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Abstract  

In Part I the development and testing of constant temperature 

hot-film instrumentation for measurement of point blood velocity in 

arteries are described. The design requirements for the measuring 

System and its calibration, involving principally frequency 

response and sensitivity to reverse flow, are discussed. Hot 

film probes suitable for intra-arterial use were constructed and 

tested with commercially available anemometers in regimes of 

steady and unsteady flow. At overheat ratios compatible with use 

in blood, three different anemometers had unsatisfactory frequency 

responses. Oscillatory calibrations performed in the absence of 

mean flow (as done by previous workers) were subject to further 

error due to generation of secondary flows. 

The frequency response of a suitable anemometer was 

corrected by means of an output filler; the appropriate calibra-

tion is then obtained in steady flow. It is estimated that with 

this system velocities can be measured to ±5% over most of the 

pulse cycle, but near zero velocity the proportional errors are 

greater, being of the order 10cm s-1  in the rapidly reversing 

flows observed in animals. Direction sensing, however, allows 

substantial improvement of this, the final errors being an 

order lower. 



Whilst, for the flow regimes encountered by the probes, blood 

can be considered 1ewtonian, calibrations in blood demonstrated 

heat transfer characteristics which could be explained by the 

effect of cell rotation. 

In Part II, following a survey of arterial mechanics, an 

account is given of the application of the hot film system to 

measurement of velocity distributions in the aortas of dogs. The 

measurements suggest the existence of a broad inviscid core, with 

thin boundary layers, throughout the aorta, with marked skews at 

most sites. The major factors influencing the flow are further 

discussed, and where possible the likely causes of the observed 

behaviour are indicated. Fully-developed turbulence was observed 

in only one dog, the reasons for which are discussed. 



3 

Contents  

List of figures 

Notation 

Introduction 

Part I: Development of Instrumentation 

1. Principle of the hot-film anemometer 

2. Requirements 

2.1 Frequency response 

2.2 Direction sensing and physical dimensions 

2.3 Operating temperature 

3. Preliminary considerations 

3.1 Fluid dynamics 

3.2 Thermal dynamics 

3.3 Electrical dynamics 

4. Probe design 

5. Calibration apparatus 

5.1 Steady flow 

5.2 Unsteady flow 

5.3 Electrical calibration technique 

6. Evaluation of hot-film system for arterial velocity 
measurements 

6.1 Procedure 

6.2 Results from initial series of tests 

6.3 Discussion 

6.4 Summary 



-4 

7. Improvement of frequency response 

7.1 Procedure 

7.2 Results 

7.3 Summary 

8. Direction sensing 

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

10. Sensitivity of hot-film to blood flow 

11. Hot-film boundary layer and heat transfer 

11.1 Details of probe boundary layer 

11.2 Forced convection heat transfer relations for 
a homogeneous fluid 

11.3 Effect of fluid properties in a homogeneous fluid 

11.4 Interaction between forced and free convection 

12. Discussion 

13. Conclusions to Part I 

Part Its Measurement of Velocity Distribution in the Aorta 

14. Brief survey of arterial mechanics 

14.1 Wave transmission 

14.2 Fluid velocity distribution 

14.3 Entrance effects 

14.4 Effect of curvature 

14.5 Unsteady inviscid flow in a bend 



5 

15. Procedure 

15.1 Animals and instrumentation 

15.2 Aortic cast 

15.3 Probe calibration 

15.4 Velocity traverses 

15.5 Data processing 

16. Results 

17. Discussion 

18. Conclusions to Part II 

Acknowledgements 

References 

Figures 

Appendix A: Simplified anemometer theory. 

Appendix B: Electrical calibration of the system. 

Appendix 	Non—linear theory for the constant temperature 

anemometer. 

Appendix 	Equation for the DISA 55D01 bridge. 



6- 

List of Figures  

Part I  

1. Arterial velocity wave ( 	) showing ideal (---) probe 

response and response modified by boundary layer phase 

lags (-.-.-). 

2. Block diagram of constant temperature anemometer circuit. 

3. Different probe designs. 

4. Schematic diagram of calibration apparatus showing probe 

mountings, for A small and B large amplitude oscillations. 

5. Steady calibrations: comparison between turntable and 

towing tank. 

6. Sketch of calibrating fluid container for velocities up 

to 125 cm/s. 

7. Steady calibration of probe type 3(a). 

8. Movement of separation point with Reynolds number (velocity 

scale refers to lmm diameter probe). 

9. Probes used in experiments. 

10. Construction of probes type A and B. 

11. DISA 55A01: 1% overheat, L-shaped probe (A) oscillated in 

steady mean flow. 

12. Electrical calibration of DISA anemometers: response to 

small electrical perturbation across the film. 



7 

13. DISA 55D01: 	overheat, probe A oscillated in steady 

mean flow. 

(a) Anemometer signals plotted against instanteous velocity. 

Amplitude of oscillation 1.8 cm. 

(b) Comparison of unsteady signal (V) with steady signal 

(Vs) at same instantaneous velocity. (Vo 
is signal at zero 

velocity.) 

14. DISA 55D01: 5% overheat, probe A. 

(a) Anemometer signals plotted against instantaneous 

velocity. Amplitude of oscillations 2.0 cm. 

(b) Comparisons of unsteady with steady signals (symbols 

defined as fig.13b). 

15. DISA 55D01: 1% overheat, probe A oscillated in still 

water. 

(a) Anemometer signals plotted against instantaneous velocity. 

(b) Comparison of unsteady with steady signals (symbols 

defined as fig.13b). 

16. Streamlines of secondary flow component about oscillating 

cylinder. 

17. Response of probe B to oscillating flow of water in pipe 

with zero mean flow; comparison of unsteady signals with 

steady calibration obtained in turntable. DISA 55D01 with 

output filter to correct frequency response. Amplitude 

of oscillations (peak to peak) 2.10 cm. 



8 

18. Filter with open-circuit amplitude and phase characteristics 

as set for probe A (---) and probe B (---). 

19. Frequency response determined electrically: DISA 55D01 

anemometer with filter at output, probe A. 

20. Comparison of unsteady signal (V) with steady signal (Vs) 

at same instantaneous velocity. (Vo  is signal at zero 

velocity.) DISA 55D01 with filter at output, probe A. 

Larger amplitude, peak velocities. 

21. As figure 20, but with smaller amplitude of oscillations, 

peak velocities. 

22. Comparison of unsteady results with steady calibration 

(voltages as fig.20). DISA 55D01 with filter at output, 

probe A. Complete oscillatory cycles. (a) unidirectional; 

(b) bidirectional. Stroke of oscillations (2a), 2.1 cm. 

23. Correlation of analysis of complete oscillatory cycles; 

probe A (oblique stroke on symbol signifies reverse flow). 

24. Expected form of streamwise temperature distribution in 

substrate. 

25. Flow direction sensing; A balance position, velocity film 

inactive; B steady flow; C unidirectional oscillating flow; 

D reversing flow (indicated during one cycle by arrows). 

First trace: auxiliary films either side of velocity film. 

Second trace: auxiliary film downstream of velocity film. 



9 

26. Original and reconstructed velocity waveforms at axis of 

ascending aorta of greyhound. 

27. Frequency response determined electrically: DISA 55D01 with 

filter at output adjusted as for figure 26; probe B. 

28. Velocity measurements in steady pipe flow. Predicted (full 

line) and measured velocity distributions. 

(a) Entrance region. Results for three different flow 

rates (Reynolds numbers 726, 4840, 6520). 

(b) Fully developed flow far downstream (Reynolds number 

1070). 

29. Steady calibration (probe A) in human plasma, whole blood 

and in water at body temperature. 

30. (a) Interference with cell distribution by solid surface. 

(b) Model for rotating cell in thermal boundary layer. 

31. Schematic diagram of flow over probe, with notation. 

32. Calibration of probe B in water plotted to show interaction 

between free and forced convection. 

33. Effect of frequency on "lift-off" of zero flow signal in 

reversing flow: probe B and two others of different 

dimensions. 

34. Correlations with fx./0 for probe B in both water and blood. 

(a) Forward sensitivity. 

(b) Backward sensitivity. 

(c) Unsteady backward sensitivity compared with steady 

forward sensitivity. 



- 10 - 

35. Static and dynamic calibrations of probe B; canine blood 

at 37°C. 

Part II  

36. Notation fa. inviscid flow in a bend. 

37. Cast of dog aorta, showing traverse sites. Cast made by 

perfusing with liquid resin, with pressure maintained at 

120 mm Hg., chest closed, and lungs inflated during hardening. 

(a) anterior view, 

(b) left lateral view. 

38- Steady flow calibration of velocity probe (B), in blood at 

37°C. 

39. E.C.G., centre line velocity in ascending aorta, and aortic 

pressure. The velocity signal has been switched to correct 

polarity during reversed flow as described in text. 

40. Waveforms from different sites in the aorta. Each waveform 

is an average, derived from many beats at the stated site. 

41. Velocity profiles ir the ascending aorta, constructed from 

averaged beats. The origin (0°) is in all cases the R wave 

of the E.C,G. Integrated (i.e. time-averaged) profiles for 

each site on right. 

(a) Proximal site, posterior-anterior. 

(b) Middle site, posterior-anterior. 

(c) Distal site, posterior-anterior. 

(d) Distal site, right-left. 



42. Velocity profiles in descending aorta; arranged as fig,41. 

(a) Upper site, right-left. 

(b) Middle site, right-left. 

43. Velocity profiles in abdominal aorta, 2.5 cm proximal to 

termination; posterior-anterior. 

44. Velocity profiles at peak systole from six dogs: ascending 

aorta, distal site. Velocity referred to that at centre-

line and probe position referred to vessel radius. 

45. Individual velocity waveforms in proximal ascending aorta. 

46. Velocity waveform showing developed turbulence in descending 

thoracic aorta. 

47. Time-integrated profiles in ascending aorta. 

	 waveform integrated in rectified form; 

	 waveform integrated after switching to assign negative 

polarity to reversed flow phases of signal. 

A21911Lq92._ 

A.1 Solution of second ardor equation (D-1.2...p.),,b+ (...)2 )1T = Fcesi"4t 



- 12 - 

A,B 

amplitude of oscillations in calibrating rig 

(stroke = 2a). 

constants in anemometer equation defined in 

equation (1,6). 

R 	 R 	Rf R ‘_i) 	i - 7(  
amplitude of harmonic of pressure gradient with 

angular frequency W • 

specific heat; 

wave velocity; c
o 
inviscid, c viscous, c group 

velocity. 

rotation  

a 

A
I
,B

1  

A w  

	

C 	constant in heat transfer equation; CF  forced, 

CN 
natural convection; 

	

C 	capacitance. 

	

d 	pipe diameter. 

	

E 
	

Young's modulus of arterial wall material. 

	

f 
	

frequency. 

	

g 
	acceleration due to gravity; 

	

g 
	

function of 	‘'''."-"U 	defined in equation (12.2). 

	

G 	gain of anemometer amplifier. 

a j a-7" ollp  

	

Gr 	Grashof number 

( unsteady component of hot-film probe response 

( (eq.3.4B); 

( depth of fluid in calibrator at radius r; 

( thickness of artery wall 
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steady hot-film probe response (eq.3.4). 

initial depth of filling calibrator. 

./7-r 
zero order Bessel function of first kind. 

thermal conductivity; IR s solid9 substrate; 

1:4' or no subscript9 fluid. 

travelling wave parameter 1.1(1 4. L 	9 where 

Kt is the wave number. 

characteristic length of body immersed in 

fluid stream; 

conduction path length in substrate. 

L 	inductance. 

heat capacity; 

time constants of anemometer amplifier; 

m 	number of harmonic (multiplier of fundamental). 

n distance normal to streamline; 

n number of harmonic (subscript). 

Nu 	Nusselt number !T) 0:1 /R AT 

Flux = c pc/R AT 	kA 
x-X0 CL(pc X.:)/h AT 

p 	pressure; lob stagnation; ri ) N. static. 

Pr 	Prandtl number 

heat transfer per unit area per unit time. 

✓ radius of curvature; 

✓ radial distance from axis of pipe (cylindrical 

co-ordinate). 

H 

H
o 

J
o 

K 

m 

Tel !lll 



- 14 - 

R 	radius of outer rim of calibrator dish; 

R 	pipe or artery radius; 

R 	electrical resistance; R time varying heated 

element resistance; RH  equilibrium heated film 

resistance; Ro  film resistance at ambient 

temperature; R
1 resistance of bridge arm also 

carrying film current (fig.2), 

Re 	Reynolds number 11 -Q-k) ) 	-A=1).)  

Re. thc()) KeR  Riv 	(14 

distance along streamline. 

t 	time. 

T 	temperature; /T temperature difference between 

heated surface T and fluid ambient conditions T. 

u 	streamwise velocity in boundary layer at distance 

4 from surface; 

u 	

0 
velocity in -4 direction (Cartesian co-ordinates). 

U 	free stream velocity or velocity at outer edge of 

boundary layer. 

(bridge unbalance voltage in anemometer equation; 
( 

v 	(velocity components in cylindrical co-ordinates; 

(subscripts .7, axial, r radial, lt azimuthal. 

V 	anemometer output voltage; V in unsteady flow, 

V
s 

at same velocity in steady flow; V
o 
at zero flow. 
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_x: 	distance along fluid/ solid boundary; X-1,1,distance 

of film leading edge from leading edge of probe; 

pc1  streamwise dimension of film; :Xi 7.7. 	 C ''' .  

axial Cartesian co-ordinate; 

X 	anemometer bridge ratio 

Y 	distance perpendicular to fluid/solid boundary. 

axial cylindrical co-ordinate. 

Qt. 	heat transfer coefficient lk 4,1 ; 

&, 	temperature coefficient of resistance of hot film; 

QV. 	oscillatory viscous flow parameter t-■47q0 

temperature coefficient of volume expansion of fluid. 

6 	boundary layer thickness; 	C.2:/- thermal; 

ccv 1  gs 	velocity. 

K 	thermal diffusivity t:-:,  c.) c- ; 	solid; 	HA T: 

or no substrate, fluid. 

P dynamic coefficient of viscosity. 

V 	kinematic viscosity isp./ 

density; ei, 	fluid ( density. 

wall shear stress it, 	ti,..0),..1, 

azimuthal angle (cylindrical co-ordinates). 

angular frequency; 4,01  first harmonic, (.,0,1  nth 

harmonic. 

angular velocity. 

`P 

1 
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Introduction  

Whilst numerous techniques have been used in the past to 

measure arterial blood flows, it is only very recently that 

attempts have been made to measure the velocity distribution within 

arteries (Ling et al, 1968; Schultz et al, 1969; Peronneau et al, 

1970). Part I of the present work describes the development of 

velocity probes for 'point' measurements in arteries using hot—

film anemometry, which is also the technique favoured in the two 

earlier studies mentioned above. 

In the evaluation and development of the hot—film system 

described here, the design of suitable probes and appropriate 

techniques for their calibration are described and discussed. 

The frequency response of commercial anemometers was investigated 

and a suitable instrument was modified to give the required 

frequency response. Having developed an instrument to produce 

satisfactory performance, it was used to measure velocity profiles 

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

The measurement of point velocities is of interest on a 

number of counts. One fairly basic reason is that some techniques 

which have been used to measure the volume flow rate require that 

the velocity profiles be axisymmetric (electromagnetic flow—

meters, Shercliff, 1962) or that the velocity distribution be 

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

Furthermore, a technique which allows the measurement of 

point velocities in arteries will itself be a valuable tool for 

both basic and clinical research in circulatory physiology. 

The measurement of velocity profiles, particularly near junctions, 

will aid the understanding of pressure-flow relations and if the 

instrument had a sufficiently high frequency response its useful-

ness would be further increased. For example, heart sounds and 

audible murmurs in the circulation might be elucidated, including 

their possible association with instability or turbulence. A 

better understanding of the motion of particles, including 

platelets and thrombi, might be gained, both naturally occurring 

and where interaction with artificial elements is involved, as with 

prosthetic valves and extra-corporeal circulation during surgery 

or renal dialysis. 

Using hot-film probes, Bellhouse and Bellhouse (1969) have 

investigated flow characteristics of both artificial and simulated 

real aortic valves in a model circulation. Also with the aid of 

hot-film anemometry, in vivo, circulatory disorders associated 

with both congenital and acquired valve malformations have been 

investigated (Schultz et al, 1969) and studies are being made of 

the mechanical energy of ventricular pumping (Bergel et al, 1970). 
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It has been demonstrated that the endothelial surface can be 

damaged if subjected to high fluid shears (Fry, 1968) and that an 

artery may become locally dilated in response to fluid disturbances 

(Roach, 1963). Further, it has been postulated (Caro, Fitz-Gerald 

and Schroter, 1969, 1970) that low fluid shear rates are involved 

in atherogenesis. 

The principal motivation for the present study arose from the 

possibility that the fluid dynamics of blood flow exerts a con-

trolling influence on the formation of atheroma, i.e. the fatty 

deposit which is found lining certain parts of arteries, and which 

is the basis of arterial disease (atherosclerosis). A knowledge of 

the flow patterns in the arteries will assist in interpreting later 

studies to determine the distribution of wall shear; in flow 

regimes where Reynolds analogy is valid this is likely to be the 

fluid dynamic parameter most closely associated with mass transfer 

rates at the blood/endothelial interface. 

Although there were special problems involved in making 

measurements in a biological system, the instrument described here 

might find useful applications in pulsating flows occurring in 

engineering or pure fluid mechanics research, e.g. power trans-

mission (Foster and Parker, 1965), or unsteady entry flows 

(Atabek, Cheng and Fingerson, 1964; Florio and Mueller, 1968). 
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Of the techniques which have boon developed to measure blood 

flow, i.e. volume flow rate or cross—sectional mean velocity, the 

instrument which has become most widely used during the last thirty 

years is the electromagnetic flowmeter (Kolin, 1936; Tietterer, 

1937) and it has now reached a high degree of sophistication. 

The limitation that it will only accurately measure axisymmetric 

flow has been mentioned, and a further disadvantage is that the 

cuff incorporating the electromagnet and the pick—up electrodes 

must fit tightly around the vessel, thus distorting the trans-

mitted pulse wave. Further, because the cuff flowmeter averages 

the velocities over the cross section, it will tend to be insen-

sitive to flow disturbances or turbulence. Therefore, whilst 

the instrument tends to be regarded as a standard against which 

to judge other techniques, results obtained with it should be 

treated with caution. Nevertheless, electromagnetic flowmeter 

records wore used as an indication of the frequency response 

requirements which had to be met (Fig.1 and Section 2.1). 

