage output filter (Seed & Wood 19705). The response remains velocity-
dependent but can be made flat within + 10 %, from d.c. to 400 Hz for velocities
within the physiological range.

However, the boundary layer generated by the flow over the probe also governs
heat transfer from the film and requires a finite time, which is dependent on flow
velocity, to reach a steady state. This modifies the behaviour in unsteady flow
and is likely to appear as an error in the registration of rapidly ehanging velocities
near zero. It can be characterized (Seed & Wood 19705) in terms of the non-
dimensional parameter fr/u, where f is the frequency, x is the distance along the
probe from leading edge to the film (boundary-layer length) and « is the instan-
taneous velocity.

Thus the probe should be physically small to minimize x, but there still remain
times in the arterial velocity cyele when u falls to zero, leading to progressively
larger proportional errors. Oscillatory calibration studies in reversing flows have
suggested that backward velocities will be registered to within + 209, in the
range of velocity and frequency encountered within arteries. The establishment
of equal sensitivity to forward and backward components of unsteady reversing
flows has proved the most difficult feature of probe design; Seed & Wood (19705)
and Wood (1971) have discussed the subject in detail. Figure 3 shows steady and
unsteady probe calibrations performed in blood at 37 °C.
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In summary, the calibration studies have demonstrated that the major part
of the systolic velocity wave form can be measured within + 59, (calibration
accuracy). At low velocity and during flow reversal, errors occur which are large
proportionally but small in absolute terms (probably always less than 5 cm/s).
During reverse-flow phases of the cycle accuracy limits are looser ( + 20 %,).

The calibrations described were performed in unsheared flows. To investigate
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Figure 3. Static and dynamic calibrations of probe in blood at 37 °C, numerically
linearized as square of signal against square root of velocity. O, steady flow. Oscillation
at 3 frequencies in steady flow of 13 em/s: A, peak forward velocity; V, peak backward
velocity.

e

the probe response in a velocity gradient, traverses were made of steady pipe flow
both near the entrance and in the fully developed region. These showed that the
probe measured the velocity of the streamline approximately midway between
the probe tip and the film position, and that as expected, because the film was
mounted on a projection ahead of the shaft, blockage effects were negligible.

6. Methods

The experiments were performed on dogs under general anaesthesia. At the
beginning of each experiment, the probe was calibrated in steady flows of blood
taken from the animal and maintained at 37°C in the turn-table apparatus.
Before the calibration, the system frequency response was adjusted via the
output filter, using the electrical test described earlier. At the same time, the
Wheatstone bridge containing the twin direction-sensing films was balanced to
give zero volts at zero flow. All outputs were recorded on magnetic tape with a
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multichannel ¥M recorder (Precision Instruments PI-6200). Figure 4 shows a
typical velocity calibration. The aorta was exposed surgically. The probe was
inserted by direct puncture, aligned on a diameter normal to the vessel and clipped
into the slide of a graduated plastic carrier to allow traversing across the vessel.

10

Linearizer output (V)

0 50 100 150
Velocity (cm/s)

Ficure 4. Steady flow calibration of probe in blood at 37 °C linearized with
DISA 55 D10 linearizer.

The general object of the experiments was to record velocity wave forms in
small steps across the vessel and to use these for reconstruction of instantaneous
and time-averaged velocity profiles. Since both heart output and downstream
flow-resistance are subject to reflex control; variation in local flow conditions
may occur within an artery both gradually and beat-to-beat. Traverses were
therefore carried out in pairs, inward and outward, so that slow changes would
be identifiable as opposite skewing of the profiles. In addition, records were
usually taken repeatedly at a single reference station on the diameter during at
least one traverse. Beat-to-becat variation was eliminated by averaging; at
playback, the velocity signals from each recording station were played into an
averaging oscilloscope (Northern Instruments NS-513) which was triggered to
sweep one or two beats by the ECG signal, which immediately precedes the flow
events. The averaged wave form was then played out onto a pen recorder at the
end of each run of beats. Each traverse was thus reduced to a set of averaged
velocity wave forms, one for each recording station, which were measured at
chosen intervals through the cycle in the reconstruction of instantaneous velocity
profiles. A fairly typical wave form, recorded in the ascending aorta and averaged
as described, is shown in figure 5. Time-averaged velocity profiles were obtained
by replaying the velocity signals from each traverse station through an clectronic
integrator.