A catheter—tip velocity meter, which can be introduced into 

arteries, using the electromagnetic principle, has been developed, by 

Mills (1966) and others (ace Jones & wyatt, 1970), but there are 

limitations on the miniaturisation which can be achieved. The 

tip diameter is 3 mm, leading to blockage problems in all but the 

largest arteries, and tests reported. by Mills and. Shillingford 

(1967) suggested that the probe measures flow within a 3 mm 

radius of its axis; thus the measurement obtained cannot be 

considered as velocity at a point. 
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Amongst methods used for point velocity measurements in 

arteries, the earliest was, not surprisingly, the pitot tube 

(Frank, 1928). However, this is not very sensitive to the relatively 

low velocities occurring in arteries and in unsteady flow the inter- 

pretation is complicated by the presence of a distance integral 

term in the Bernoulli equation which relates velocity to the 

pressure measured by the instrument. This term probably never 
2, 

ri exceeds 5 to 10% of the main term, 	
, 

 during most of the 

cycle, for a probe diameter of the order of a millimetre, but it 

has to be taken into account if maximum accuracy is required. The 

equation takes the form 

( 1 ) 

The limits of the integration are a function of the probe size 

and Frank assumed that the equation could be approximated as 

( 2 ) 

where C
1 and C2 are calibration constants. This is of course a 

non-linear differential equation, and Frank suggested that a 

linearising transformation could be applied to the pressure signal 

on line by inserting a cylindrical lens or mirror between a 

recording galvanometer and photographic recording paper. 

Alternatively the signal could be printed on photographic paper 
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stretched over a suitably shaped former to perform the transforma-

tion. However, the details of the technique appear confused, and 

Frank did not present any detailed measurements. Also, although 

designs for probes were described, no dimensions were given, and it 

is not clear whether point velocity measurements were intended. 

The bristle or pendulum, in which the drag force on a fine 

cylinder immersed in the flow is monitored, ought to be a strong 

contender as a velocity meter. If the bristle were made small 

enough in diameter, the instrument could operate in a low Reynolds 

number regime in which the output would be linear with velocity. 

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

(Brecher, 1959) in which application it does not compete with the 

electromagnetic flow meter. Brecher mentioned that, used as a flow 

meter, the bristle would be sensitive to the velocity profile but 

appeared unaware that the profile might be other than parabolic. 

Ultrasonic devices have a history of application to blood 

flow measurement, and most current work utilises the Doppler shift 

of reflections from the red cells. A very elegant use of the 

technique by Peronneau et al (1970), employing time gating of the 

reflected signals, has enabled velocity profiles to be obtained, 

but in a plane which is oblique to the flow direction. This is 

necessary because the system is most sensitive to directly approach-

ing or receding flows, and insensitive to transverse flows. 

Peronneau et al chose a traverse plane at 60°  to the axis as a 
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compromise between adequate sensitivity and the requirement to 

traverse on a diameter. This may be a good approximation to a 

diameter in straight lengths of artery because the wavelength of 

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

but near junctions and bends where the flow may exhibit local 

variations, significant errors may arise. To overcome this problem, 

the ultrasonic crystal would have to be repositioned for each 

traverse station, and this might be difficult or even impossible 

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

The thermistor has also been recruited as the basis of a 

point velocity measuring instrument, but Katsura et al (1959) 

reported that its frequency response was inadequate for use in 

arteries. Grahn et al (1968) claim to have achieved sufficient 

frequency response using miniature thermistors operated at con-

stant temperature in a feedback controlled bridge circuit. Their 

basic flow calibration was obtained by oscillating mineral oil past 

the probe in a pipe with zero mean flow. As described in Section 6 

of this thesis, such a technique is liable to errors; confirmation 

that errors were present is provided by the fact that the mean 

flow recorded in a model circulation differed from the measured 

outflow. No attempt appears to have been made to calibrate the 

instrument in blood. 
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Closely allied to the thermistor velocity meter is the hot-

film anemometer (Ling, 1955), which is more suitable for use in 

liquids than the hot-wire anemometer (King, 1914) from which it was 

developed, because mounting the heated element on a rigid sub-

strate avoids strain-gauging errors. (Due to the higher loads 

imposed by flowing liquids compared with gases, the fine wires used 

in anemometry are liable to stretch and thus change their resis-

tance; since the resistance is used as an index of wire tempera-

ture in this application, such causes of change in resistance must 

be obviated.) It was expected that the hot-film anemometer would 

provide the necessary frequency response, and offer scope for 

sufficient miniaturisation to achieve effectively point velocity 

measurements. The first part of the thesis describes the develop-

ment of the system to these ends. 

Concurrently with the present study, two other groups (Ling 

et al, 1968; Schultz et al, 1969) have been employing hot-film 

anemometry for similar purposes, and the work of both is discussed 

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



Part I  

Development of Instrumentation  
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1. Principle of the hot-film anemometer  

The transducer of the hot-film system is a thin metallic film 

which is deposited on a rigid insulating surface of a shape suitable 

for immersing in a fluid flow. The film is heated electrically, 

and cooled by the flow, by an amount dependent on the fluid 

velocity past the film. 

The forced convection heat transfer from many shapes (e.g. 

flat plate, wedge, cylinder, sphere) in a laminar boundary layer 

flow regime (100.teRe<105) may be generally represented by a 

relationship of the form: 

G F  Re, V' Pr I/3 
	 (1.1) 

(vide e.g. Schlichting, 1968) 

i.e. 	CieF 	(. p UQ- 	\11/.  
t IL\ I 	1)- --- 	C 

r7, 
(1.1A) 

where KILLF 

4! /k 4.\1— 	is the Nusselt number, Re = 	1,..)1///k) is the 

Reynolds number, Pr = p C//k is the Prandtl number and CF  is a 
constant depending on body shape. 

The other parameters area 

: heat transfer rate per unit area, 
rE 

2 
	

a characteristic body dimension, 

: the thermal conductivity of the fluid, 

r,. 
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LT : The temperature difference between the heated surface 
and the undisturbed fluid, 

: fluid density, 

: main stream fluid velocity, 

is : fluid viscosity, 

L. : specific heat of the fluid. 

For the small temperature differences with which we are con-

cerned, the variation of fluid properties with temperature may be 

neglected. 

Thus the heat transfer rate for a particular situation is 

AT 
	 (1.2) 

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

When there is no forced flow, i.e at U 	0, heat is still 

transferred, by natural or free convection. Theoretical solutions 

for natural convection (Schlichting, 1968) suggest that the heat 

transfer is of the form 

N.1 u. 	C l7 r 	r 	 (1.3) 

where 6;,-, 	 is the Grashof number, 
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CN is a constant depending on body shape and orientation, g is the 

acceleration due to gravity and (4. is the coefficient of volume 

expansion. 

Therefore 

(1.3A) 

or 

(1.4) 

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

properties. 

If the two situations represented by equations (1.2) and 

(1.4) were independent, a universal law could be obtained by 

adding the two components. However, depending on the ratio 

Re
2
/Gr (Schlichting, 1968) the free convection component is 

modified or obliterated by forced convection. In practice, 

empirical laws of the form 

(1, 	(n 	 (1.5) 

are usually found to represent the heat transfer, both for hot 

wires, which are usually operated at lower Reynolds numbers than 

those for which the boundary layer approximations are valid, and 
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for hot films. In general A does not coincide with the signal at 

zero velocity, but represents an imaginary zero signal, obtained by 

extrapolating  the velocity calibration back to zero. If the probe 

is very sensitive, the difference between actual and effective 

zero signals may be small compared with the probe signal at non-

zero velocities. The interaction between forced and free con-

vection is briefly discussed in Section 11. 

Equation (1.5) is often referred to as King's law, although 

King  (1914) justified the relation theoretically by calculating  

heat transfer rates in a potential flow field and then obtained an 

empirical correlation in Oseen and Stokes flow regimes. An extended 

discussion and bibliography on the laws affecting  hot wires was 

given by Corrsin (1963). 

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

electrical power supplied, equation (1.5) becomes 

P 	(07-) A--r- 	 (1.6) 

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

of the heated element. 

In the earliest applications, it was customary to operate the 

heated element with constant current. In this mode the system 

is not, in general, in equilibrium, and the unsteady form of 
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equation (1.6) applies: 

R 	(n a (.1 /-7-) 

	

0,-, 	P; 

	

c1 	t 
(1.7) 

where m is the heat capacity of the heated element, taf. is its 

temperature coefficient of resistance, Ro  is the unheated resist-

ance of the element. This is a non-linear differential equation 

because the function of U multiplies the dependent variable, 

although in the limit of very small perturbation3about a constant 

mean velocity this difficulty does disappear (Corrsin, 1963). 

Further, if the heat capacity of the wire, m in equation (1.7) is 

small enough, the "thermal inertia" represented by the last term 

on the right of the equation may be made small, and the equation 

becomes approximately algebraic. 

It is of interest that Machella (1936) used a hot wire, 

operated at constant current, to measure blood volume flow rate 

by threading a wire across an artery. The single wire did not, of 

course, distinguish between forward and backward flows and Machella 

did not appear to be aware of the "strain gauging" problem 

mentioned in the Introduction. He used a quasi-steady calibra-

tion technique, which may have been valid, depending on the 

relative magnitude of the terms on the righthand side of equation 

(1.7). 
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With the development of electronic feedback techniques, 

constant temperature operation has become favoured. The variables 

are then related by the algebraic equation (1.6), provided that 

the feedback circuit has a high enough frequency response 

(Section 3.3) in general enabling the data to be more easily pro-

cessed. 

Fig.2 shows a block diagram of the circuit employed in 

constant temperature anemometry. The element is mounted in one 

arm of a Wheatstone bridge and its resistance may be measured by 

adjusting a variable resistance in the other arm to obtain a null 

reading from the bridge. The variable resistance is then advanced 

by a proportion, the overheat; the bridge output is then fed to 

the input of a high gain, high transconductance D.C. amplifier 

whose output is applied as the bridge excitation. The system is 

thus in equilibrium when the increase in resistance of the film 

balances the increase applied to the variable resistance. If the 

film has a positive temperature coefficient of resistance, it 

will increase in temperature to a point determined by the over-

heat setting. If equilibrium is maintained, implying sufficient 

frequency response in the system, the power supplied to the 

bridge depends on the heat loss from the film. If V is the 

amplifier output voltage, 
./2- CT> 

rr 	
v  - 	r)  

ri 
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and therefore equation (1.6) becomes 

V 2- 	tk I  ± 	u 1/2-. 	 (1.8 ) 

t\--  since 	is constant. 

If the probe is very sensitive, the difference between the 

actual and effective zero signals may be small compared with the 

probe signal in the velocity range of interest. Equation (1.8) 

then becomes 

v„2-  -4- Et 	
(1.8A) 

where V
o is the signal at zero velocity. This was true for the 

probes used in the animal experiments described in this thesis 

(probes type B, Section 7). 

There are several commercially available constant tempera-

ture anemometer circuits and three types have been employed during 

development trials. The DISA 55A01 and DISA 55D01 (DISA Elektronik 

Herlev, Denmark) were designed for high frequency measure-

ments including turbulence. The former incorporates a chopper-

stabilized D.C. amplifier using valves and has now been super-

seded by the 55D01 which is a transistor design with a variable 

gain amplifier. Both had a built-in bridge circuit but an 

additional adjustable series resistance was added to the existing 

set to allow setting of overheat to 0.001 rather than 0.01 ohms. 
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The TSI 1054B (Thermo-Systems Inc., Minnesota, U.S.A.) was a 

transistor low frequency design intended for velocity measurements 

in liquids. The variable resistance arm of the bridge was con-

nected separately. In performance it appeared similar to the 

DISA 55D01 for the range of conditions investigated. 

2. Requirements  

2.1 Frequency response  

The principal requirement is a flat frequency response over 

the range of frequencies to be encountered. A typical flow wave-

form, produced in the aorta by one heart beat, measured with an 

electromagnetic flow meter is shown in fig.l. The features to 

notice are the main flow pulse, occupying approximately the first 

third of the cycle, known as systole, with peak velocities of the 

order of 100 cm/s. There usually follows a period of reversed flow, 

and finally a period of lower velocities which may be forward or 

reversed depending on anatomical site and cardiovascular para-

meters such as peripheral resistance, this latter period being 

known as diastole. 

There are numerous definitions of systole and diastole (Burton, 

1965), although the end of systole is generally defined as the 

instant of closure of the aortic valve. The definitions given here 

are appropriate for the present discussion, and are approximately 

consistent with this definition. 
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Fourier analysis of artery flow waves measured with electro-

magnetic flow meters suggests that harmonics up to the eighth must 

be measured accurately to enable the waveform to be recorded to 

within 5% (Ferguson and Wells, 1959; Patel et al, 1963, 1965; 

Bergel and Gessner, 1966). The pulse rate in man is normally 70-

80 beats per minute and in dogs ranges up to approximately 200 

beats per minute. There is, of course, nett forward motion of 

the blood and this is represented by a steady component of up to 

approximately 30 cm/s. Therefore, to record the basic waveform, 

the frequency range required is D.C. to approximately 10 Hz. in 

man and D-C. to 25 Hz. in dogs. In the signal from an electro-

magnetic flow meter it is likely that flow disturbances or turbul-

ence might be smoothed as a result of averaging over the cross 

section, and if it is required that these be recorded by the 

velocity probe, a wider frequency range is required (at the 

beginning of this investigation, the evidence of such disturbances 

was slight, due to lack of suitable instrumentation). Further, 

inherent in the use of a heat transfer technique for velocity 

measurement is a unipolar output signal regardless of flow 

direction. Thus the waveform of fig.l will appear rectified, 

emlodying a higher frequency content than the original waveform. 

2.2 Direction sensing and physical dimensions  

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

signal, an auxiliary direction sensor must be provided. 
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Nevertheless, the probe should be small enough to cause minimal 

disturbance to the flow in the artery. A feature which is 

desirable, though not a necessity, is equal sensitivity to flow in 

both forward and reverse directions. 

2.3 Operating temperature  

Traditionally, hot-wire anemometers have been operated at 

temperatures of the order of 300°C above ambient in air (100% 

overheat) and hot-film elements, used in liquids, at excess tempera-

tures of 50 to 100°C (10-20% overheat). The use of heated elements 

in liquids has often caused problems of bubble formation, due to 

dissolved gases being driven out of solution, but for operation in 

blood a more restrictive limitation is imposed by the response of 

blood to heating above its physiological temperature of 37°C. 

Fibrinogen, the most heat sensitive constituent of plasma 

(McFarlane, 1960), is denatured at 47°C and would form a deposit 

on a hot-film at these temperatures. Also, at 48°C red cell 

damage occurs (Ham et al, 1948). Therefore, except in certain 

calibration studies in water, the excess temperature has been 

limited to 5°C or 1% overheat. 

3. Preliminary considerations  

The main factors influencing the frequency response are three-

fold and although they mutually interact, they may be discussed 

separately. 
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3.1 Fluid dynamics  

The element, mounted on a probe, is immersed in the fluid, 

the heat transfer to which depends on the thermal and velocity 

boundary layers which develop over it. A theoretical approach is 

complicated by the fact that the oscillatory component of the 

motion is large compared with the mean and introduces flow 

reversal. However, it is clear that for the fluid dynamic 

frequency response to be adequate the boundary layer must be quasi-

steady. 

If the oscillatory boundary layer thickness, which is of 

order Nlik,; 	is calculated to be greater than the instantaneous 

steady boundary layer thickness, of order J -4):;10,; 	one would 

expect quasi-steady boundary layer behaviour, This requires 

(A) 	) 

i.e. (A.) X., 1 ( 3 . 1 ) 

  

J 

Thus the viscosity disappears from the expression, and a similar 

requirement holds for both water and blood. 

Since the thermal boundary layer (Section 11.1) lies well 

within the viscous boundary layer, the situation is controlled by 

the behaviour of the viscous boundary layer. 
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3.2 Thermal dynamics  

Although a major proportion of the power supplied to the film 

is dissipated by transfer to the fluid, there is also a thermal 

pathway into the substrate, and into the fluid via the substrate. 

Thus, in unsteady flow the relative phases of the two components 

of heat transfer may change, introducing distortion of the 

signal. 

Once again, it is necessary to make extreme simplifications 

to approach the problem theoretically. Bellhouse and Rasmussen 

(1968) considered a one dimensional substrate conduction model, 

and although they were specifically considering a wedge probe 

with the film around the leading edge, it is possible to interpret 

their solution for other probe configurations. Their analysis 

required the heat transfer to the fluid to be quasi-steady, said 

to be justified if the thermal boundary layer thickness in the 

fluid, 	(Section 11) is much thinner than the depth 

of penetration 4F,V6)  of thermal waves into it, 

I. er must be small. 	(3,2) 

The results of the analysis show that frequency response is 

better, the larger the parameter .Q oC / K s  where -,( 	is the 

conduction path length, a the fluid heat transfer coefficient 

and tZI  the thermal conductivity of the substrate material. 
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Since Nusselt number, Nu is 

e 	 -)C- 

t-' < 	
DC. 	J -N) 

(3.3) 

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

LXIti, the best frequency response would be obtained if 

were small. 
/ 

From consideration of the ratio of thermal diffusivities of 

water or blood with that of available substrate materials, say 

Pyrex, where the ratio is *9  together with the required frequency 

range and likely film dimensions, the requirement (3.2) for the 

analysis to be valid is likely to be met except at very low instan-

taneous velocities. 

The requirements for good frequency response suggest that the 

ratio of thermal conductivities of fluid to substrate should be 

large, which is more favourable for a liquid than a gas. The 

distance of the film from the leading edge, X. should be small 

compared with the conduction path length and the Reynolds number 

should be large. These requirements are not easily met, but if the 

parameter qb.,12 Ks  can be made very small, it may not matter. 

This may be interpreted as making the conduction path length, 

short compared with the depth of penetration of thermal waves, )1-')..P 

Thus a further argument is provided for probe miniaturisation, but 

it is likely that frequency response will deteriorate as velocity 

decreases. 
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3.3 Electrical lammics 

A potentially useful approach to the analysis of constant 

temperature anemometer circuits controlling hot-wire elements has 

been provided by Freymuth (1967) for small amplitude fluctuations, 

indicating. the role of amplifier gain and frequency characteristics, 

overheat, velocity and probe sensitivity. High amplifier trans-

conductance is a further requirement (Kovasznay, 1955) and the 

bridge ratio (X in Fig.2) may have an influence. 

The following is an account of Freymuth's (1967) theory, 

modified for the configuration of the DISA 55DG1 anemometer. A 

small perturbation approach is used, justifiedkby the empirical 

result that electrical calibrations with large and small amplitude 

fluctuations gave similar results. It was also assumed that the 

fluid dynamic heat transfer was quasi-steady, again justified. 

empirically. In fact in the electrical calibrations, which gave 

similar results to fluid dynamic calibrations, the velocity past 

the probe was constant, and the assumed quasi steady fluid 

response to temperature fluctuations can be justified by the 

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

The equation for the heated element may be written 

R 	H(u)AT 	ry; cri 
dt R9z  

*a posteriori 
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i.e. 	4- j) R- R, 	yr, 	 
R+ R 	 ec t 

where 1-4 0.i) -- 1 	+ a Li 	(equation (1.6)), V is the amplifier 

output voltage (fig.2) which is also the bridge excitation voltage, 

R is the heated element resistance at temperature T, with equili-

brium value R
II9 
 and "cold" (ambient) resistance R

o 
 m is the heat 

capacity of the probe, 	the temperature coefficient of resist- 

ance of the heated element. 

The heat capacity of the element will be negligible compared 

with that of the substrate in contact with it, and an effective 

heat capacity may be envisaged, which is proportional to KsirLO 

as Jiscussed in Section 3.2. 

The equation of the bridge is 

v (R R) 	CA  R R 	ok .‘ 1- 
(R +R)(R H± R') 	+0(R H  4 RI) at 

(3.5) 

C
A 

includes the capacitive and inductive terms governing the 

bridge behaviour, and is derived in Appendix D. 

A is the bridge ratio (fig.2) and 'J is the bridge unbalance 
which is also the amplifier input. 

Baking the assumption that the amplifier may be characterised 

by a second order differential equation, which is only 

(3.4) 
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approximately true, we have 

(3.6 ) 

where M , MI 
	

are amplifier time constants which may be estimated 

from the amplifier gain (G) variation with frequency. Vb  is a d.c. 

voltage offset which appears at the output when v . 0, and has the 

effect of improving stability. 

To linearise the equations it is assumed that V, v and R are 

subject to only small unsteady perturbations about the mean; let 

the perturbations be L"/ 9  Av-  , AR, taken about their 

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

two terms (i.e. 1.S:v 	t A 	etc.). 

If G is large and Vb  small, R-iRH  leading to 

04 R t e  

Making the following approximations where appropriate: 

R 	 PV(k ti  k i) 	(v-v) 
the equations for the perturbations become 

	

EJ R + Chi 	R°(\/  " 	4.\\I — 	tltj (3.4A) 

	

T-T 	H 	R'r 



where 
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= \11—  Vb  AN/ —  R I 	A R 
G V 	, (3.5A) 

&Lk- 	6v 1— t-1'6V + Nil' I  L-V 	(3.6A) 

I t 
where ( ) --_-.7.„ 4( )pt--  and n i  7,--..._- 	Hicl U • 

/
Solving  for AV and neglecting  \4, G-V if it occurs in 

a sum, we have 

r 	yvi F1' 	r  cr 	R ii ) 
"k7 	H R s  

r( vl' + rt 	Cre,  	6i -4- Ay r v 11 '6.0 
Ni H 	(3.7) 

Taking  measured values for the DISA 55D01 anemometer, with 

mid-frequency gain of 	260 set with both high and flat low 

frequency gain settings, with the internal high frequency filter 

to give an upper frequency limit (-3db) of 100 k Hz, and with 

output characteristics as obtained with one of the probes of 

type B (probe number 38, Section 7), the theoretical frequency 

response appeared flat. A simplified version of the above theory, 

giving  a second order equation in place of equation (3.7) is 

given in Appendix A, and the complete non—linear anemometer 

equation is discussed in Appendix C. 



	) 
4-  F, ) 

f-. 	r f 1, 
0( 

Equation (3.4A) becomes 

(3.4B) 
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An alternative calculation, using the unsteady substrate heat 

transfer coefficients (h) obtained by Bellhouse and Rasmussen 

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

civ 	v..._(k_p„) i-11 ±1-1  Au- A R 	(3.4c) 

(H-'11)(kH4 	 H h 

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

with equation (3.4C) and solving for ,0\/ yields 

v 	 ,v, 	 • 
R' 	(1-<1  4-- k

,/ 	" „ 
v -4- 	 u 

( 3 8 ) .  

The solution, obtained by inserting appropriate values of h, 

hl obtained using the analysis of Bellhouse and Rasmussen, for the 

same conditions quoted in relation to equation (3.7) gave a 

falling frequency response, with the response at 10 Hz 7% below 

that at 1 Hz. 

Experimental investigations have revealed a rising frequency 

response under the same conditions assumed for the calculations 

(Section 6). 
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Therefore, whilst important parameters governing the frequency 

response may be identified, theoretical analyses of the system, 

which must of necessity involve simplifications, cannot predict 

its performance with any accuracy and recourse must be made to 

detailed experimental studies. 

4. Probe design 

Before the present author joined the project, techniques for 

building small film probes had been developed by his co-worker 

(Seed, 1969). The element of a suitable pattern was deposited on 

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

The bead was first dipped in liquid gold solution ("Hanovia" 

KA-12) and heated in a furnace to the softening temperature of the 

Pyrex, both to evaporate the solvent and to form a bond between 

the glass and metal. The gold-coated bead was then dipped in 

photo-resist (Kodak) and then exposed to ultra-violet light through 

a photographically prepared flexible mask which defined the 

required film pattern. The bead was next chemically etched to 

remove all the gold and photo-resist except for the gold film 

element. Electrical contacts could be made via low melting point 

solder and the whole was then mounted with epoxy resin on the end 

of hypodermic tubing of lmm. or less in diameter, the electrical 

leads being passed through the tube. The joint could be faired 

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

Making the probes required practice and the dimensions 

referred to above represented a size which could be made with an 

acceptable failure rate after moderate practice. Smaller probes 

were made during the course of the investigation, but lack of 

time precluded their use in many experiments. 

Two or three gold films,of 0.1 or 0.2 x 0.5 mm. and 0.1 mm. 

apart,were orientated with the longer side normal to the flow 

direction. One film was connected in the anemometer circuit 

whilst the second, and third film when present, was employed in an 

auxiliary circuit for direction sensing It was found that to 

avoid electrolytic etching the film should be connected 

to a common earth, which passed through the probe shaft. Also, 

to improve abrasion resistance, a thin coat of Silicon Resinate 

(Hanovia 28D) was baked on over the films. The thickness of the 

layer was not measured, but a similar coating was applied in the 

same manner to heat transfer gauges by Vidal and Golian (1967). 

They claimed a thickness of 0.1 — 0.211 , giving an insignificant 

time delay for heat conduction, of the order of a few micro-

seconds. 

It was obviously necessary, because of the difficulty of 

construction, to make the probe shapes as simple as possible. 

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

tested, as explained later. 

The main variations in shape are shown in fig.3. The 

simplest shape envisaged employed a bead mounted directly on the 

end of the shaft as in fig.3(a). The curvature of the surface 

proved to be too great and so probes with the general form of 

fig.3(c) were constructed, which had the additional advantage that 

the film position was moved from the plane of maximum blockage 

created by the shaft. These probes incorporated shafts of circular 

cross section, but it was obviously desirable to reduce blockage 

by fairing the shaft and a probe with an elliptical shaft cross 

section as in fig.3(d) was built. As explained later, this 

particular probe had an unsatisfactory tip configuration, and 

because the shaft feature was not considered necessary for develop-

ment purposes because blockage was not a problem in calibration at 

that time, it was not proceeded with. In practice, late develop-

ment probes which had circular shafts were used in the animal 

experiments and proved satisfactory. 

Whilst the present work concentrated on probes for insertion 

at the site of measurement, the hot-film technique lends itself 

equally well to catheter-tip mountings some of the clinical 

studies reported by Schultz et al (t.969) were made with catheters. 
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5. Calibration apparatus  

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

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

5.1 Steady flow  

Initial trials with an Ahlbo:rn tank and with flow in a pipe 

were abandoned because of difficulty in achieving undisturbed flows 

at the higher velocities required. It was therefore decided to 

test a turntable device. A transcription turntable was obtained 

having continuously variable speed from 16 to 80 r.p.m., which 

could be set by means of a built-in stroboscope. An open cylin-

drical container for the liquid, of 30 cm. diameter, was mounted 

on it (fig.4). The container was machined from solid perspex so 

that the rotating mass was accurately balanced. Starting flow in 

the container is obviously fairly complicated but the time for 

equilibrium to be established, with effectively solid body 

rotation (see below), was half to one minute, depending on 

rotational speed. The velocity at any point in the fluid is then 

determined from radial position and revolution rate. 

Because of the recirculation of the wake behind the probe, 

experiments were made to test for any resulting artefact in a 

probe calibration obtained with the apparatus. 
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In preliminary trials the probe was plunged quickly into the 

fluid after establishment of solid body rotation and the probe 

signal monitored for any disturbance at the end of the first and 

subsequent revolutions after immersion. Yo change in the mean 

signal was seen, although at some combinations of radius and 

rotational speed some unsteadiness was present in water, but not 

in blood which, of course, is more viscous. It was presumed that 

the centrifugal force due to the rotation caused a secondary motion 

in the wake which either displaced the wake from the locus of the 

probe, or caused it to be damped or sufficiently diffused within 

one revolution. The unsteadiness referred to above might be due to 

the diffused wake or to surface waves. It is obviously important 

that the sensing head is free from errors due to the latter, and 

an investigation was made in a 20 cm. deep container. It was 

found that for a probe with a lmm. diameter shaft, the depth of 

immersion was required to be 1 cm. or greater. 

A more detailed check on the validity of the solid body 

rotation assumption was made by comparing calibrations made on the 

turntable and in the Department of Aeronautics water table, used 

as a towing tank. The probe was mounted above the tank, with 

its tip immersed lcm below the rater, on a gantry which could 

be propelled on rails by a velocity-feedback controlled servo 

motor. The rails were fixed to the sides of the table with equi-

spaced screws whose heads projected, and the gantry speed was 
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measured by mounting a micro-switch on the gantry whose striker 

was deflected by the projecting screw heads. The signal so 

obtained was displayed on an ultra-violet galvanometer recorder 

(450 Hz galvanometers) simultaneously with that from the probe. 

Figure 5 shows the results, where it can be seen that there was 

no systematic difference between the calibrations. The scatter was 

considered to be due to the effects on the anemometer system of 

contamination and local temperature variations in the fluid. 

The apparatus in its initial form gave a velocity range of 5 

to 120 cm/s. The radial velocity gradient was equal to:_ 	the 

angular velocity of the turntable; therefore the scale of the 

gradient was small compared with the one millimetre probes and 

could be neglected. The flow was unsheared and therefore very 

stable. 

When the liquid in the turntable is in equilibrium, its free 

surface is paraboloidal, the depth h at radius r being given by 

4_ cl 
	 (5.1) 

where g is the acceleration due to gravity (Prandtl, 1952). If Ho  

is the initial depth of filling and R is the radius of the rim, 

it is easily shown that 

H 
C. - 

(5.2 ) 
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Thus, at 80 r.p.m. the depth at the centre would be zero for 

a rim height of 8cm. To avoid making it too deep, the container 

was machined with a second inner rim of 16cm. diameter. 

The centrifugal acceleration, 
	

-) , due to the rotation 

will cause concentration gradients in fluids like blood, which 

contains suspended particles. At 80 r,p,m. near the outer 

rim (15cm, radius) this is almost exactly lg. The outward 

migration of particles will therefore never be greater than 

the sedimentation rate, and the blood can be regularly stirred 

to ensure homogeneity. 

For calibration studies with blood a further concentric 

ring was incorporated into the container to form an annular space 

of inner and outer radii 6.8 and 7.8 cm. respectively. A small 

volume (100m1.) of blood was poured into the annulus and hot 

water was circulated in the inner and outer parts of the dish 

from a water heater and pump. It was found that the blood 

could be maintained at 37 + — 0.1°C with the heater set at 40°C, 

and very stable calibrations resulted. 

At a later stage, when the main animal experiments were 

being carried out, a new container was made which incorporated 

two annular channels, each lcm. wide and 1.5cm. deep, and with 

centre line radii of 6 and 15 cm. (fig.6). The outer rim was 

sloped outwards towards the top, providing the maximum diameter 

for the high speed (outer) calibrating channel whilst allowing 

the built-in stroboscope of the turntable to be viewed (see 
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figure). Slping surfaces were incorporated above the calibrating 

channels to prevent loss of blood when the surface was disturbed, 

and guards were provided to prevent the heating water reaching 

the blood at maximum speed, whilst allowing maximum contact 

area with the heating water at all speeds. It was also 

required to keep the heights of the channels as close as 

possible so that the probe adjustment could be kept to a 

minimum when transferring it between them. With this container, 

the maximum steady velocity obtainable was 123 cm/s, which was 

ample for most experiments. The volume of the outer channel 

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

only that quantity was taken, a proportion being transferred 

to the inner channel after completion of the high speed 

calibration. 

With the narrow channels in this container, the flow 

establishment time is obviously very short. The moving 

surfaces will induce a moving fluid layer which will grow as 

\/))1: 	. Considering the establishment time t
o 

as that 

required for the boundary layers from opposite surfaces to 
? 

meet, t 	 , where 	S is 0.5cm. For blood, 

with kinematic viscosity, V = 0.04 cm2/s the required time 

is of order six seconds. In fact the speeds were set fairly 

slowly by adjusting the turntable speed control and watching 

the stroboscope; the flow was established by the time the 

speed had been set. 
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5.2 Unsteady flow 

It would require extremely sophisticated equipment to 

mimic an arterial velocity wave in a calibration apparatus, and 

in any case if the frequency response of the measuring system 

were not flat, the interpretation of the results would 

require breakdown into Fourier components. It is therefore 

simplier on both counts to provide an oscillatory velocity 

component in the calibrator which is simple harmonic. 

The probe was mounted on an arm connected to a Scotch 

yoke (fig.4), which was driven by an electric motor to produce 

frequencies up to 15 Hz. Peak to peak amplitudes of oscillation 

were variable between 0.5 and 3-0 cm. Thus oscillatory 

motion of the fluid relative to the probe could be produced 

by immersing it either in a container of still fluid, or in 

a fluid moving at a steady speed to give an oscillatory 

component superimposed on a steady flow. The latter was pro-

vided by the turntable. Since the oscillations were tangential 

to the fluid motion in the turntable, the velocity errors due to 

variation in radial position were limited to 1% by suitably 

limiting the stroke. 

The oscillatory velocity, which was continuously monitored 

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

= 0.5 i tol ( 5. 3) 
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where a is the half-wave amplitude and CO is the angular 

frequency of the oscillations, The range of available peak 

oscillatory velocity (aw ) was between approximately 2 and 

100 cm/s. Thus, when the turntable was rotating the nett 

velocity 	was given by 

(5.4) 

The maximum instantaneous velocities obtainable ( ti 4-Ckt,LN ) 

thus amply covered the range expected for anaesthetized dogs 

(fig.1). 

5.3 Electrical calibration technique  

The techniques described for direct measurement of the 

frequency response of the anemometer system required lengthy 

calibration procedures and even more lengthy periods of trace 

reading and analysis. Therefore a technique using an electrical 

analogue of the probe response was attractive for some com-

parison tests and setting-up procedures. 

The method recommended for the square-wave test (DISA 55D01 

anemometer handbook) was adapted as an indirect method of finding 

the frequency response. The system was set operating with the 

probe immersed in the calibrator, with the turntable either 

rotating or stationary. An oscillator was then connected 

across the film in series with a suitable resistor to minimise 



-53- 

the current. (In the DISA 55D01 there was a built-in resistor 

of 271:(Jni- 	accessible via a connector at the back of the 

instrument.) A sinusoidal voltage could then be applied over 

the frequency range of interest. 

Such a method might be expected to have disadvantages, 

particularly at low frequencies. The signal disturbs both the 

amplifier and the resistance of the film, and although at high 

frequencies the two effects may be separated by substituting 

a dummy probe with a long time constant, a sufficiently long 

time constant could not be achieved at the low frequencies of 

interest. In addition, Nielsen and Rasmussen (1966) suggest 

that, for this type of test to be valid, the temperature dis-

tribution in the film should be nearly uniform and the conduction 

in the substrate should be approximately one-dimensional. They 

argue that this is more likely to be the case at high frequencies, 

when the thermal wavelength in the backing material is small 

compared with the size of the hot film. Thus we require that the 

depth of penetration of thermal waves will be less than the 

minimum dimension of the heated surface (roughly the film width, 

i.e. 
	

( 5.4) 
v (k) 

where K 	is the thermal diffusivity of the substrate. Taking 

the minimum film dimension as 0.01 to 0.02 cm. and K for 

Pyrex as 6 x 10-3 cm2/s gives a minimum frequency of the order 

2 to 10 Hz, which is in the range of interest. 
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In practice the frequency response measured by electrical 

calibrations was found to reflect closely that derived from 

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

Whilst the direct flow calibrations would in general be 

subject to all three effects discussed in section 3 (fluid-

dynamic, thermal and electrical) the electrical calibrations 

are obviously independent of fluid-dynamic (i.e. boundary layer) 

response, and would be expected only to respond to the thermal 

and electrical behaviour. 

6. Evaluation of hot-film system for arterial velocity measurements  

6.1 Procedure  

Tests were made initially in which the response of various 

probe configurations was examined in steady flow, using water 

in the turntable calibrator as described. To obtain repeatable 

calibrations, the probe was frequently brushed to clear particles 

or bubbles, the overheat was regularly checked and reset if 

temperature changes rendered it necessary, and the water was 

stirred to avoid temperature gradients. 

For the oscillatory flow tests, direct comparisons were 

always made with steady calibrations obtained at the same time. 

In common with hot wire probes, the sensitivity of the early 

hot film probes was found to vary from day to day, presumably 

due to contamination, abrasion and electrolytic etching. 

*A theoretical confirmation of this result is given in Appendix B. 
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Therefore in every calibration in which comparisons were made, 

all readings were taken on the same day, and checks were made 

to ensure that the sensitivity remained constant. 

The later probes, coated with Silicon Resinate, displayed 

reasonably stable sensitivity over periods of weeks, as shown 

in the table below. The data is for two probes of type B 

(Section 7), numbers 37 and 38, in blood from various dogs 

used in the experiments described in Part II. The symbols 

V
0 
 and V

50 
are the anemometer output voltages at zero and 

50 cm/s respectively. 