Individual wave forms were also examined during each experiment for cvidence
of flow disturbances or turbulence. In addition, experiments were performed in
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which peak Reynolds numbers and heart rate were varied, together or separately,
by drugs and other manoeuvres, whilst velocity was recorded with a probe on the
centre-line of the vessel. The velocity signals were passed through a frequency
spectrum analyser (Britel & Kjaer Audio frequency Spectrometer Type 2112),
whose output was recorded on an ultra-violet paper recorder with 450 Hz
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Ficure 5. Instantaneous velocity wave form in ascending aorta averaged from many
beats as described in the text.

galvanometers. The spectrum analyser allowed instantaneous analysis in } octave
steps and gave an output which represented the instantaneous peak-to-peak
amplitude of velocity fluctuations within a 4 octave band about the set centre
frequency.

It should be noted that the quantitative description of flow disturbances, even
by spectral analysis, is somewhat unsatisfactory where the basic flow is unsteady,
since the spectra combine the harmonics of the unsteady flow with any random
high frequency components representing turbulence. Individual spectra obtained
under different conditions can, however, be rendered more readily comparable if
they are normalized in terms of heart rate and it is then possible to demonstrate
relative changes in energy content, where they occur, and check impressions
gained by visual inspection of velocity wave forms. A more sophisticated analysis
of spectral energy content, incorporating other parameters such as boundary-
layer thickness and the scale of disturbances, was not used at this stage since the
origin and structure of arterial flow disturbances have not previously been
investigated.

7. Results and discussion
Velocity distribution

Representative velocity profiles derived from the averaged wave forms are shown
in figure 6. Antero—posterior traverses of the ascending aorta are given in figures
10 FLM 52



146

R. M. Nerem, W. A. Seed and N. B. Wood

6(a), (b) and (c) from the lower, middle and upper sites respectively. Figure 6(d)
shows a left—right traverse at the upper site. In each case, five phases in the
cycle deduced from the averaged wave forms are displayed on the left of the
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FicUure 6. Volocity profiles in ascending aorta, constructed from averaged beats (see toxt).
The origin (0°) is in all cases the R wave of the ECG. Time-averaged profiles for each site
appear on the right. (a) Lower site (approximately 1 c¢m from aortic valve), antoro—posterior
traverse, diameter 16 mm, pulse rate 194/min. (b) Middle site (2 em from aortic valve),
antero—posterior traverse, diameter 22 mm, pulse 163. (¢) Upper site (3 ecm from aortic
valve), antero—posterior traverse, diameter 14 mm, pulse 194. (d) Upper site, left-right
traverse, diameter 16 mm, pulse 190.
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figure; the profiles on the right are the time-averaged results. Points closer than
2 mm from the walls have been deliberately excluded, because the probe distorts
the profile at the near wall (as shown in the pipe tests mentioned earlier), and
because the vessel was unrestrained at the far wall, The thoracic aorta expands
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F16UrE 7. Simultaneous record of ECG, centre-line velocity
in ascending aorta and aortic pressure.

and contracts radially by approximately 7 %, with each pulse (Barnett, Mallos &
Shapiro 1961). Whilst the peak radial wall velocities associated with this were esti-
mated to be only 3-7 cm/s in the present experiments, the proportional errors in
radial position relative to the wall are larger the closer the approach to the wall.

The range of peak systolic velocities measured at the axis of the ascending
aorta is of the same order as would be expected from the observed pressure. For
the inviscid core, neglecting effects of wave reflexion, the equation of motion may
be approximated by o 1dp. 1 op
A pwm e d (2)
so that pressure and velocity are in phase, as can be seen in figure 7. Of course, at
other points in the cycle the inviscid relationships breaks down because of both
viscous effects and wall movements. The peak systolic velocity will be approxi-
mately Ap/pc, where Ap is the pulse pressure (the difference between systolic and
diastolic pressure). In figure 7, Ap ~ 35 mm Hg and, taking ¢ = 500 cm/s in the

I0-2



148 R. M. Nerem, W. A. Seed and N. B. Wood

thoracic aorta (McDonald 1960), this gives a peak systolic velocity of nearly
100 cm/s, which is close to that mecasured.