Date 
V0 

V
50 

Probe 38: 2,1.70 (Dog 16) 2,39 4.07 

28.1.70 (Dog 22) 2.34 4.07 

Probe 37: 17.2,70 (Dog 27) 3:76 5.87 

11.3.70 (Dog 32) 3:,71 5.72 

A careful steady calibration was obtained over the velocity 

range with the probe mounted in the oscillator; the probe 

orientation was maintained constant for both steady and 

oscillatory calibrations. Having obtained a steady calibration, 

the probe was then oscillated at a series of steady frequencies 

from about 0.5 Hz up to the maximum obtainable, the procedure 

being carried out with the water initially still and subsequently 

with a number of steady turntable speeds. The response in 

unsteady flow was then compared with that at the same 



-56- 

instantaneous steady velocity. In the initial tests only the 

unsteady peak signal ( 	+ (l 0A) ) was compared with the 

steady calibration. 

In all the initial tests, signals were recorded on an 

ultra-violet galvanometer recorder (S-E- Labs. 2100, 450 Hz 

galvanometers) and the velocity signal was unlinearised. 

6.2 Results from initial series of tests  

6.2.1 Steady flow  

The form of the response is predicted by King's equation 

(1.7) and is shown by the full line in fig.7. The first probes 

to be tested, consisting simply of a bead mounted directly at 

the end of the hypodermic tubing, as in fig.3(a), gave the 

response indicated by the broken line in fig.7. The output 

was of the form expected up to a velocity of 20 to 25 cm/s, 

above which the sensitivity decreased and the signal became 

noisy. A probe of similar shape, but with the film ahead of 

the 900  point (relative to the flow direction) as in fig.3(b), 

exhibited a response of the expected form, with a monotonic 

increase in signal with increase of velocity. 

These observations were obviously influenced by flow 

separation. From experiments on mass transfer from spheres, 

Linton and Sutherland (1960) deduced the variation in the 

position of the separation point in the Reynolds number range 

of interest (10 to 1000). Fig.8 shows their result interpreted 
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for the spherically tipped velocity probe operating in water and 

in blood. Although a film situated at 900  would always be 

forward of the separation point, the velocity and temperature 

profiles over it would be affected by the separation, with 

the result observed. If the film is moved sufficiently far 

forward to be uninfluenced by the incipient separation region, 

the reverse flow sensitivity is not only different from that 

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

of the film within the separated flow. 

A probe with smaller curvature of the sensing surface was 

obviously required and an L-shaped probe with the form of 

fig.3(c) was constructed. It was found possible to obtain 

nearly equal sensitivity in both directions with the film 

situated midway between the ends, but the streamwise dimension 

of the probe was larger than with the bead probes, implying 

a more restricted frequency response. In an attempt to 

overcome this limitation, a probe was built with the form of 

fig.3(d). As was obvious with hindsight, the flow separated 

from the leading edge of the probe, producing noisy, unstable 

signals. An innovation with this probe was the flattening of 

the shaft into an elliptical cross section in order to reduce 

blockage. However, this was less critical for the L-shaped 

probes on which all subsequent development was concentrated, 

and to save time all later probes were built with unmodified 

circular shafts. 
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6.2.2 Unsteady flow  

The results presented for unsteady flow were obtained with 

probes like A in fig.9. This was the practical realisation of 

the form shown in fig.3(c), distorted by the mounting of the 

bead as shown in more detail in fig.10. Qualitatively similar 

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

Differences emerged in the interpretation of the results 

obtained from oscillating the probe in initially still fluid 

compared with those from oscillating it in the moving fluid. 

Clarity is gained by considering first the moving fluid case. 

(i) Oscillations in the presence of steady flow  

Results obtained with the DISA 55A01 anemometer, operating 

at 1% overheat, are shown in fig.11. The unsteady response 

fell below the steady calibration during the lower part of 

the velocity range, and then partially or completely recovered 

with increase of velocity. The form of this response was 

consistently repeatable, and was obtained also with a commercial 

wedge-shaped probe (DISA 55A81) and with a hot wire. 

This behaviour was due to a combination of two influences. 

The electrical calibration, applied as described in Section 

5.3, gave an amplitude response which fell rapidly with 

increasing frequency, halving between 1 and 5 Hz, and then 

remained roughly flat to 10 Hz as shown in fig l2. The fluid 

calibrations showed a similar response up to the frequency at 
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which flow reversal just occurred, and thus appeared to be 

governed by the anemometer frequency response up to this point. 

In the presence of flow reversal, the output increased with 

increasing frequency towards, and sometimes beyond, the corres-

ponding steady curve. For reasons discussed later, it is 

probable that the latter effect was due to secondary flow. 

When the anemometer was replaced by the DISA 55D01, tests 

at 1% overheat revealed a different pattern of response. At 

frequencies and amplitudes too low to allow flow reversal, the 

unsteady signals were consistently above the steady 

calibration (fig.13(a)). The results of a number of such 

tests, plotted in frequency response form, are shown in 

fig.13(b). The probable errors in deducing the response as 

shown in fig.13(b) are estimated to be -15%, so that the rising 

trend exhibited, which is independent of amplitude of 

oscillation, is significant. The error near the fundamental 

cardiac frequency of a dog (3Hz) is seen to be of the order of 

10%. 

The electrical calibration also indicated a response which 

rose with frequency at 1% overheat, suggesting again that this 

behaviour is intrinsic to the anemometer system (coupled with 

the hot-film probe), rather than being due to any fluid 

dynamic influence. 
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Electrical calibrations indicated that the frequency response 

at 5% overheat was virtually flat (fig.12). The results of 

fluid calibrations at 5% overheat are shown in fig.14, where 

it can be seen that apart from the oscillations in initially 

still fluid, the discrepancy between steady and unsteady 

calibrations was eliminated. 

The DISA 55D01 anemometer incorporates controls which allow 

variation of amplifier gain, and both low and high frequency 

response, The oscillatory calibrations, both in steady flow and 

zero flow, were repeated with a range of settings and also with 

a second, apparently identical anemometer. No significant 

differences emerged. Similar results were also obtained with a 

Thermo Systems TS1 1054B anemometer. 

The electrical calibrations also indicated that the slope 

of the frequency response curve fell with increasing mean 

velocity; this effect was more noticeable with more sensitive 

probes. This implies that the larger the anemometer signal, the 

smaller the error, and is consistent with the finding that 

increase of overheat improves the frequency response. It was 

also observed from electrical calibrations that 5% (i.e. 25°C) 

was the minimum overheat at which the frequency response was 

satisfactory, and there was, of course, no question of 

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

Fig.15(a) shows a steady calibration obtained with the 

DISA 55D01 at 1% overheat, together with signals obtained when 

the probe was oscillated in initially still water at frequencies 

between 1 and 12 Hz. Two sets of results, at different 

amplitudes (strokes) of oscillation, are shown. In fig.15(b), 

these results, combined with those from four other runs, are 

plotted in frequency response form. They demonstrate a 

repeatedly observed feature; that for a given velocity the 

dynamic response was higher than the steady response, but did 

not appear to change significantly with frequency, unlike the 

response to electrical calibration. The difference between 

static and dynamic response decreased with increase in 

amplitude of oscillation, which again was contrary to the 

observations made with the electrical calibrations. Furthermore, 

the enhancement of the unsteady signal in still liquid at any 

given amplitude and frequency was always greater than the 

enhancement, described earlier, in the presence of steady flow. 

The probable errors estimated for the frequency plot (fig.15(b)) 

vary with frequency and amplitude of oscillation. For the 

large amplitude, and above 5Hz at small amplitude, they are 

-14%; because of the larger errors in V
s 

at very low velocity 

the probable errors increase to -8% for the small amplitude 

case at about 2 Hz. 
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It appeared, therefore, that in addition to the rising 

frequency response of the system, some other effect was acting to 

elevate the unsteady signal. This was borne out by the tests at 

5% overheat (fig.l4), when repeatable signal augmentation 

persisted with no mean flow despite a flat frequency response to 

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

The discrepancy also appeared to be dependent on the 

position of the film on the probe surface, although the effect 

was not explored systematically. It was noted that one film 

gave the results of fig.15, whereas a.second film on the same 

probe, which was 15% nearer the leading edge, gave a value for 

(V-V 
o 
 )/(V 

 s 
 -V 

o
) of 1.06 for the small amplitude oscillations, 

where V, Vs  are the unsteady and steady signal respectively at 

the same instantaneous velocity, and Vo  is the signal at zero 

velocity. It should be noted that according to King's law, it 

would be more appropriate to plot (V
2
-Vo

2
)/(1/ 

2
-Vo

2
). However, 

the two quantities are almost equal, with a maximum error of 

about 1%. 

6.3 Discussion  

The results presented for oscillations superimposed on a 

steady flow indicate that the anemometer systems tested had 

inadequate frequency response because: 

(i) different anemometers gave different response; the valve 

design (DISA 55A01) exhibited a falling frequency response, 
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whilst the two solid-state designs (DISA 55D01 and TSI 1054B) 

showed a rising frequency response; 

(ii) electrical calibrations, which were independent of any 

direct fluid dynamic effect, gave similar results to the fluid 

calibrations; 

(iii) the apparent frequency response was affected by overheat; 

the only fluid dynamic effect which might be influenced in this 

case is the interaction between forced and free convection, but 

for both 1% and 5% overheat the ratio Gr/Re
2 
is at least an 

order less than unity in the velocity range of interest, 

suggesting that the free convection content is negligible 

(Schlichting, 1968). (In fact it is suggested in Section 11 

that the free convection content is small at zero forced 

velocity, at least in blood.) This lends further support to 

the conclusion that the anemometer is responsible for the 

observed effect. 

In the case of the oscillations in an initially still 

fluid, the evidence suggests that a fluid dynamic effect was 

present, in addition to the distorted frequency response: 

(i) there was variation of the signal enhancement with 

amplitude of fluid oscillations (fig.15) but not with amplitude 

of electrical oscillations; 

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

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

(fig.15); 
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(iii) the response to fluid dynamic calibrations was influenced 

by film position, suggesting an unsteady boundary layer 

behaviour; 

(iv) at 5% overb.eat, when the anemometer frequency response 

was apparently flat, there was enhancement of the fluid 

dynamic response (fig.14), suggesting that in this case the 

fluid dynamic effect was solely responsible for the observed 

result. 

When a body is moved in a stationary fluid, its boundary 

layer (assuming the mean Reynolds number is high enough) and 

wake acquire momentum, and therefore continue in motion if 

the body slows and reverses its directions. For oscillations 

of small amplitude relative to the scale of the body, 

Schlichting (1932) showed that the resulting interaction 

between viscous and inertial forces gives rise to a secondary 

streaming flow around the body which incorporates both a steady 

and an oscillatory component. The streamlines of the steady 

component as derived theoretically by Schlichting are shown in 

fig.16. It has been shown by Richardson (1967a) that such a 

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

In the present experiments, although motion within the 

boundary layer could not be visualized, a similar streaming 

motion outside it was clearly seen whenever the probe was 

oscillated in initially still liquid,. In water, this was made 

clearer by scattering fine aluminium particles on the surface, 
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whilst in blood the appearance of layers with different colours, 

presumably due to different oxygenation and/or cell orientation, 

displayed the effect dramatically. It is probable that this 

phenomenon was the cause of the increased signals seen under 

these conditions at 5% overheat, when it was solely responsible 

(fig.14), and at 1% overheat when it appeared in combination 

with the increment due to the rising frequency response of the 

system. 

It might be expected that the secondary motion developed 

in the present studies would be different in character from 

that analysed by Schlichting and others. In that case the 

amplitude of oscillation is small compared with the body 

dimension and the boundary layer is like that in Stokes' 

second problem, with thickness of order ((%:. /I' )4% Stuart 

(1966) has discussed the development of an inner boundary 

layer in which the steady streaming velocity grows to a 

maximum, and an outer layer in which it decays. At the boundary 

between them the steady secondary component has a magnitude 

of order 

leading to a characteristic velocity kl 	/wok for a or.p̂ 

cylinder, where Uo  is the potential flow velocity over the body 

and (jao  is the free stream. This leads to a streaming 

Reynolds number 
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= 	 
(6.2) 

Schlichting (1932) suggested that for small streaming Reynolds 

numbers, the linearised Wavier-Stokes equations for slow motion 

applied; Stuart's outer layer required streaming Reynolds 

numbers to be large. 

In the present case (large amplitude) it has been shown 

that the boundary layer is very largely quasi-steady, so its 

thickness will be of order (:,:'-'0/1)v ) 	Two points of similarity 

emerge however, in the effect of the secondary motion caused by 

small and large amplitude oscillations. In the survey on 

acoustic streaming by Richardson (1967b), it was noted that the 

heat transfer due to the streaming varies with position on the 

surface. Secondly, Richardson observed that although in general 

the streaming boundary layer thickness was not affected by changes 

in the velocity or amplitude of the oscillation, he expected the 

heat transfer to increase with streaming velocity, and thus, 

from equation (6.1), decrease with increasing frequency. Both 

these features have been observed in the present experiments. 

Thus direct comparisons between steady and unsteady calibra-

tions have revealed appreciable sources of error. Schultz et al 

(1969), who also used the DISA 55D01 anemometer, calibrated by 

oscillating the probe in still liquid with a range of amplitudes 

and frequencies similar to those described here, and by steady 
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towing. Their results (figs. 2(a) and (b) of their paper) are 

however expressed in a form which does not allow direct 

comparison. If no direct comparison is made with a steady cali-

bration, the erroneous impression may be gained that the frequency 

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

An analogous situation exists where fluid is oscillated, 

with no mean flow component, about a stationary body. The 

co-ordinates of motion are transferred between the fluid and the 

body, and provided the motion is uniform (although not steady), 

the systems are completely equivalent (Lighthill, 1954). Thus the 

relative motion remains unchanged, so that the oscillating wake 

may be expected to cause secondary streaming. In fact an increase 

of signal, compared with the equivalent steady signal, was 

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

The brass pipe, of 1.1 cm. diameter and 3 m. long, was mounted 

vertically to avoid bubbles. It was filled with water which was 

driven with simple harmonic motion by a piston at the lower end. 

The probe (type B) was inserted midway between the ends with the 

sensing element at the centre-line. Assuming that the entry 

length was given by quasi-steady conditions, flow past the probe 

would have been within 2% of full development at a frequency of 

5 Hz and amplitude of oscillation (a) 1 cm. In fact the range 

of oscillatory flow parameter, Ck , was 10-30 and as argued in 

section 14, Part II, the inlet length should be much shorter than 

that suggested by quasi-steady considerations, For fully 
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developed oscillatory pipe flow, the velocity profiles may be 

calculated from the exact solution to the flow (section 14, 

Part II), and so the relationship between the piston velocity and 

the velocity on the axis uas available. 

The effect was not investigated in detail, in that equivalent 

data was not obtained for the same probe oscillated in still 

fluid, but figure 17 shows that a similar variation of signal 

enhancement with frequency was exhibited. For this test the system 

frequency response had been corrected as described in section 7. 

Ling et al (1968) calibrated hot-film probes in such a pipe 

flow, and when the calibrations so obtained were used to measure 

steady Poiseuille flow at Reynolds numbers of 300, 490 and 680, 

they observed departures from the expected parabolic profiles at 

the two higher values. This they ascribed to real deviations in 

the flow, but there is a strong likelihood that their original 

calibration was influenced by the oscillating wake. 

The presence of a steady velocity component in the primary 

flow appears to neutralise the secondary flow, either because the 

oscillating wake is convected downstream or because the motion 

is never established. Secondary motion is a steady-state 

phenomenon and arises from repeated viscous-inertial interaction 

within the fluid. If the fluid in contact with the body is being 

continuously renewed by the steady flow component, the steady 

state of the interaction may not be achieved. The results 
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obtained with the DISA 55A01 (fig.11), in w!lich an increase in 

signal was observed at higher frequencies, suggest that if the 

oscillatory component of the primary flow is silfficiently large 

compared with the steady component, secondary motion may appear. 

This is as might be expected, because the zero mean flow case is 

equivalent to a vanishingly small mean flow. 

6.4 Summary 

Within the limitations imposed by size, simplicity of con-

struction and access through the wall of an artery, the L—shaped 

probe satisfies the needs for: 

(i) minimum blockage in the region of the film; 

(ii) avoidance of flow separation by mounting the film on 

a surface of small curvature and with suitably shaped 

extremities; 

(iii) achievement of nearly equal sensitivity to forward 

and reverse flow. 

The commercial anemometer systems tested have unsatisfactory 

frequency response when operated at 1% overheat, particularly the 

DISA 55A01. The two transistor designs were better, but exhibited 

a rising frequency response characteristic which will cause dis-

tortion of a waveform containing more than one harmonic. 
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Calibrating hot-film probes in an oscillating flow with no 

mean component leads to errors due to the establishment of 

secondary motion. This effect is diminished or prevented by the 

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

7. Improvement of frequency response  

The results of the initial series of tests indicated that 

some redesign of an anemometer system was required if it were to 

operate satisfactorily at 1% overheat. This required a parametric 

study of the anemometer system and probably construction of a new 

anemometer, which was considered to be a long-term task. Mean-

while, a simple method suggested itself to improve one of the 

anemometers with a rising frequency response. This was to filter 

the output, and a single stage resistance-capacitance filter was 

constructed whose values could be adjusted to produce a nearly flat 

response at velocities and frequencies in the range to be measured. 

This was used in conjunction with the DISA 55D01 anemometer and 

was in the form of a frequency sensitive voltage divider; the 

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

off across the lower arm, consisting of a resistance R2, in series 

with a capacitor C. A diagram of the circuit, and plots of its 

amplitude and phase characteristics as used with two probes (A and 

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

The filter could be adjusted by trial and error, using the 

electrical calibration technique previously described. The probe 

was set operating in the turntable at a suitable velocity and a 

preliminary adjustment made to obtain equal sensitivity at 1 and 

10 Hz. A full electrical calibration was then obtained between 

1 and 25 Hz and minor adjustments made if necessary. By suitable 

choice of the amplifier gain the response could be extended up to 

approximately 1 k Hz, which was desirable because of the rectifi-

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

The system was then tested by oscillating the probe at 

various frequencies in steady flows using the turntable and shaker 

rig described, and comparing with steady calibrations. Again, 

the oscillatory peak velocity signals were compared initially, 

but when a satisfactory improvement in frequency response was 

obtained, signals were recorded on a larger time-base so that 

comparisons could be made throughout the cycle. 

7.2 Results  

Fig.19 shows the electrical response of the filtered 

anemometer with probe A connected, the filter having been adjusted 

to provide optimum response at fairly low instantaneous velocity. 

The required values of the filter components were R, = 4002/. 9 

R2 = 	C = 10/.F. Figures 20 and 21 show the results of 

oscillating the probe in the turntable calibrator, in water with 

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

section 6.2. 

In figure 20 the amplitude of oscillation was large enough 

to give peak velocities up to 70 cm/s and the falling frequency 

response agrees qualitatively with the effect of increasing the 

velocity on the electrically determined frequency responses shown 

in figure 19. Figure 21 shows the effect of smaller oscillation 

amplitudes, where the fall-off is no longer apparent. In fact 

there is a rise at higher frequencies, depending on the mean 

velocity, which is due to the generation of secondary flow, The 

effect of secondary flow at zero mean velocity can also be seen 

in the figure. In the case of the larger amplitude, it will be 

recalled that the effect of secondary motion is smaller, and its 

effect is in any case disguised by the opposite effect of high 

instantaneous velocity on the frequency response of the anemometer 

(fig.19). 

Having obtained a more satisfactory frequency response for 

the peak velocities, complete cycles of oscillatory flow were 

analysed for any further source of error. In figure 22, the 

responses at points throughout the cycle have been compared with 

the steady calibration for two cases each of unidirectional and 

reversing oscillatory flows. 

It can be seen that fidelity diminishes as the instantaneous 

velocity, which is indicated at each point, approaches zero. This 
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effect was predicted in section 3 where the parameter tDC/ Lt 

was introduced as an indication of the boundary layer frequency 

response. The results from many complete cycles are shown plotted 

as a function of j- 	Li  in fig.23, where it can be seen that a 

good correlation is obtained. Similar results were obtained with 

probe B both in water and canine blood; these results are discussed 

in section 12. 

The measurement errors involved in obtaining figures 20 to 23 

are smaller than the artefact due to nonsynchronous boundary layer 

which is demonstrated. The former depend principally on the 

reliability of the steady calibration, but also on the accuracy of 

trace reading and of the velocity transducer. The total measure-

ment errors in (V - Vo)/(Vs 
-

o), due to both sources, are 

estimated to be of the order of ±3% for 10.‹ k.1 G 35 cm/s, 

increasing to ±6% at 5 cm/s and ±50% at 0.5 cm/s. The errors due 

to the boundary layer phase lags which are demonstrated in figs. 

22 and 23 are thus significant. 

7.3 Summary  

It was shown in section 6 that operating the DISA 55D01 

anemometer at more than 5% overheat gave a good frequency response; 

it has been shown in the present section that the distorted response 

which occurs at 1% overheat may be improved by operating the 

anemometer with a simple output filter. However, there remains 

the variation in frequency response with instantaneous velocity; 
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it may be possible to improve on this aspect of behaviour by 

changes in the anemometer design, but there is a strong likeli-

hood that it is intrinsic to the system. 

It is not possible to be categorical about the results of 

tests with simple harmonic oscillations in assessing the accuracy 

of measurement of the complicated waveforms in arteries, since 

the effects demonstrated are non—linear. Some speculations are 

discussed in section 12. Over the velocity and frequency range of 

the fluid dynamic calibrations presented in this section 

(velocities up to 70 cm/s and frequencies up to 11 Hz) velocities 

were registered to within -15%; at low velocities there is an 

unavoidable error (large :%1U) which may be very large in 

percentage terms but which represented an absolute error of only 

2 to 3 cm/s in the calibration studies. 

For measurements in reversing flows, the reflux of the wake 

over the probe must be considered. If there is no mean component 

the wake becomes established as a secondary flow (section 6), but 

with the superposition of a steady mean component the effect is 

diminished as the wake is convected away. 

From the expected form of the velocity waveforms, and 

preliminary measurements, in which reverse velocities are small 

compared with those in the forward direction, it appears that 

the steady calibration is appropriate. 
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8. Direction sensing 

The obvious means of detecting biphasic flow direction in 

conjunction with a hot-film system is to use an auxiliary film 

in close proximity to the heated film on its upstream or down-

stream side. With the auxiliary film connected in a Wheatstone 

bridge its resistance could be monitored. It was expected that 

convection through the fluid from the hot film would increase the 

temperature and hence the resistance of the auxiliary film when it 

lay downstream, and that the resistance would decrease when the 

flow direction changed. The resistance did change in practice, 

but it was found to be sensitive to velocity as well as flow 

direction, making interpretation difficult. 

Experiments were carried out in which the hot film was pulsed 

intermittently and the response of the auxiliary film was monitored. 

The pulse was detected after an equal delay regardless of flow 

direction or magnitude. It was therefore concluded that the 

response was measured via conduction in the substrate, independently 

of convection through the fluid. This suggests that in the case 

of the constant temperature hot film, the auxiliary film respords 

to the temperature distribution in the substrate rather than 

convected heat. The expected form of the surface temperature 

distribution in the substrate, and its biassing with variations 

in flow magnitude and direction is sketched in fig.24. (The 

temperature will vary like CoZ,11(Z—c) , where x is the 

distance from the film, and k is the value of DC where the 
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temperature difference has fallen to zero.) 

Employing two auxiliary films, placed on either side of the 

heated film and connected in opposite arms of the Wheatstone 

bridge, would thus be expected to reduce the velocity sensitivity 

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

A comparison between twin and single auxiliary films is 

shown in fig.25. The probe was placed in a steady mean flow of 

6 cm/s and oscillated at two frequencies, with amplitudes of 

approximately 4 cm/s and 12 cm/s to produce both unidirectional 

and reversing total flows. The velocity signals, which were not 

corrected for frequency response, were approximately linearised 

(DISA 55D10 lineariser). In the lefthand record, two auxiliary 

films were used and in reverse flow (D) the signal can be seen 

to change polarity as the velocity changes direction. The right-

hand record shows the signals obtained with a single auxiliary 

film situated downstream of the hot film, relative to the mean 

flow. There is no polarity reversal, but the velocity sensitivity 

is higher for the reverse flow component because of the increased 

cooling (fig.24). In the simple flow illustrated it is possible 

to deduce the direction from a comparison of the velocity and 

resistance signals, but in arteries where the waveforms are more 

complicated, the interpretation of a single film is open to 

error. 



- 77 - 

Therefore the use of two auxiliary films is advocated; the 

use of such a system in the ascending aorta of an anaesthetized 

greyhound is shown in fig.26. (It should be noted that the 

polarity of the direction signal-is opposite to that shown in 

fig.25.) The anemometerfrequency response was corrected by 

means.of the filter (electrical response shown in fig:27) and the 

output linearised (upper trace). The direction sensor output is 

shown below-it and with its aid; the velocity signal has-been-

reconstructed with correct polarity-(lower trace). This step'was 

accomplished automatically in.later• experiments by means- of 

switched_ amplifiers (section 15.5)• 

The frequency response'of the direction.sensor at zero 

• velocity' is in effect better than that of the hot film, because 

it is simply measuring whether one of two signals is larger than 

the other, rather than an absolute magnitude. Obviously it - can 

be in error if the inner part -of the boundary layer reverses out 

of phase with the main flow (skin - friction reversal), butgenerallyits 

superior response at zero velocity enables the hot-film error to 

be compensated. 

In the ascending aorta (fig.26)- where flow reversal is 

expected to be more rapid than at other points in the arterial' 

system, hot-film zero errors in. the raw ("rectified") signal as 

high as 15 cm/s have been recorded.• The use of a direction sensor 

allows the waveform to be reconstructed, with forward and reverse 

flow shown as positive and negative respectively. This ensures 
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correct zero crossing in the reconstructed waveform, in which 

velocities near zero can be measured by interpolation between the 

positive and negative phases? the final errors are thus reduced 

by an order of magnitude. 

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

Although much development work was done with probes similar 

to probe A in fig,9, it was decided that a smoother variation in 

cross-sectional area along the probe was required to facilitate 

arterial puncture. (The thoracic aorta is less muscular than most 

of the arterial tree and is easily torn.) 	Accepting limitations 

imposed by ability to construct such a probe, probes like B in 

fig.9 were evolved. 

With these probes the films lie 2 to 22 mm. offset from the 

tip, transverse to the flow direction, and the question arises 

whether a sheared flow can be measured accurately. The boundary 

layer, growing from the tip of the probe, receives streamlines from 

the band formed by the projection of the probe in the stream 

direction. However, the streamlines outside the boundary layer 

are deflected by the Pyrex bead, and the thickness of the thermal 

boundary layer is only about one quarter of the velocity 

boundary layer (section 11.1), so that the signal would be 

expected to be weighted towards the tip. 
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To test for this, the probe was mounted at two stations in 

a pipe through which steady water flow was established. The pipe 

diameter was 1.58 cm; one traverse station was far downstream 

(400 cm.) where Poiseuille flow could be established and the other 

was near the entrance (10cm.) where various entry profiles could 

be obtained by variation of the flow rate. 

Although the film is mounted ahead of the probe shaft, and 

blockage should therefore be negligible, the pipe traverse pro-

vides a check of this as well. 

The probe was calibrated in water on the turntable apparatus 

and then introduced into the pipe to make the traverses. 

Simultaneously, repeated measurements of the pipe flow rate were 

made by timing the outflow. 

The most reliable entry flow profiles for comparison appear 

to be those of Nikuradse (1934), and the Poiseuille velocity dis-

tribution, which had been checked by pitot measurements, is well 

known from theory and experiment. 

The results are shown in fig-28(a) for some of the entry 

profiles and 28(b) for a developed profile. The Reynolds numbers 

of the entry profiles (based on diameter) were 726, 4,840 and 

6,520, giving values of the entry flow parameter ,:://P‘  Re Q(where 

Re
R 
is Reynolds number based on radius) of 0-035, 0.0053 and 

0.0039. The full lines on the figure represent Yikuradse's data, 

with values of the entry flow parameter of 0.035, 0.005 and 0.004. 
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The flow at the highest Reynolds number was fairly disturbed, but 

a comparison of Nikuradse's results for laminar and turbulent 

flow shows an almost identical profile at that value of the entry 

flow parameter. 

The Reynolds number for the developed flow was 1070. 

The results show that blockage effects were indeed negligible; 

the film was 5 mm. ahead of the shaft and potential flow theory 
predicts a perturbation velocity at the film of approximately 

1% due to the shaft in an unbounded flow. The maximum area 

blockage at the plane of the shaft was 13% and in the 

physiological measurements described in Part II the worst 

blockage, in the distal aorta,was 20%. In the ascending aorta 

it was 5 to 10%. 

The pipe velocity profiles show that weighting from the 

film towards the tip did occur as a result of the probe shape 

(the profiles are plotted relative to the probe tip). The 

indication is that the effective measuring point may be taken as 

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

It is also seen that when the tip was closer than 2mm. from 

the point of insertion, the profiles were distorted, presumably 

due to separation of the pipe boundary layer ahead of the probe. 

Accordingly, any arterial velocity data from 2mm. or nearer to 

the insertion side of the vessel was disregarded. 
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Experiments by Seed (unpublished) to investigate the sensi-

tivity of the same probe to cross flows showed almost no 

sensitivity to yaw; the signal varied by approximately ±1% for 

yaw angles of ±10°. The pitch sensitivity was approximately 2% 

per degree for ±100  and non-linear at greater pitch angles. In 

the animal experiments, tests were made for presence of cross 

flows with a specially designed probe (section 17). 

10. Sensitivity of hot-film to blood flow  

Figure 29 shows the results of steady calibrations of probe 

A in water, plasma and blood, all at 37°C, obtained using the 

water heated container described in section 5.1. The anemometer 

output was numerically linearised by plotting the square of the 

signal against the square root of velocity. It is seen that the 

response to forced convection is approximately the same for water 

and blood, although there is an offset due to different free 

convection heat transfer at zero forced flow velocity, a con-

sistent finding. Probe B exhibited similar characteristics. 

Calibration in plasma, however, indicates a lower sensitivity 

than for water or blood. 

In section 11.3 it is shown that for different homogeneous 

fluids, the ratio of slopes of curves plotted as in fig.29 depends 
3K 
 " 

/ 1.0" 
on the parameter fc:.= 	

4./ 
	. The ratios of the slopes 

plasma/water and blood/water are 0.85 and 0.67 respectively. 
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This agrees well for the plasma result, but not for blood where 

the experimental ratio is close to unity. It is possible therefore 

that flowing blood does not behave as a homogeneous fluid. 

It is known (Bayliss, 1952) that in smaller blood vessels 

there is an annular layer between the vessel wall and the moving 

blood which is relatively poor in cells, known as the "plasma 

marginal zone" or "cell-free layer". In fact when blood flows 

along any surface there must be a layer close to that surface in 

which the cell concentration is statistically less than in the 

undisturbed fluid, by virtue of the interference with the 

undisturbed distribution of cells. This is illustrated in fig. 

30(a), and it can be seen that the thickness of the layer will be 

of the order of a red cell diameter, or less (8 ..m). 

Further, as a result of the shear, the red cells will be 

induced to rotate. It is possible to investigate, by means of a 

crude model, how thick the cell-free layer would have to be, in 

the presence of cell rotation, to produce the observed effect. 

The assumption is made here that collision between adjacent cells 

does not inhibit cell rotation. 

Consider a red cell, idealised as a sphere, radius r, in the 

layer closest to the wall (fig.30(b)). It is thus separated from 

the wall by a distance k , representing the thickness of the 

cell-free layer. It is shown in Section 11 that the thickness 

of the thermal boundary layer over the probe is of order 100p,m, 
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so the cell being considered is well within the linear part of the 

temperature profile (Schlichting, 1968). In a dilute suspension, 

that is in the absence of interference between cells, the red cell 

will rotate with an average angular velocity 

(10.1) 

)k..\ 

as required by zero net torque on the particle (Petschek & Weiss, 

1970). The estimation of the velocity gradients given in the next 

section shows that the cells might rotate very fast; it may 

therefore be postulated that the temperature difference across 

the cell, due to the temperature variation T(0 ), disappears and 

the whole cell is then at the average temperature T( h 	) 

appropriate to the distance of the cell centre from the wall. 

The temperature at the distance K from the surface (the lower 

point of the cell) is thus at temperature T ( 	*-1'), and the 

temperature gradient at the wall is increased in the proportion 

The heat transfer rate is given by 

\„ 	

(10.2) 

jj 
where 	is the (linear) temperature gradient at the 

wall. The probe calibration in blood showed a 50% increase in 

heat transfer over that expected of a homogeneous fluid with 

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

(10.3 ) 

so that k = - 	, or one cell diameter. The value of 

obtained from this simple estimate, incorporating the results 

of probe calibrations in blood, is thus of the same order as that 

expected from considering the interruption of the normal cell 

distribution by the presence of the surface. The interference 

between cells which would be expected with the concentration in 

normal blood might reduce the effect of rotation, requiring a 

smaller value of 	to produce the observed effect. It thus 

appears conceivable that cell rotation is the cause of the enhanced 

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

Alternative possibilities to explain the effect were (i) 

increased velocity gradient in the cell-free layer because of the 

lower viscosity of the plasma and (ii) non-Newtonian effects. An 

estimate of the former, by the method of Taylor (1959), suggested 

that this caused a negligible change. As demonstrated in Section 

11, the shear rates in the inner part of the boundary layer are 

high enough for non-Newtonian effects to be neglected; a 

calculation assuming the power-law approximation (Petschek & 

Weiss, 1970) for the variation of the apparent viscosity of blood 

with shear-rate, employing the methods discussed by Skelland 

(1967), gave a result which differed by approximately 1% from 

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

likely cause of the enhanced heat transfer in blood. 

The close correspondence between the forced convection res-

ponse of the hot-film probe in water and blood leads to the 

possibility of simplifying the calibration procedure by using 

water instead of blood, as suggested by Schultz et ali(1969). 

The lineariser gain is set with a water calibration and the zero 

is reset with the probe immersed in blood. However, for this 

procedure to be valid the difference between the forced convection 

signals must be the same as that at zero velocity, which is not 

true for all probes. The technique also has the disadvantage 

that the calibration depends on the accuracy of one point. 

In the present experiments, the procedure has therefore been 

adopted of calibrating the probe in freshly-drawn blood from the 

animal under study. 

11. Hot-film boundary laver and heat transfer  

This section gives approximate details of the boundary layer 

thicknesses, wall shear and heat transfer for steady (or quasi-

steady) flow over a flat plate with a step change in tempera- 

ture at ;1)C 	The flat plate case is chosen partly for 

simplicity, but also because it represents a good approximation 

to the film-bearing surface on some of the probes used in this 

investigation. Fig.31 shows a schematic diagram of the flow over 
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such a probe, where ")C.... 	- DC., 	and represents the upstream 

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

11.1 Details of probe boundary layer  

An order-of-magnitude calculation will give an idea of the 

viscous and thermal boundary layer thicknesses, and of wall shear 

on the probe. It is assumed that the temperature of the plate is 

equal to that of the stream, except at the heated film which causes 

temperature variations in the fluid whose boundary is the edge of 

the thermal boundary layer. 

The thickness of the viscous boundary layer Ev  , at distance 

from the leading edge of the plate is of order 

and that of the thermal boundary layer at distance -.2.11 1  from the 

leading edge of the film is of order 

(Schlichting, 1968, p.265) where V is the kinematic viscosity 

of the fluid, U is the free stream velocity, H is the 

thermal diffusivity of the fluid and 	is the velocity in the 

region of the thermal boundary layer. Thus from equations 

(11.1 and 2) 

r 
Or (11.3) 

    

c 2 	"1 	G, 	L. 
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The solution for the viscous laminar boundary layer over a 

flat plate (Blasius, vide Schlichting, 1968, p.127) indicates 

that the velocity profile normal to the wall is linear over the 

inner third of the layer and obeys the equation 

i.e. 

(11.4) 

(11.5) 

where Lk is the velocity at distance 	from the surface. 

If "Dr,-- is small compared with X , the thermal boundary 

layer will be thin compared with the viscous boundary layer and 

will lie within the velocity field obeying equation (11.5). If 

u is taken as the velocity at the edge of the thermal boundary 

layer, then vt 	Substituting this into equation (11.5) 

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

z- 
4")1- 	3 	 re, —T 

rss 

v  

y 
'4, 	01: t 

X) (11.6) 

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

is 0.1 mm. and."1.: is 1.5 and 4mm. for A and B respectively. 

Since the sensing surface of probes of type A approximates more 

closely to a flat plate, quantities will be estimated for the 

former. For probe A equation (11.6) becomes 

(11.7) 

The Prandtl number for water is 7 at room temperature and 

12 for blood at body temperature; thus the thermal boundary 

layer thickness at the downstream edge of the film is of the order 

one third and one quarter of the viscous boundary layer thickness 

for water and blood respectively. 