Looking first at the instantaneous vclocity profiles, the feature which is most
striking is the presence of skews in the majority of cases, even at the lower site
close to the entrance of the aorta. For the antero—posterior traverses the explana-
tion of the behaviour at the site nearest the heart is least clear. In early systole
(100°) the velocity is uniform, whereas later (140°) a pronounccd asymmetry is
seen, with higher velocity towards the anterior wall. This is associated with
marked disturbances in the velocity wave form as shown in figure 8.

150
100

50

Velocity (cm/s)
o

_so} |

—100

- g

1 A I I U 1 J 1 A 1 i L | I ]

0 02 0-4 0-6 0 02 0-4 06
(a) Time (s) (b)

Frcure 8. Individual velocity wave forms in lower ascending aorta,
(@) posterior, (b) anterior.

The disturbances wcre present on each wave form and were not eliminated by
averaging, thus indicating that they contained a major component in phase with
the fundamental wave form such as the vortex which forms in the ventricle during
filling or disturbances originating around the cusps of the aortic valve. At this
site, disturbances were a normal observation and scatter in the reconstructed
velocity profiles, despite averaging, was in general greater than at other sites.
Such disturbances clearly have a strong influence on the detailed form of the
velocity profile during systole. If they are generated from one of the origins
suggested, variation from animal to animal, related to the pattern of ventricular
contraction or orientation of thc probe to the valve cusps, is to be expected.
Furthermore, the disturbances may mask other factors operating to generate
skews in the profile. For example, the axis of the ventricle lies at an angle to that
of the ascending aorta and inviscid flow in such a bend would have an asym-
metrical profile of the form observed. It is not clear whether the disturbances are
the sole cause of the skew in late systole or obscure a skew which would otherwise
be observed in early systole.

The early diastolic skew at this site (190°) could also originate from inviscid
flow through the bend but its orientation is consistent with drainage to the
coronary arteries. The major proportion of coronary flow, which is typically
5-109, of the flow leaving the ventricle, occurs during diastole and, as seen in
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figure 1 (plate 1), the coronary arteries originate near the anterior and left-
posterior walls.

These skews are not maintained as blood travels up the ascending aorta. At
the upper site, the prominent feature throughout forward flow is an opposite
skew, with higher velocities near the posterior wall (figure 6(c)). At the middle
site (figure 6 (b)) both lower and upper influences act, causing an inflected profile
as velocities fall in late systole. The upper site is just into the bend of the arch and
its profiles strongly suggest inviscid behaviour in the broad core of the flow, under
the influence of a centrifugal pressure gradient as mentioned in §2. When flow
reverses (144-198°) the profile becomes a mirror image under the same influence.
Thereafter, the effect breaks down; when the second direction change occurs
(216°) the profile behaves as if only a uniform axial pressure gradient were acting.

There are several factors which might explain this feature. One is that Reynolds
numbers are much lower; thus viscous forces might inhibit the centrifugal effect,
so that there is insufficient time for the skew to re-establish. This explanation is
supported by an axisymmetric velocity profile observed in very early systole
(not shown) when the Reynolds numbers were similar. Alternatively, or addi-
tionally, the pattern of flow near the aortic arch branches may be relevant.
Certainly during late diastole (234° onwards) anterior forward flow and posterior
backward flow is maintained, suggesting a circulating flow. No measurements
were made in the branches leaving the aortic arch during these experiments but
the evidence from electromagnetic flow meter measurements (see, for example,
Inouye & Kosaka 1959) is that forward flow may be maintained in these vessels
during diastole. In addition, the impedance offered to the streamlines entering
the branches is probably different from that experienced by the flow which
continues around the aortic arch. Furthermore, there appear to be quite signifi-
cant pressure wave reflexions from the junctions in the arch as may be inferred
from the change in pressure wave form from the lower to the upper ascending
aorta shown by Noble, Gabe, Trenchard & Guz (1967). The possibility also exists
that close to the junctions (within approximately one diameter) the reflected
component of the pressure wave is not uniform across the vessel.