The thickness of the viscous boundary layer on a flat plate, 

defined as the distance from the surface where the velocity is 

99% of free stream (Blasius) is given by 

= 	cx 	 (11.8) 

From equation (11.4) the wall shear rate (64.1. /N64:i )0 is 

equal to the constant shear rate over the inner third of the 

viscous boundary layer, 

i.e. 	t 
(11.9) 



(cm/s) 

(cm) 

E (cm) 
f› 	/X, 

' 

5 10 20 50 100 

0.17 0.12 0.087 0.055  0.039 

0,04 0.03 0.02 0.016 0.01 

50 140 390 1500 4300 -$) 
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The table below gives estimates for the viscous and thermal 

boundary layer thicknesses and of the wall shear rate for probe A 

in blood flow, taking  the asymptotic Newtonian value for kinematic 

viscosity as 0.04 cm
2
/s (Rand et al, 1964). 

Apart from the inaccuracies due to the simplying  assumptions, 

the Reynolds numbers for the lower velocities in the above table 

are low for boundary layer theory to be strictly valid, but the 

values given should suffice as orders of magnitude. It can be 

seen that above 10 cm/s the wall shear rate is greater than that 

below which significant non-Newtonian viscosity variation occurs 

(100 reciprocal seconds) (Merrill and Pelletier, 1968). It should 

be pointed out, however, that the shear rates will be lower in 

the outer part of the viscous boundary layer, falling  to zero at 

the outer edge. 

11.2 Forced convection heat transfer relations for a  
homogeneous fluid  

It has been indicated by the foregoing  that the temperature 

field is confined within the linear part of the velocity profile, 

in which case the analysis by Leveque (1928) is appropriate. 
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The solution was quoted by Schlichting (1968) as 	1 

/-. 

NI 0 	:: 0 . 	e 4 R- 	X  -- Cc  tIL ) \ (''- 	 - 8? ...:' ( 11.10  ) 0 

)') 	
( 

:„  (*)  

".X.
r 

where the skin friction, 	, is given by 

1.4 

ctc, = p, \
bjIr 

 

and the Nusselt number is based on :X:
o
. 

Substituting for nr.  in eq.(11.10), integrating and 
rearranging, we obtain 

IA 	= 0 . 3 Ci P 1'0 
	

t (11.12) 

(7—  
7J106  ! 

or 

N 	O33 1 BY-3  1 

This may be compared with the equation for an isothermal 

surface and Pr 	CO (thin thermal boundary layer) which is 

Lo 
.0, t= 	 (11.14) 
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It is interesting to calculate the average heat transfer from 

the film. Introducing the heat transfer coefficient C14, = \ Nikk /' 
/ 

and a longitudinal coordinate 2)( 	with its origin at X0 , so 

that X ,, De—  X 1  equation (11.13) becomes 

X.0 4 	f \:2,  i 
V.  

I 	 1,3tr 

X 
X,. i 	* -X I  X 0% -  

where )07. D( is small compared with unity. 

	

The average value of 	over the streamwise length of the 

film, 'X I 	is _x  

1  ....... ciLe 
# 

0 , .-:, , 9 k Pr  !' B̀ - f 
oc- o 1, .4- 	) ! 

r

7--,-  I — 
, 

	

. 	— 

Since Dt1  Pt:is small, the last two terms in the bracket 

on the right hand side of eq. (11-16) may be neglected and an 

average Nusselt number may be written 

QY, 
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For an isothermal surface, the average heat transfer over a 

similar length of surface.*:.)(1., , distance ..)1: 	from the leading 

edge, with Dc,t)cymall, is 

r4 k, 	11. 9 

For the dimensions of probe type A previously quoted, the 

heat transfer from the film is four times that from a similar area 

at the same 2x.„)  on an isothermal surface. 

11.3 Effect of fluid properties  

Equation (11.17) may be written 

,!•46  

A LT 
 

 

where A depends on body shape and film dimensions and position. 

If blood behaved as a homogeneous fluid, the response of the same 

system to blood and water would depend on the fluid properties 

contained in the bracket in equation (11.19). 
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Since the forced convection heat transfer rate is related to 

the anemometer signal by 

\./ 	
R 1—t 	 (11.20) 

Fs\ ht 

where RH is the resistance of the film at its operating tempera-

ture and R
1 

is the resistance of the other arm of the bridge 

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

14, 

If V - V
o
2 
is plotted against I k*, then from equation 

(11.21) it would be expected that the slope would be proportional 

to the quantity in the bracket. Thus, if calibrations for water, 

blood and blood plasma were plotted in this form, the ratio of the 

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

In the table below the plasma and whole blood properties were 

given by Mendlowitz (1948) (specific heat and density), Singh & 

Blackshear (1967) (thermal conductivity) and Rand et al (1964) 

(viscosity, the whole blood value corresponding to a red cell 

concentration of 40%). 
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Water 

20 C 37°C 

Plasma 

37°C 

Blood 

37°C 

( g/cm3 ) 0.998 0.993 1.026 1.060 

c (cal/g 	deg.C) 0.999 0,998 0.94 0.86 

k 	(cal/cm s deg.C) 000140 0.00151 0.00143 0_00131 

(cm2/s)  
0,010 0.007 0.0146 0.038 

Slope ratio 0.90 1.00 0.79 0.67 

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

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

11.4 Interaction between forced and free convection  

In introducing King's law (Section 1) it was mentioned that 

the free and forced convection terms are not simply additive, 

because they interact. Acrivos (1966) made a study of combined 

laminar forced and free convection in which the thermally induced 

flow is either in the same direction or directly opposed to the 

forced convection (called aiding and opposing flows). The solutions 

which he obtained are not directly applicable here, because in the 

present application the natural convection direction was perpendi-

cular to the forced flow direction, but the parameters involved 

in his solutions will be relevant. 
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and 

Noting that 

NI 4,k 	C r\ 	rr" 

1#4 

C 	P N A = N 	, 

for pure forced convection 

x
(11.22) 

for pure free convection 

he postulated that for the combined problem 

N tA 
— Pr 3 

.••••••• 
•••••• ( J r  v„.  

(11.23) 

where 

4 (L.) 	) 
\'` Rff' Pr 

t/44.  

 

 

• (11.24) 

\ I ' 

r 

It is difficult to choose an appropriate reference length to 

form the Grashof number of the hot-film probe, but eq.(11.23) 

indicates that for a given fluid and probe 

v 	
/-/ 

tri 

/ / 

and plotting results from a probe calibration might indicate 

the relative importance of the natural convection in the velocity 

range investigated. 

(11.25) 
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Actually, it was found that when a probe was inserted in a 

blood vessel, the signal obtained with the film pressed against 

the vessel wall was almost identical with that obtained at zero 

flow. Since the thermal characteristics of the vessel wall 

material are close to those of blood, this observation suggests 

that in blood the zero flow heat transfer corresponds very nearly 

to pure conduction. Although in this instance Gr would be very 

small, Re = 0, so that Gr/Re
2 	

. Similar observations have 

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

Figure 32 shows a calibration of a probe type B in water. It 

can be seen that towards the right hand side (low velocity), the 

calibration has positive slope of about one eighth, that is half 

that which would be given by pure natural convection. 

12. Discussion 

The results introduced in Section 7.2 show that, with certain 

limitations, the hot-film system can be developed to measure 

velocity waveforms similar to those which occur in arteries. To 

reduce blockage errors within arteries, probes have been made 

small and the films mounted forward of the probe shaft, but the 

need for a fast-developing boundary layer calls for a small 

streamwise dimension. 
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A further cause of error which was mentioned in section 3.2 

is the phase lag in substrate conduction. It was deduced from the 

analysis by Bellhouse & Rasmussen (1968) that the latter effect 

might cause increasing errors with diminishing velocity, and with 

increasing frequency and substrate dimensions. Measurements of 

"lift-off" (signal at zero velocity) were made for three probes, 

probe B and two others of similar design, but having different 

streamwise dimensions, and the results correlate best with frequency 

alone as a parameter. These are shown in fig.33 as a ratio with 

the signal at a velocity of 13 cm/s. The bead of Pyrex which con-

stitutes the substrate had similar dimensions in all three probes, 

and the correlation with frequency is consistent with substrate 

conduction effects, which might be minimised by using smaller 

beads. 

A further contributory factor to "lift-off" should not be 

overlooked; since the output of the anemometer is a rectified 

velocity signal, the anemometer must be able to respond to the 

extra harmonics which this entails. At higher frequencies the 

response of the anemometer begins to roll off, at a point depend-

ing on the loop gain. It is therefore worth setting this as high 

as possible consistent with stability (it may be adjusted in 

the DISA 55D01 anemometer). It was usually possible to set the 

loop gain high enough for the roll-off point to be in the region 

of 1 kHz. 
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Although it has been possible to make some probes with stream—

wise dimensions about one third that of probe B, brief tests 

indicated that for typical reverse flow amplitudes, the parameter 

47//t_.- could not be made small enough for the reverse flow / 

response to be made quasi—steady. Consideration therefore has to 

be given to reducing the reverse flow response. This can be done 

by increasing the length aft of the film, so that the film is 

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

with probe B. 

If the steady heat transfer is given by equation (1.1), and 

forward and reverse heat transfer are denoted by subscripts 1 and 

2 respectively, 
r 

(12.1) 

- / ( 

2 

where 	) 7±=7"-- are the distances from the film of the leading and 

trailing edges respectively, and K, 	
K 2.  are shape factors. 

Fig.34(a) and (b) shows the correlation of response with i'DC/U 

obtained with probe type B for forward and backward sensitivity 

respectively. The results shown were obtained with both water 

and blood, and it can be seen that for -PC/U between 0.1 and 

0.5 the signal enhancement is smaller than for type A probes 

(fig.23). On probes of type B the flow is accelerated over the 

film as a result of the shape, so that S:17/41 at the edge of the 
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boundary layer is lower than the value given by taking the free 

stream velocity. There is also more scatter with probe B, 

apparently arising from greater sensitivity to the direction of 

the acceleration than probe A. From figure 34(a) and (b) it 

appears that gl  and g2  are approximately equal, and that 

-:‹ 	1 f - 0 	5 ) 

r 	( (12.2) 

where m is approximately 3  and C is a constant. 

We are interested in the situation where, in general, 

0>0,25 and we require that the response in 

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

and(12-2) this implies that 

,C 1 Y 	U V 

14.' „ 	'DC, and 	are constant on any one probe, so 	/td 1< , 
is required to be constant. This is clearly impossible, but we 

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

considered approximately constant. 

Figure 35 shows the response of probe B to steady forward 

velocities and to unsteady forward and reverse peak velocities 

in blood with a mean velocity of 13 cm/s, and it can be seen 

(12.3) 
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that in this instance the forward steady calibration was appropriate 

for the unsteady backward flow. Taking the unsteady backward 

sensitivity results of fig.34(b), which includes data from various 

points in the cycles analysed, and comparing with the forward 

calibration, the data appears as in fig.34(c). This shows that 

for 50C-,..pti up to 0.5, the forward sensitivity is appropriate for 

back flow to within approximately ±20%.  

The correlations obtained in Section 7, which were from 

velocity waves containing a steady component plus one harmonic, 

suggested that the fidelity with which a frequency component was 

measured depended on the magnitude of the absolute velocity. 

Taking the criterion that c-xN should be less than 0.25 for for- -, 

ward flow and less than 0.5 for backward flow (probe B) we may 

construct a table indicating the minimum velocity at which a 

particular harmonic component will be recorded undistorted. 

In the table below, this has been done assuming a funda-

mental frequency of 2.5Hz; flow components measured in the 

ascending aorta of dogs by Patel, de Freitas and Fry (1963) have 

been converted to cross-sectional average velocity assuming an 

average diameter of 16 mm. and are also included. 
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Number of 
Harmonic 

Frequency 
(Hz) 

Amplitude of 
Velocity Com— 
wm,nt (cm/s) 

Minimum Total Velocity 
for Undistorted Record-
ing of Component (cm/s) 

0 0 15 0 

1 2.5 28 4 

2 5 20 8 

3 7.5 9 12 

4 Io 6 16 

5 12.5 3 20 

6 15 4 24 

7 17.5 2 28 

8 20 2 32 

It can be seen that the amplitude of the higher harmonics is 

small, so that some distortion of them is tolerable. Nevertheless, 

the table does demonstrate the need to develop and use still 

smaller probes, even if it is still necessary to mount the films 

asymmetrically for equalisation of forward and backward response. 

The correlations for the backward sensitivity of probes of 

type B shown in fig.34(c) cover the range of .k x./0 between 0.04 

and 0.5, and indicate that the reverse velocities will be measured 

to within t20% if the forward steady calibration is applied. 

Taking the example of a peak reverse velocity of 50 cm/s, the 

values ofS)5/6 for that instantaneous velocity range from 0.04 

for the first harmonic to 0.32 for the eighth. 
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It should be noted that in the correlations, most points at 

high values of 	).c.,fAJ have been obtained near zero velocity. 
Whilst the fx-# correlation should be universally valid where 

quasi—steady behaviour is indicated, outside that range one would 

not expect i:74 0 to be the only parameter governing the behaviour 

Therefore, for
////
the the present, both the backward flow calibration 

and the application of the system to turbulent frequencies must be 

regarded as tentative. 

Probes of type B have, however, been shown to have satis-

factory performance, particularly in relation to previous studies 

since a number of stable probes of this design had been constructee„ 

all with similar characteristics, they were used for the studies 

described in Part II. In fact all the data reported was obtained 

with two such probes. 

13. Conclusions to Part I 

The constant temperature hot—film system has been developed 

as a means of measuring point velocities in arteries. Suitable 

probes have been evolved and calibration procedures have been 

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

Commercially available constant temperature anemometers 1''-

been found to have distorted frequency responses when operated 

at overheat temperatures low enough to be compatible with blood. 

The two better instruments tested (DISA 55D01 and Thermosystems 
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1054B) would cause more than 10% overestimation of arterial 

velocities in dogs, with progressive distortion of the higher 

harmonics, if a steady calibration (the most appropriate) were 

employed. 

However, the frequency response of the DISA 55D01 anemometer 

has been corrected by the use of an adjustable output filter. 

When this is accomplished velocities can be measured with an 

accuracy of the order of ±5% over most of the cycle; near zero 

velocity relative errors are larger, but in absolute terms are of 

the order 3 cm/s. Direction sensing is an aid to improved accuracy 

at low velocity and its use in measuring the waveform in the aorta 

of a greyhound has been demonstrated. 

If calibration were performed by oscillating the probe in 

still liquid, or by oscillating the fluid past the probe with 

zero mean flow, the error due to the uncorrected anemometer 

frequency response would be partly neutralised. In this case, 

however, another error is introduced by the effect of secondary 

motion on the calibration; arterial velocities could then be 

underestimated by up to 20%, depending on the amplitude of oscil-

lation, the probe configuration, and the relative magnitudes of 

the harmonics in the arterial velocity wave. 

The requirements for successful measurement of arterial 

velocities are small physical size of the measuring probe 

(streamwise dimension and bead size) to optimise the fluid and 
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thermal dynamic frequency responses. The constant temperature 

anemometer circuit is likely to require frequency response 

correction by means of an output filter. Having established the 

fluid—dynamic characteristics of the probe in unsteady 

bidirectional flow, routine calibrations should be in steady flow 

of blood, maintained at body temperature. 



PART II 

Measurement of Velocity Distribution in the Aorta 
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14. Brief survey of arterial mechanics  

The following section is an attempt at an historical account 

of the subject, and because of the emphasis of previous theoretica_ 

work, 	parts of the survey may appear to have slight rele- 

vance to the physiological studies presented in the thesis. 

Nevertheless, they are presented, since they form a background to 

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

The systemic arteries are a system of branching, distensible 

elastic tubes conveying the blood, which is pumped by the left 

side of the heart to the various organs and tissues of the body. 

The heart generates a periodic pressure gradient, transmitted as 

a travelling wave whose velocity is an order of magnitude gro0 -P-

than the fluid velocity. 

Most mathematical models describing the wave transmission 

and related fluid motion require straight cylindrical pipes with 

no end effects. Thus, whilst they are useful in obtaining physical 

insights into various aspects of cardiovascular behaviour, and 

indicating the influence of various parameters, complete under-

standing requires consideration of the complex geometry. 

The aorta, which is the subject of the present study, is 

tapered, contains a 180 degree bend within a few diameters of 

the entrance, and incorporates major branches both at the ber'' 

and at the termination. The entrance is complicated by the 
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presence of a valve, and the axis of the left ventricle, which 

pumps into it, is angled relative to it. During reversed flow 

the valve is closed and the flow, apart from being into the 

dilating elasti3tube, is directed into two relatively small 

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

This survey describes some of the theories of wave trans-

mission and fluid motion in straight parallel tubes, followed b=,  

a discussion of the end effects and three dimensional flows 

introduced by the shape of the boundaries. 

14.1 Wave transmission  

The velocity of pressure wave propagation in a thin-walled 

elastic tube, containing an incompressible, inviscid fluid, is 

given by the Moens-Korteweg equation (i.e. the one-dimension .̂. 

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

C E 
p, 

(14.1) 

where E is Young's modulus for the vessel wall, R and h are its 

mean radius and thickness respectively, and :.,$); is the density 

of the fluid. The expression arises in this form because the 

mass of the fluid is assumed large compared with that of the 

walls. 

The effect of fluid viscosity, which is to reduce the 

velocity of propagation and progressively damp the pressure 

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

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

Neglecting the inertia of the vessel walls, and assuming an 

initially stationary fluid, Morgan & Kiely obtained analytical 

solutions for waves of infinitesimal amplitude with wavelength 

large compared with the vessel radius. These were possible in two 

cases, (i) small viscosity, and (ii) large viscosity or low 

frequency. They were in effect approximations for respectively 

large and small values of Womersley's (1955) unsteady viscous pipe 

flow parameter 

(14.2) 

The expressions for wave velocity were 

(i) large Q>: v  
--cr 4- 01, 

4 ) 
(14.3) 

(ii) small 
C. (14.4) 

_ 	.1.... 

... 	i 

where Cr is Poisson's ratio for the wall material; for an 

incompressible material,which is approximately true of the 

arterial wall, its value is. It can be seen from the equations 

that the wave velocity depends on el and therefore on frequency. 