It has been confirmed that the skews measured at this site were not an artefact
due to progressive changes in flow alignment across the vessel relative to the
probe, by use of a probe which was insensitive to low direction in the plane of the
traverse. It has not, however, been established whether a secondary motion
component was present in the measurement. The traverse which is shown for the
left-right plane at this level (figure 6(d)) is slightly skewed throughout, with
higher velocities along the left wall. In the aortic cast, which is of course from a
different dog, there is slight curvature in this plane which would explain the
effcct but in another animal the skew was absent. Again local geometry is likely
to be important. Although traverses in the left-right plane were not possible
nearer to the heart because the pulmonary artery overlies the aorta, some idea
of the three-dimensional flow changes which occur through the cycle in that
region can be obtained from a comparison of figures 6(c) and (d).

In summary, these profiles tend to confirm that during most of systole a broad
inviscid core exists, as discussed in §2, and dominates the flow. The integrated
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profiles, which represent the time-mean flow velocities, are blunt, with the
exception of the site nearest the heart. This latter was the site where low
frequency, i.e. large-scale, disturbances were present in the velocity wave forms
which would be expected to have an effect on the mean component. Further
away from the valve, where the disturbances had damped in the experiments in
which velocity profiles werc examined, the mean flow profiles were blunt.

Turbulence studies

Visual examination of individual wave forms during these experiments suggested
that wave forms should be divided into three types, which are shown in figure 9.
Those with negligible high frequency components (figure 9(a)) are termed
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F1GURE 9. Velocity wave forms recorded in descending thoracic aorta,
(a) undisturbed, (b) disturbed, (c) highly disturbed.

undisturbed and are representative of laminar flow. Those with high frequency
components present only at the peak systolic velocity (figure 9(b)) are termed
disturbed and are thought to represent a transitional condition. Those with high
frequency components persisting throughout the deceleration phase of systole
are termed highly disturbed and are thought to be representative of turbulence
(figure 9(c)). This division is of course qualitative, though it was rarely difficult to
categorize a wave form. Frequency analysis of the disturbed and highly disturbed
wave forms showed appreciable amplitudes of the high frequency components
during systole, with what appeared to be random fluctuation from beat to beat.
A feature, which was very obvious on the output signals from the speetral
analyzer and is also clearly seen in figure 9, is that disturbances are confined to
systole and are damped out during diastole. The fact that they appear again on
the following beat indicates that they are generated anew on each beat.

Figures 10-12 present a number of examples of the measured distribution of
kinetic cnergy over the frequency spectrum covered. The spectrum of turbulence
may be characterized by a distribution function F(n), where n is frequency
(Schlichting 1968). The function ¥ (n) represents the non-dimensional distribution
of kinetic energy as a function of frequency such that

ij(n)dn =1 (3)
0
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In the plots presented here, a modified non-dimensional spectral energy
distribution has been presented, i.e.

w2
F(n) = ——"—— 4
1" = 55 Rnjny)’ (4)
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Ficure 10. Power spectra for high frequency components of aortic flow: non-dimensional
spectral energy density versus harmonic of heart rate. Same animal, descending aorta;
0, control; O, isoprenaline infusion.

where %2 is the mean-square value of the fluctuating velocity based on a sample
average of the signals for each frequency band with centre frequency » and band-
width An, 2 is the peak systolic velocity and #, is the heart rate (i.e. the funda-
mental harmonic frequency). The data are presented as a function of harmonic
number rather than frequency to facilitate comparison between spectra obtained
in different animals or at different heart rates in the same animal. Thus the
abscissae in figures 10-12 are harmonics of the heart rate and the ordinates are
the fractional systolic energy distribution per harmonic.

In figure 10 spectra are shown for an undisturbed and a highly disturbed wave
form in the descending aorta (isoprenaline is a powerful cardiac stimulant). It
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should be noted that the basic wave form of an aortic flow can normally be
described using approximately 10 harmonics. For the undisturbed case in
figure 10 only 0-01 %, of the energy is represented at higher harmonics; for the
highly disturbed case the figure is 0-25 %,. The maximum separation from the un-
disturbed spectrum occurred at 100-150 Hz, which agrees well with the estimates
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Figure 11. Power speetra, as in figure 10. Same animal, isoprenaline infusion;
O, aortic arch; 0, descending aorta.

based on vessel diameter and peak velocity. It was thus of interest to attcmpt to
define the origin of the disturbances, in the sense of distinguishing between free-
stream turbulence existing in the blood ejected from the ventricle, and boundary-
layer transition in the aorta itself. Using time-averaged velocities, and assuming
blunt velocity profiles, we find that blood ejected from the heart reaches the arch
region during one beat and penetrates the descending aorta on the second beat,
after a diastolic period.

In figure 11 spectra for similar conditions of flow in another animal are shown
in both the arch and the descending aorta. The high frequency content in the
arch is considerably increased over that in the descending aorta and tends to
implicate flow disturbances originating in the ventriele as origins of turbulence.
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In figure 12, however, spectra from the ascending and dcscending aorta are
presented under two conditions of flow. In the first (‘resting’) case disturbances
are again present in the ascending aorta, while flow in the descending aorta is
undisturbed. In the second (after administration of isoprenaline) the second beat
flow in the descending aorta became highly disturbed. In all these cases diastole
was a quiescent period, and the disturbances in the descending aorta appear not
to have been convected from the heart but locally generated.

o
o

10-3
o
L ]
%
e
1074 s
@
° Boo
..
L ]
- D
1075 - e
o o
— s O
£ o
Ry ue
10-¢ |- a
|
o
]
1077 |- °
a
o
o .
10-8 |~ -
1 ] j
1 10 100 1000

Harmonic number

FicUure 12. Power spectra, as in figure 10. Same animal. Ascending aorta: M, control;
®, isoprenaline infusion. Descending aorta: [, control; O, isoprenaline infusion.

During the experiments on velocity distribution described earlier, it became
clear that the appearance of disturbed or turbulent wave forms could not be
explaincd solely on the basis of peak Reynolds number (Be), but that heart rate
appeared to be implicated. The other groups reporting arterial mcasurement
with hot-film systems (Schultz ef al. 1969; Ling et al. 1968) have both obscrved
that turbulence was an occasional phenomenon occurring in smaller animals
only. These observations suggested that the parameter « might have significance,
since it incorporates terms proportional to both vessel size and heart rate. In
figure 13 the data for the descending aorta are summarized in terms of Re, 2 and



154 R. M. Nerem, W. A. Seed and N. B. Wood

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 conditions and the open points undisturbed or laminar
conditions. Furthermore, points obtained in the same animal under different
conditions are connected by a straight line.
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F1cURE 13. Reynolds number and frequency parameter a for the descending thoracic aorta.
O, undisturbed flow; @, disturbed flow; @, highly disturbed flow; , equation (5).

Although there are a number of points where for a variety of reasons only one
flow condition was observed, there seems to be in all this data a general trend
whereby increasing Re and/or decreasing « leads to a more disturbed flow condi-
tion, and the demarcation between undisturbed and disturbed or highly disturbed
conditions seems to approximately follow a line having the equation

Re, = 250a. (5)
The subscript ¢ denoting the critical Reynolds number has been used here because
below this line there are no disturbances and the flow is stable, while above this
line disturbances begin to appear and can grow to more highly disturbed condi-
tions. From a physical viewpoint, increasing & corresponds to a decrease in the
time available in one cardiac cycle as compared with the time required for
amplification of a disturbance. Equation (5) indicates that under such conditions
a higher Reynolds number must be achieved in order for turbulence to develop.

A crude justification for the form of (5) can be developed by applying boundary-
layer stability theory to the aortic wall boundary layer. This is done by con-
sidering the forward flow in systole to be comparable to that associated with the
instantaneous 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
0 may be applied as a first approximation, i.e.

Re, = (08/v), ~ 1000. (6)
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One need then only estimate the boundary-layer thickness. Using Stokes’ first
problem of an instantaneously accelerated flat plate and taking { ~ }w? as the
approximate duration of systole, then, upon substitution, the dependence of the
aortic wall boundary-layer thickness on « is predicted to be

SR ~ 2/a. (7)

A similar result (Nerem 1969) may be obtained from examining Womersley’s
(1958) solutions or the measured aortic boundary-layer profiles of Ling et al.
(1968), where only the constant will be different. Furthermore, because of the
relatively poor experimental information available on the aortic wall boundary
layer, the choice of the constant for (7) is somewhat arbitrary.