For a composite waveform such as the arterial pulse there will 

therefore be dispersion between the harmonic components, which 

will also be damped at different rates. 
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Womersley made effectively the same approximations as Morgan 

and Kiely, but allowed for the inertia of the vessel walls, 

which were assumed thin compared with the radius. He obtained a 

similar governing equation for the motion and calculated the 

variation of wave velocity and damping as a function of Cg, , with 

a wall thickness to radius ratio of 0.1. The approximate 

expressions of Morgan & Kiely give good agreement with Womersley's 

curves for C* = 5 (eq.14.3) and for 	1 (eq.14.4). 

If a travelling wave motion is described by the form 

x p  tc. («t K 	where 1\ is complex, 

i.e. 
	KK t +- 	 (14.5) 

the wave velocity is determined by the wave number, P(1 
	as 

K1 
	 (14.6) 

and the damping is a function of f\p . Womersley pointed out 

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

given by 

ci 
3 	d t< 

(14.7) 

and was able to estimate the wave velocity and dispersion. For 

the femoral artery of a dog, in which the first four harmonics 

were in the range 3 < et < 7, he calculated that Cci  and CI  

were within 2% of each other. 
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Atabek and Lew (1966) modified Womersley's solution to take 

account of the initial stresses which are present in an artery 

(the vessel is both inflated by the internal pressure and longi-

tudinally stretched between sites of tethering). They found that 

the pressure wave velocity was reduced to about half of that for 

the unstressed vessel. Also appearing in their solution was a 

much faster wave representing longitudinal oscillations of the 

walls, as opposed to the radial oscillations of the pressure waves. 

These are not apparent in the normal physiological state, but 

Anliker, Moritz and Ogden (1968) excited them artifically in the 

carotid artery of a dog. Whilst their velocity was higher than 

that of the pressure waves, discrepancies between measured and 

theoretical values were attributed to anisotropy of the wall 

material. 

Later refinements of the foregoing analyses include calcula-

tion of the effects of a steady fluid velocity, independent of 

the pressure oscillation (Morgan & Ferrante, 1955), external wall 

constraint by added mass and distributed elastic elements 

(Womersley, 1957) and external wall constraint by added mass, 

elastic and viscous elements, together with aniatropy of the 

material of the vessel wall (Atabek, 1968) (also incidentally 

reporting some errors in the earlier paper (Atabek & Lew, 1966), 

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

The comparison of the results of the above analyses with 

experiment is bedevilled by difficulties in calculating the 



Moens-Korteweg velocity, C 	(eq.14,1). The value of Young's 

modulus varies with both loading and frequency (Bergel, 1961a, b) 

although an appropriate value of this may be chosen; however, 

Atabek (1968) points out that only elastic and muscular components 

of the arterial wall contribute to the elastic modulus, so that a 

considerably smaller value of t-lk than is commonly assumed 

might be appropriate. 

Ignoring these considerations, and taking 1.03 = 0.16, with 

the dynamic tangential modulus of 5 x 10
6 

dynes/cm
2 
obtained by 

Bergel (1961a, b) for the thoracic aorta of a dog gives Co  ' 

6 m/s with 	5.5 m/s (Womersley) or -. 3 m/s (Atabek & Lew). 

McDonald (1968) obtained group velocities for the natural pulse 

wave between 4.5 and 5.5 m/s, also in the thoracic aorta of dogs, 

and observed that his results were in the range obtained by other 

workers, as summarised by Bergel (1961b). 

There have been numerous other attempts to calculate the 

pulse wave velocity and some of them are discussed in the review by 

Skalak (1966); the papers mentioned here were introduced because 

of their direct bearing on the work of Womersley, who also cal-

culated velocity profiles. 

Womersley observed that his calculated damping, suggesting 

amplitude diminution of 5 to 6% over 10 cm., appeared larger than 

had been observed in practice. He suggested that since the wave-

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

components may be disguised. There is also reflection from 
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junctions, so that an observed arterial waveform will be composed 

of both outward travelling and reflected components. 

Womersley (1958) calculated the variation of wave reflection 

coefficients with 	and area ratio for isolated bifurcating 

junctions with equal branches. In the arterial system, the total 

cross-sectional area increases peripherally, the increase on 

average being about 1.2 for each branch. Womersley found that 

the minimum reflection occurred close to this value, with a 

magnitude of only a few per cent. This is in agreement with the 

results of a non-linear approach by Hunt (1969), using the method 

of characteristics. 

There has thus been some difficulty in interpreting the 

observed increase in the peak of the pressure wave as it travels 

peripherally. Nevertheless, Womersley pointed out that the 

presence of other junctions would prof=ndly modify his results, 

because the impedance of a finite length of tube is not the same 

as the tube of infinite length which he assumed. In fact, the 

flow disturbances introduced by a junction may give rise to very 

large increases in the input impedance. For air flow in the lung, 

where 414 is of order unity, giving a quasi-steady Poiseuille 

profile in developed flow, Pedley, Schroter & Sudlow (1970) 

showed that the disturbances introduced by branches increased 

the resistance over a short length of tube by three to four times 

the Poiseuille resistance. However, increasing 7.-N; can increase 

the resistance by greater proportions, and it is not clear 
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whether branching would create such a large effect on the velocity 

profiles at high 	. Further, the effect would have to be very 

large to cause a significant reflection coefficient.* Lighthill 

(unpublished) has also suggested that the effect of reflections ic 

small, and that a greater influence would be due to (a) change in 

elastic properties with distance from the heart and (b) transfer 

of energy between harmonics (i.e. because the system is non-

linear). The latter phenomenon has been investigated by Attinger, 

Anne and McDonald (1966), who perfused excised dog aortas, which 

were inflated to physiological pressure, with a simple harmonic 

pump. The oscillatory pressure range was up to ±100 cm. water, 

but only the fundamental frequency was present in the transmitted 

waveform which was measured at four points spaced along the 

vessel. Also, Anliker et al (1968) found only mild dispersion at 

frequencies between 40 and 200 Hz in pressure waves which were 

artifically excited in the thoracic aorta of intact anaesthetized 

dogs. 

There are apparently no abrupt changes in the elastic 

properties at junctions (McDonald, 1960) but a succession of 

weak reflections, due to progressive changes with distance, 

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

A most significant finding, however, has recently been 

communicated by Caro, Fitz-Gerald & Schroter (1970); this is 

that the area ratio at junctions is subject to much greater 

variation than had hitherto been reported. For example, the 

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

contribution from the distributed distal junctions. 



- 114- 

dimensions of the aortic bifurcation were measured from arterio-

grams in 22 human subjects; the area ratio varied between 0.52 

and 1.08. Similar variations were observed at major branches in 

large arteries, and this is almost certainly amajor reason for the 

observed effects tecause reflections become larger the greater the 

area ratio differs from the mean value of 1.2. 

14.2 Fluid velocity distribution 

For oscillating flow of a viscous fluid in a rigid tube of 

infinite length, Grace (1928) and Sexl (1930) derived the 

velocity field for a single harmonic. Womersley (1955) and 

Uchida (1956) realised that the system is linear, so that the 

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

The Navier-Stoke: equations reduce to 

+ 

`Ot.. . 	, O  

since 	- u _ - 0 	c.), 	cr,,//e '2 =7 0 / d 

(14.8) 

where the subscripts refer to the cylindrical co-ordinate directionc,  

For a periodic pressure gradient 

, 

P = A 	•-z: 1 	t4 to EL, 
(.4J 	'• 

assuming a solution of the same form, 

6„:.,0  
..---  

i o e . r = (X = , 
,., + 	Z,-.. _ (.4 0,. e. 

LI: oil  

(14.9) 

(14.10, 
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a set of independent ordinary differential equations for Ex. and 

the 0..'s 18 obtained. The solution is 

Ra  0 (R r  ) 
0( 1 

• '-6/--\ 

"?/2) 

where Jo  is the zero order Bessel function of the first kind. 

It will be seen that the first term on the right-hand side is the 

Hagen-Poiseuille velocity, incorporating the steady component, 

Ao
, of the pressure gradient. For small values of O. (unity or 

less) the second term on the right-hand side has the limiting 

form 

krt. 	1,./tr,:a. 	2- 

4041.0 	e 	 (14.12) 

4- tx, 
i.e. the motion is quasi-steady, with a Poiseuille velocity dis-

tribution appropriate to the instantaneous pressure gradient. 

For large values of (4 (greater than 10) the motion near the 

centre of the pipe is given by 

CA) t 	z 	(fot 
LI E: 	•  e 	(14.13) 
4,) 

' 'x 
The overall profile is nearly flat with thin boundary layers; 

but there is a maximum in the velocity distribution at the edge 

of the boundary layer which moves closer to the wall with 

increasing 04 . Equation (14.13) gives the core flow, which 

lags the pressure gradient by 90°, implying an inertia-

dominated flow. The amplitude of the pulsations diminishes 

inversely as ‘7" 
2
. 

2. 
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Hale, McDonald & Womersley (1955) measured the pressure 

gradients in the femoral artery of a dog, at the sLme time film-

ing the motion of dye, which had been intooduced into the artery, 

with a high speed tine camera. The flow wave was calculs. d from 

equations (14.9) and (14.11) after analysing the pressure 

into its Fourier components. The velocity profiles were cal-

culated for the first four Fourier harmonics in addition to the 

steady term. The parameter c4 was in the intermediate range, 

3.34 for the fundamental and 6.67 for the fourth harmonic, so 

that the velocity profile was well rounded at peak systole. 

If the tube is elastic, the system is non-linear and the 

differential equations for the 	include terms containing all 

the other frequencies, so a simple analytical solution is not 

available. Womersley (1955) calculated a first order correction 

allowing for changes in tube diameter and derived the waveform of 

the cross-sectional average velocity. This was compared with 

results of the tine technique obtained simultaneously with the 

pressure measurements used in the calculations. 

The calculated waveform was generally similar in shape to 

that measured, although the peak systolic velocity was over-

estimated by 10 to 15% and greater proportional errors were 

present in some other phases of the waveform. Womersley point0 

out that for a given pressure function, the pressure gradient is 

inversely proportional to the wave velocity (i.e. -' 1/;‘);,c. = 

-(jf.)(6hht ), so that flow is increased by increasing 
rg 

elasticity. 



14.3 Entrance effects  

Whilst the analysis for fully developed flow may be valid 

over part of the femoral artery, in many arteries it may be 

expected that entry conditions will prevail. The entry flow for 

a rigid circular tube has been analysed by Atabek and Chang (1961, 

for an entrance velocity of the same form as in eq.(14.10) but 

with no flow reversal. The wavier-Stokes equations for the inlet 

region are reduced to 

'ltf 77. \ 	(14.14) 
Y-t r -64 4 	kr,x 

r 61- 

4.  

e 	 6t- ._ 	

(14.15) 
e t 	 ,, 

.-. ..... 4.- 	...—..... 	, 	We.... 	......,.. 	 4...., ,, 	' 	•••••••■••11*... 

....N 'r 	

a.. 

The assumptions made in order to obtain a solution were (i) small 

transverse velocity (trr ) so that eq.(14.15) is replaced by 

	 = C) 
	

(14.16) 

(ii) the transverse velocity gradient much larger than longi-

tudinal near the walls where the viscosity effects are most 

important, so that ''..t.5:;/-f 	can be neglected in eq.(14.14). 

These two are the usual boundary layer approximations, and 

were employed, for example, by Atkinson & Goldstein (1938) +.o 

calculate the steady inlet length. The third approximation made 

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

flow) is more controversial; the terms or4(to-,e  &23 4- 4 Cy 'W,) 

are replaced in eq.(14.14) by 

kr.,„ 1 	MINIMPOP `.; 

"  

in order to linearise the equation, with the only justification 

that it is true at the two extremities of the inlet length. For 

the examples calculated the ehtry length oscillates with the flow 

and approximates to the instantaneous steady length, and good 

agreement with experiment is claimed in the few cases tested. 

The most reliable estimate of the steady entry length is 

probably that obtained from the experimental data of Nikuradse 

(1934) and is given by 

0. 2..6 R e 	 (14.17) 

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

the tube radius. 

In the aorta, the vessel which most concerns us here, entry 

conditions might be expected, but it has been pointed out by 

Kuchar and Ostrach (1967) that the usual assumption of a uniform 

velocity profile through the aortic valve had never been tested 

experimentally. They analysed the entry flow for an elastic 

parallel tube, and again employed Targ's assumption, observing 

however that the presence of taper, quite apart from the branchP-

and bends, precludes an end point to which the flow can develop. 
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Atabek (1964), observing that the flow in the entrance of a 

branch will not be uniform, modified his earlier theory to allow 

account to be taken of this. 

The parameter 0( takes a value of approximately 20 for the 

fundamental harmonic in the ascending aorta of a greyhound, so 

the developed flow in this case would have a very thin boundary 

layer and a broad uniform core. There would thus be very little 

convective acceleration of the core between the entrance and the 

developed regions and it has been argued by Jones (1970) that the 

entrance length can be obtained by matching the quasi-steady 

boundary layer from the entrance with the fully-developed boundary 

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

the order of 1 cm. 

This may be demonstrated by an order of magnitude calcula-

tion as follows: 

The thickness of the developed oscillatory boundary layer is 

\e;".  of order (qt.J)  , whilst that of the quasi-steady boundary layer 

is ‘'w 	where 	is the distance from the entrance and 
tr 

is the instantaneous velocity. (The convective accelera- 

tion of the core may be neglected, because of the thinness of 

the developed boundary layer.) Equating these gives an estimate 

of the matching point and is 

(14.18 ) 
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The forward velocity varies between zero and about 100 cm/s 

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

. 
and Chang. A quasi-steady entry length would vary as Or 

r),  1 " 

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

,„ 

to R 
	

+NJ 
	

(14.19) 

rY..2̀  

demonstrating yet another quantity which is dependent on cis . 

The foregoing argument refers to the oscillatory components; 

if the steady component is considered to develop independently, 

equation (14.17) applies. 

14.4 Effect of curvature  

The bend at the arch of the aorta may be expected to have a 

significant effect on the flow. It is well known that if steady 

flow with a developed profile enters a bend, the differential 

centrifugal pressure gradient causes the faster moving stream-

lines in the middle to move towards the outside of the bend across 

the diameter, the slower moving streamlines migrating in the 

opposite direction around the circumference so that a double 

helical motion results (Goldstein, 1938). For simple harmonic 

oscillating flow in a bend, with zero mean flow, Line (1970) has 

calculated the secondary motion and obtained very high cross flow 

velocities. However, this may be explained by the continuous 

action of the centrifugal pressure gradient on the same volumc 

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

it did in the case of the oscillating cylinder discussed in Part 

The equations governing steady entry flow in a bend have been 

derived by Pickett (1968), but the behaviour of potential flow in 

a bend (steady or unsteady), which is discussed more fully later 

in this section (14.5), is worthy of note. In this case no 

rotational motion is possible and the flow adjusts to the centri-

fugal pressure gradient, producing an asymmetric velocity profile 

with the higher velocity at the inside of the bend. 

At the aortic arch the flow divides between the brachio-

cephalic and left subclavion arteries and the descending aorta, 0-  

that a further disturbance is added to any produced by the bend, 

14.5 Unsteady inviscid flow in a bend  

It has been argued that, at least in the ascending aorta, 

boundary layers will be thin and that there is a broad inviscid 

core. Therefore it is worth enquiring what effect the bends in 

the aorta have on the core, assuming that because the boundary 

layers are thin, secondary motions are small. 

Figure 36 shows the system being considered. Fluid is cross-

ing a surface, 1, orthogonally, with uniform velocity at any 

instant. This represents the system in the ventricle, where 

the blood is probably sufficiently mixed for such a condition to 

exist. The fluid flows into a curved rigid conduit, so that 

temporal pressure changes are in effect communicated 
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instantaneously, and crosses a surface, 2, in the bend, which is 

also orthogonal to the streamlines. Distance along the surface is 

denoted by n, and velocity q2  and pressure p2  may vary along it. 

Along any streamline Bernoulli's equation relates the 

instantaneous pressure and velocity: 

P 	qv+ 
2 	

d: 
P. 

where s is distance in the streamline direction. 

If the velocity may be represented by 

( tY0),) 

=  vo
£  

rr. - 

(14.20) 

(14.21) 

where L. is the fundamental angular frequency, m represents the 

number of the harmonic and qm  may be complex, then 

t L$Q  
Pp 

re) to 	e 
ve, 

(14.22) 

Therefore )0 t.t.  is proportional to q and may be written 

(14.23) 

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

(14.  24 ) 
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Differentiating equation (14.24) with respect to n 

(14.25) 

The last term in equation (14.25) may be written 

0 cic 	t) rG7 ( 

1  But s and n are orthogonal, so (4 ':7(.1 	= 0 and equation (14.25) 

reverts to its steady form. The same result could have been 

obtained by arguing that if the boundaries of an inviscid unsteady 

flow do not vary with time, the streamlines are fixed. By con-

tinuity the relative velocities are also constant and may be 

derived by considering steady flow. 

The centrifugal pressure gradient along yl is given by 

(14. 27) 
n -r 

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

considered. Substituting for 	'1.>,/ t.% into equation (14.25) 

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

(14.26) 

4. 

(14.28) 

The solution is 

(14.29 ) 
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L i where * 0- -- is a constant of integration. 

i.e. 1̀.- Cf 	= const. z.   (14.30) 

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 situation will obtain when the direction 

of flow is reversed if the streamlines pass through a plane of 

uniform velocity. A consequence of the velocity distribution, by 

continuity, is that the streamlines will be more concentrated at 

the inside of the bend and more widely spaced at the outside. 

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

15. Procedure  

15.1 Animals and instrumentation  

The measurements of aortic velocity profiles were made in 

adult dogs weighing 15 to 30 kg., principally greyhounds. They 

were anaesthetized with intravenous pentobarbitone sodium 

(Nembutal), initial dose 30 mg./kg., and occasionally premeditated 

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

Cardiovascular behaviour was monitored via electrocardiogram 

and static aortic pressure, the latter by means of a Statham 

P23 Gb strain-gauge transducer with AC excitation (S.E. Labs. 

423/1 amplifier and 511/S oscillator), and connected to the 

animal by a saline filled nylon catheter (30 cm. long, 1.5 mm. 

i.d.). The catheter was introduced into the left carotid artery 

and adjusted so that its tip lay in the orifice of the brachio- 
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cephalic artery. It is worth pointing out that the static pressure 

increases during each heart beat to typically 120 mm. Hg at peak 

systole compared with 80 mm. Hg during diastole; by contrast the 

dynamic pressure range is typically 0-4 mm. Hg. The pressure 

transducer system had a natural frequency of 100-150 Hz with a 

damping factor of 0.1-0.15, measured by the pressure transient 

method (McDonald, 1960). 