However, upon combining (6) with an equation of the form of (7), the depen-
dence of the critical Reynolds number on @ may be shown to be

Re, = constant x a, (8)

with the constant of proportionality ranging from 250 to 1000, depending upon
the value of the constants is used in (7). The correlation of the data, equation (5),
may be scen to be of the same form as (8) but with a constant at the lower end of
the range estimated above from boundary-layer theory. This in fact would be
expected since the disturbances are generally observed to occur during flow
deccleration in systole, and decelerating flows such as this exhibit inflexion points
in their velocity profiles and are more unstable than accelerating or steady flows
(Shen 1961). This specific point will be looked at in more detail shortly; however,
the general agreement of (8) with the data suggests the instability of the aortic
wall boundary layer as a plausible explanation for the appearance of the observed
disturbances.

Now the measurements reported here have been carried out in the inviscid
core of the aortic flow and not in the boundary layer. However, disturbances in
the boundary layer may be transmitted to the inviscid core, in this case primarily
by sound waves and the associated pressure fluctuations. Of course, the inviscid
core flow may also contain disturbances convected along the aorta from the
heart. However, the descending aorta data in figure 13 represents primarily
conditions where the velocity probe was seeing blood in its second pulse since
being ejected from the heart. This in general was true for both highly disturbed,
disturbed and undisturbed conditions and thus the blood observed by the probe
had already undergone a quiescent diastolic period. Because of this, the develop-
ment of disturbances in the descending aorta in the present series of experiments
is believed to be due to a basic flow instability which occurs anew on each beat.

In figure 14 similar data on the disturbed nature of aortic flow are presented as
a function of Re and o for the ascending aorta. Again an approximate demarca-
tion line between the undisturbed and the disturbed or highly disturbed points
may be drawn with the resulting equation being

Re, = 150a. (9)

The constant in this case is a factor of two less than for the descending aorta.
However, it should be remembered that here the blood is being observed on its
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ejection stroke from the heart and thus may already carry appreciable distur-
bances which might be expccted to modify the critical Reynolds number of the
wall boundary layer. Reductions of the order of a factor of two in critical Reynolds
number are not unreasonable, as was demonstrated in the experiments of Dryden
(1936).
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Figure 14. Reynolds number and frequency parameter « for the ascending aorta.
, equation (9); other symbols as in figure 13.

Thus the ascending aorta data presented here in figure 14 are not inconsistent
with the descending aorta data of figure 13. Furthermore, the explanation of the
data shown in figure 12, which was discussed earlier, may now be elaborated. In
this dog both ascending and descending aorta data werc obtained under control
and isoprenaline infusion conditions. The ascending aorta probe in all cases
observed blood during its ejection stroke, while the probe in the descending aorta
observed blood during its second stroke. In the control case, the ascending aorta
flow was highly disturbed whilc the descending aorta flow was not. In this case it
appears that the probe in the ascending aorta either detected high frequency
disturbances coming from the heart itsclf, or else propagated disturbances
triggered in the boundary layer by the lower frequency disturbances commonly
associated with flow close to the heart. In the descending aorta, however, the
flow was undisturbed in the control case bceause, for the ¢ of this flow, the
Reynolds number Re was subcritical. On the other hand, in the isoprenaline
infusion case both ascending and descending aorta flows were highly disturbed
or turbulent. In this case the change in the nature of the descending aorta flow
was due to the sharp increase in Re to a supercritical value owing to the
isoprenaline.

The stability of tlie aortic wall boundary layer may be examined in somewhat
more detail by considering the effect of velocity profile inflexion during systolic
deccleration. This may be done by examining the stability characteristics of the
Falkner-Skan velocity profiles (see Schlichting 1968). Each of the profiles in this
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family of solutions is characterized by a pressure gradient or acceleration para-
meter § such that, for § > 0, the pressure gradient is favourable, corresponding
to flow acceleration; for f = 0, the pressure gradient corresponds to the flat-plate
solution and, for # < 0, the pressure gradient is adverse, corresponding to flow
deceleration. In this latter case there will be an inflexion in the velocity profile,
the strength of which will increase as £ decreases. In figure 15, the present
experimental data are compared with Falkner-Skan neutral stability curves
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Fraure 15. Comparison of experimental observations with Falkner—Skan neutral stability
curves (from Obremski, Morkovin & Landahl 1969). O, undisturbed flow; @, disturbed
flow; @, highly disturbed flow.

(Obremski ef al. 1969) corresponding to § values of 0, — 0-05, —0-10 and —0-14.
The wavenumber K has been based on a disturbance frequency of 125 Hz, which
is representative of that observed in these experiments, and the boundary-layer
displacement thickness §* has been calculated using the results of Stokes’ first
problem. Re,, is the Reynolds number based on peak velocity and the displace-
ment thickness.

In figure 15, the region outside the neutral stability curve corresponds to stable
flow, while inside the curve amplification of disturbances will take place. It may
also be seen, as would be expected, that the trend in going from the undisturbed
data points to the disturbed and highly disturbed points is towards decreased
stability. In comparing these data points with the neutral stability curve for
B = 0, the flat-plate case (it should be noted that the shape of the Blasius profile
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is quite similar to that resulting from Stokes’ first problem), it is clear that even
the highly disturbed points lie well into the stable region. However, the highly
disturbed data points do follow the neutral stability curve for # = —0-10 very
closely and suggest that the idea of an aortic wall boundary-layer instability
determined by the velocity profile inflexion is appropriate. It is also of interest to
note that, whereas the maximum amplification rate associated with the § =0
case is nowhere near sufficient to be consistent with the observations reported
here, the amplification rate for an inflected profile with § = —0-10to —0-14 is of
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Ficure 16. Comparison of pulsatile flow velocity profiles (Womersley 1958). ——, @ = 5,
ol =3, —-—,a = 5, wt = §m; , Falkner—Skan velocity profiles (Schlichting 1968)
for selected values of 8.

the correet order of magnitude. Finally, it should be noted that calculations using
the results of Womersley’s analysis for « = 5 and & = 10 suggest that the velocity
profiles for a pulsatile flow in the aorta are not unlike those of the Falkner—Skan
family. This is shown in figure 16, where Falkner—Skan profiles for § = 0, - 0-14,
—0:199, in the form of the non-dimensional velocity versus y/d, are compared
with velocity profiles for the case of sinusoidal flow in a rigid tube with & = 5. In
this latter case, the non-dimensional velocity versus y/R (R = tuberadius) is
shown for two differcnt times. wt = {7 corresponds to peak forward flow, i.e. the
equivalent of peak systole, and wt = §7 corresponds to a time during the decelera-
tion phase which is 45° later in the cycle. Disturbances (see for example, figure 9)
normally appear immediately after peak systole in thc experiments and com-
parison of the profiles in figure 16 suggests that the velocity profile at this time
would correspond approximately to a Falkner-Skan profile with £ in the range
of —0-05 to —0-10.

Although this is obviously no proof as to the role of the boundary layer in the
generation of the disturbances observed in our experiments, these results are
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highly suggestive of the fact that the inflexion of the velocity profile during
systolic deceleration is the most important factor. Obviously, such a quasi-steady
approach to the stability of the aortic wall boundary layer is an oversimplification.
This may equally well be said of the use of the results of Stokes’ first problem to
evaluate *. Furthermore, there are other possible explanations for the origin of
the observed disturbances. These include, as previously noted, disturbances
emanating from the heart, convected along the aorta and interacting with
each other with no energy being drained from the mean flow but with the
disturbance energy cascading into smaller eddies and being associated with
higher frequencies. This process might tend to be modified by the presence of
an elastic wall through which disturbances can propagate more quickly than
by convection. Another possible explanation for the observed disturbances is an
instability of the Kelvin—-Helmholtz type associated with flow past flexible
boundaries. Preliminary calculations by Dr E. H. Ellen (private communication)
suggest that thiseffect is unlikely to be relevant until the mean velocity isseveral
times higher than in these experiments.

It should of course be pointed out that these experiments represent only a
preliminary investigation of the nature of flow disturbances and turbulence
generation in arteries, though the earlier reported results of Ling et al. (1968) and
Schultz et al. (1969) are in general in agreement with the results in figures 13 and
14. A great deal more needs to be done, particularly regarding the more exact
application of stability theory and the laboratory study of the fluid-mechanical
aspects of pulsatile flows in conditions comparable to aortic flow. Equally, the
aortic flow conditions in conscious animals and man, both when resting and during
exercise, require definition. What little data exists (see, e.g. Noble et al. 1966)
suggests that dogs may normally operate in a state of transitional or turbulent
flow. If this were true also in man, it would have considerable clinical importance
in terms of arterial wall shear stress, blood mixing and sound production.
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F1Gure 1. Cast of the thoracic aorta of a dog, made by perfusing with liquid resin with
normal pressure maintained during hardening. Traverse sites marked with needles.
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