The signals were recorded on magnetic tape (Precisioh 

Instruments P1-6200 FM recorder) with display facilities on a 

large-screen multiple-channel oscilloscope (Cardiac Recorders 

Ltd.). Some setting up was done with an ultra-violet galvanometer 

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

playback procedure is described in section 15.5. 

The chest of the animal was surgically opened by left thora-

cotomy (removal of ribs) or sternal split (splitting the breast-

bone along the middle), so that all the accessible parts of the 

thoracic aorta were exposed. Respiration was maintained by 

positive pressure ventilation (15-5 cm. H
20) (Cyclator, British 

Oxygen Co.) through a cuffed endotracheal tube. 

Minimal interference was caused to the tethering of the 

aorta (section 14), small areas being cleared of overlying fat 

so that purse-string sutures could be sewn into the wall at sites 

selected for traversing. The sutures were tightened around the 

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

provide access to the abdominal aorta. 

15.2 Aortic cast  

In the living animal it is impossible to determine the 

geometry of the aorta accurately because of the presence of other 

vessels, organs and tissues, Therefore a cast was made in two 

dogs, the second being the more successful. It is important to 

maintain physiological pressure if accurate size and shape is to 

be obtained. Liquid resin (Strand Glass Co., clear casting resin) 

was pumped into the aorta from the abdomen through the right iliac 

artery, the more proximal major branches (e.g. brachio-cephalic, 

subclavian, coeliac, renal arteries) having been tied off, and the 

pressure was monitored via the carotid catheter. Post mortem, 

the heart muscle will not withstand physiological pressures, so a 

second carotid catheter with a balloon on the end was manoeuvred 

retrogradely into the left ventricle; the ventricle was then 

sealed by inflating the balloon. To maintain the geometry, in 

particular to keep the heart in position, the chest was kept 

closed and the lungs were inflated whilst the resin hardened. 

Photographs of the completed cast (i„e. after removal of 

soft tissue) are shown in fig.37, in which the principal traverse 

sites are shown. The ascending aorta in the dogs used in the 

experiments was 1.5-2,0 cm. in diameter and approximately 5 cm. 

long; sites were chosen in the middle and approximately 1 cm. 

above and below for antero-posterior traverses. At the upper 
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site left-right traverses were also made, Further left-right 

traverses were made in the descending thoracic aorta at two sites, 

near the top and near the middle, and antero-posterior traverses 

were made near the middle of the abdominal aorta. Various 

traverses were made at other sites, but only those which were 

repeated in several dogs have been selected for presentation and 

discussion. 

The terms proximal and distal, used in discussing the 

results, are taken to mean respectively nearer the heart and 

farther from the heart. That is, in general, upstream and down-

stream in relation to the main flow direction. 

15.3 Probe calibration  

Having adjusted the output filter to obtain an acceptable 

frequency response from the anemometer system (section 7), the 

velocity probe (of type B, fig.9) was calibrated in steady flow 

during each experiment. At the time of introduction of the 

pressure catheter, a 140 ml. sample of blood was taken, anti-

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

table calibrator (section 5). The blood was maintained at 37°C 

by the water heater/circulator and a calibration from 0 to 125 

cm/s obtained. The anemometer output was linearised by means of 

a DISA 55D10 Lineariser. The Wheatstone bridge containing the 

twin direction sensing films on the probe was balanced to give 

a null reading at zero flow and both velocity and direction 

signals were recorded on tape. A typical velocity calibration 

is shown in fig.38. 
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15.4 Velocity traverses  

The pointed tip of the velocity probe, which was formed from 

the tip of the hypodermic needle, with the cutting edges still 

partially exposed, was used to pierce the arterial wall at the 

chosen site, within the circle formed by the purse-string suture. 

The suture was tightened just sufficiently to prevent leakage, 

avoiding puckering, the probe was aligned on a diameter normal to 

the vessel, point upstream, and clipped into the slide of a 

plastic carrier. To make the traverse, the slide was moved along 

a millimetre scale on the carrier, which was either mounted on the 

operating table, or hand-held, depending on the site. The system 

was adopted to cause minimum pressure or constraint on the 

vessel wall. 

To measure the internal diameter of the vessel, the probe 

was traversed from the near to the far wall, and the width of the 

probe head added (2 to 2.5 mm, depending on the probe used). The 

near wall position could be detected when the probe tip began to 

indent the vessel, and the far wall was established when the flow 

signals were flat (zero flow) throughout diastole. (A velocity 

signal was detected during systole as the vessel expanded, being 

unconstrained.) 

The probe was then traversed at 1 mm or 2 mm intervals 

across the vessel; velocity and direction signals from the 

probe, together with electrocardiogram (e.cg.) and aortic 

pressure were continuously recorded. 
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Traverses were made at each site in pairs, inward and outward. 

Any continuing drift in conditions would thus appear as a con-

tinuing drift in the profiles. A shorter-term drift, which 

reversed direction, might still be masked, and these double 

traverses were therefore repeated with both long (50 to 100 beats) 

and short (less than 10 beats) sampling periods. In addition, at 

most sites records were taken repeatedly at a single reference 

station during at least one traverse. 

The above-mentioned precautions provided a check on stability 

of cardiovascular behaviour; probe sensitivity was also subject 

to variation as a result of temperature change in the animal and 

surface deposition over the film° The former was slight and long 

term, its effect being eliminated by repeated resetting of the 

overheat. 

With some probes, the signal amplitude was found to decrease 

gradually with time of immersion in blood, and examination reviled 

fibrin deposits which originated in minute discontinuities at the 

epoxy/metal junctions around the glass bead. Therefore the probe 

was wiped between each traverse station, by pushing it against 

the far wall of the vessel. Recording repeatedly from a single 

reference station, as described above, also provided a check on 

deposition. 
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15.5 Data processing 

Although it proved possible to obtain recordings of velocity 

traverses in which the long-term cardiovascular behaviour was 

stable, it was found that there were small variations from beat to 

beat. Thus, if instantaneous velocity profiles were to be derived 

from measurements of different beats, an averaging procedure was 

necessary. 

Traverses were selected for analysis in which short-term 

variations were judged to be minimal. The only index of changing 

conditions immediately accessible from the records was heart-rate. 

Therefore, before analysis, the e.c.g signals recorded during 

each traverse were played back on an oscilloscope (Tektronix 502). 

The oscilloscope sweep was triggered from the "R" wave of the 

eoc.g. so that successive beats were in phase, and superimposed 

photographs we e taken. Any traverse during which the heart-rate 

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

The switching of the rectified velocity signals to obtain a 

reconstructed waveform of correct polarity was accomplished off-

line by playing them through a unity-gain switched amplifier. 

The direction signals were used to generate compatible pulses 

in a comparator, which switched the polarity of the output 

signal. 

The reconstructed velocity signals were then averaged. The 

output from the switched amplifier was connected to an averaging 



- 131 - 

oscilloscope (Northern Instruments NS-513), again using the "R" 

wave of the e.c.g. as trigger, so that successive velocity waves 

were sampled. The average was formed by comparing the successive 

signals, and suitable weighting could be selected, depending on 

the number of waves sampled. The averaged waveform was stored 

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

and this was done for each traverse station either on an ultra-

violet recorder (S.E. 2005) or a pen recorder (Brush Mark 280). 

The probe calibration was subjected to the same procedure so that 

the relative signal amplitudes were maintained. 

The justification for this type of averaging, which is strictly 

designed to eliminate noise, is that the fundamental waveforms 

were similar and the beat to beat variations were due to random 

fluctuatiors, probably caused by flow disturbances. These flow 

disturbances are discussed later. 

The instantaneous velocity profiles were constructed from 

the averaged waveforms at various phases of the cycle. Comparisons 

were made of results from repeated measurements at a reference 

station, and of profiles obtained from successive traverses 

at the same site. Results which showed evidence of changing 

conditions were discarded, and only consistently repeated 

results are presented here. 

In addition to instantaneous velocity profiles, time-

averaged profiles were obtained by replaying the tape through 

an operational amplifier integrating circuit. 
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16. Results  

Simultaneous records of e.c.g., aortic arch pressure and 

velocity in the ascending aorta, unprocessed except for direction 

switching, are shown in fig.39. Figure 40 shows typical averaged 

waveforms from different sites: (a) ascending aorta, 

(b) descending thoracic aorta, (c) abdominal aorta. They are 

from different animals, since all sites could not be made 

accessible in any one experiment. In general, the velocities 

were similar in waveform and magnitude to those recorded at 

similar sites with cuff electromagnetic flow meters (Spencer & 

Denison, 1963). 

Centre-line peak velocities in the ascending aorta from 8 

dogs varied between 40 and 200 cm/s, and the time averages from 

8 to 24 cm/s. The cardiac outputs (see Section 17) based on these 

measurements ranged between approximately 1 and 4 litres/mine, 

which is reasonable for dogs in deep anaesthesia. (A total of 31 

dogs was used in the experiments; some were employed in develop-

ment studies, whilst the results from others were discarded 

because of variability of cardiac performance.) 

Representative velocity profiles derived from the averaged 

waveforms are presented in figs. 41, 42 and 43. Antero-posterior 

traverses of the ascending aorta are given in fig.41 (a), (b) and 

(c) from proximal, middle and distal sites respectively; 

fig.41(d) shows a left-right traverse at the distal site. In 
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fig.42 the 1,-,rofiles from the upper and middle descending thoracic 

aorta in the left-right plane are shown, and fig.43 is an antero-

posterior traverse in the abdominal aorta,. In each case, five 

phases in the cycle have been selected, representing early and 

peak systole, peak backflow, and two further phases of interest, 

depending on the waveform. On the right-hand side of each figure, 

the time-averaged velocity distribition is presented. 

Points closer than 2 mm to the walls have been deliberately 

excluded; at the near wall because of interaction between the 

probe and the vessel boundary layer (see pipe tests, section 9, 

Part I), and at the far wall because effects of radial movement 

might cause errors. Radial displacements are approximately 7% 

in the thoracic aorta (Mallos, 1962) and peak radial wall 

velocities are 2-3 cm/s. 

For clarity, profiles from individual traverses are presented; 

with the sampling precautions which have been described, similar 

patterns were measured consistently in different animals, although 

there was some variation in skew. This is illustrated in fig.44, 

where systolic velocity profiles in the antero-posterior plane 

from the distal ascending aorta in six dogs are plotted. It is 

postulated in the Discussion (Section 17) that the skew at this 

site is a result of the geometry. This of course varies as a 

normal biological variation from dog to dog, and in any case it 

was not possible to traverse at a site which was exactly 

similar in each animal. This is the likely explanation for the 
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variations in skew which the figure demonstrates. Variations in 

Reynolds number are not considered to exert a strong influence in 

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

In has been mentioned that the averaging process eliminated 

flow disturbances. Therefore individual waveforms were examined 

from all experiments. It was noticeable that signals from the 

proximal ascending aorta exhibited low-frequency disturbances 

which lasted into diastole (fig.45), whereas in the distal ascend-

ing aorta the waveforms were in general much smoother (fig.39). 

This suggests that disturbances were generated upstream of the 

proximal measurement site, presumably in the ventricle or the 

aortic valve region, and decayed with time. In one experiment, 

marked low frequency disturbances were seen during systole in the 

distal ascending aorta, which were apparently developing into 

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

17. Discussion  

The measurements presented demonstrate that boundary layers 

in the aorta are thin, that is they lie within the 2 mm annulus 

adjacent to the wall in which the probe response was unreliabl, 

Making the rigid tube assumption, which enables the system to be 

considered linear, and the velocity wave thus composed of 

independent harmonic components, the unsteady boundary layer 

components have thickness 
	r, 	of order \,/ ,.,'.;. and so 
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u 	
(17.1) 

R ! 

The thickest of the oscillatory boundary layer components, that 

for the fundamental frequency, is therefore of the order of a 

millimetre or less in the aorta. Close to the entrance the 

boundary layer thickness of the steady component, 	varies as 

(17.2) 

where Re is the Reynolds number of the steady component, referred 

to the distance from the entrance. The steady component of the 

boundary layer thickness is therefore of the same order as the 

"inaccessible" annulus. 

The range of peak systolic velocities measured at the axis 

is of the same order as would be expected from the observed 

pressure. For the inviscid core, the equation of motion may be 

approximated by 

t (17.3) 

so that pressure and velocity are in phase, as shown in fig. 39.* 

Peak systolic velocity will be approximately 	1 10c, where Ls 

is the difference between systolic and diastolic pressure. In 

fig.39 8v1; -: 35 mm Hg. and taking c 	500 cm/s in the thoracic 

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

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

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

As mentioned in the Results section, the velocities are 

similar to those measured by electromagnetic flowmeters, and the 

cardiac outputs derived from the time integrals are in the accepted 

range. The time integral represents the steady component of the 

velocity wave and it was assumed that the integrated centre-line 

velocity approximated to that for steady flow in a pipe inlet. 

Estimating the appropriate value of the inlet parameter 

the ratio of core velocity to cross-sectional mean velocity 

could be obtained from the theoretical profiles for the steady 

component in an elastic tube obtained by Kuchar and Ostrach 

(1967) (these were very close to Nikuradse's experimental results 

for a rigid pipe). The coronary flow, which had branched off 

upstream of the measuring sites, is normally in the region of 

5 to 10% of cardiac output (but is subject to considerable 

variation) (Gregg and Fisher, 1963), so the cross-sectional man 

velocities obtained as described were multiplied by 1.1 to 

obtain the estimates of cardiac output. The figures thus 

obtained, and quoted in section 16, are subject to errors from 

flow asymmetry, non-linear elastic effects and variation in 

coronary flow, but are sufficiently accurate to indicate that 

the results obtained are reliable. 

The most notable feature of the velocity profiles is that 

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

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

At the site nearest the aortic valve (fig.41(a)) the profile 

is flat in early systole, but develops marked asymmetries later 

in the cycle. Peak velocity is achieved later near the anterior 

wall of the vessel, as shown in fig.45, which produces the skew 

observed in late systole. Large scale disturbances were usual at 

this site; they are apparent in the figure and it can be 

postulated that differences in phase of the disturbance are 

responsible for the skew observed. However, arterial velocities 

are periodic and contain a number of harmonic components, so it is 

difficult to distinguish the details of any disturbance from the 

basic waveform. The axis of the ventricle lies at an angle to the 

proximal ascending aorta (fig.37(b)) and the skew is also consistent 

with inviscid flow in a bend with the orientation existing there. 

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

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

A third influence which should not be neglected is that due 

to changes in geometry during ventricular contraction and 

relaxation. The coronary artery flow varies during this period, 

but is probably too small to be important since 70-90% of 

coronary flow occurs during diastole (Burton, 1965). 

Just distal to the aortic valve are three pouches, the 

sinuses of Valsalva, equally spaced around the aorta and con-

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

and their orientation is anterior, left posterior, right posterior. 

The left and right coronary arteries originate in the left posterior 

and the anterior sinuses respectively, the third sinus being 

"blind". These features are clearly visible in the photograph 

of the cast (fig.37). 

The skew observed in early diastole (180-190°) at the proximal 

site is thus consistent with coronary flow during that phase of 

the cycle. 

The velocity distribution during a large proportion of the 

cycle at the distal site in the ascending aorta appears to be 

determined by the bend at the entry to the aortic arch. Inviscid 

flow in this bend would produce such a skew, as discussed in 

section 14.5. The boundary layers are thin, so the influence of 

any secondary flows might well be slight. 

The effect breaks down in diastole, after the second flow 

direction change (2160), where the Reynolds numbers are much 

lower (less than 200). Thus viscous forces might inhibit the 

centrifugal effect so that there is insufficient time for the 

skew to re-establish; this explanation is supported by a flat 

velocity profile observed in very early systole (not shown), 

when the Reynolds mumbers were similar. Alternatively, 

or additionally, the flow pattern near the aortic arch branches 

may be relevant; during late systole (234°  onwards) anterior 
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forward flow and posterior retrograde flow is maintained, suggest-

ing circulation. No measurements were made in the brachio-

cephalic or subclavian arteries but electromagnetic flowmeter 

measurements (e,g. Inouye and Kosaka, 1959) indicate that forward 

flow is often maintained in these vessels during diastole. In 

addition, the impedance offered to the streamlines entering the 

branches is probably different from that experienced by the flow 

which continues around the aortic arch. (In general, the relative 

peripheral resistance will change depending on the regional 

demand.) Furthermore, measurements of pressure made by Noble et 

al (1967) showed marked changes in waveform between the proximal 

and distal ascending aorta. The increase in magnitude of the 

second and third harmonics, which were 50% higher at the distal 

site suggests that there are significant pressure wave reflections 

from the junctions in the arch (McDonald, 1960). The possibility 

exists that very close to the junctions (within about one diameter) 

the reflected component of the pressure wave is not uniform 

across the vessel, Such non-uniformity would, however, quickly 

disappear as a result of circumferential and transverse pro-

pagation. 

It has been confirmed that the skews in the anterior-

posterior profiles measured at the distal site were not an 

artefact due to progressive changes in flow alignment across 

the vessel relative to the probe. A probe was constructed 

which had a cylindrical hot-film element which was aligned with 
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its axis perpendicular to both the stream and the traverse; it 

was thus insensitive to flow direction in the plane of the 

traverse, and similar skews were measured. It has not, however, 

been established whether a secondary motion component was present 

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

At the middle site in the ascending aorta, the major 

influence appears to be the bend at the entry to the arch, causing 

similar profiles to those at the distal site. However, in late 

systole (150°) the profile shows an inflexion, suggesting a 

competing influence from the proximal (upstream) region. It was 

at this phase of the cycle that the strong skew was observed at 

the proximal site. 

The left—right traverse at the distal site shows skews, with 

higher velocity towards the left wall. The aorta has a bend in 

this plane at the entry to the arch (fig.37), and the higher 

velocity is at the inside. Therefore the skew here can also be 

explained by the bend. The diastolic profiles probably remain 

from the systolic phase, being maintained by viscous stresses, 

as was suggested in the case of the anterior—posterior profiles 

at this site. The reverse flow runs preferentially down the 

left wall, on which side is one of the coronary arteries; the 

influence of the entrances to arch branches, which are close to 

this site, is uncertain since flow in them could be in either 

direction at this phase of flow. 
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The curvature of the streamlines in the bends is, of course, 

unknown, but rough estimates based on the curvature of the 

boundaries suggest that they are of the right order to fit the 

explanation that the main skews are due to the inviscid core flow 

in the bends. That is, the ratios of velocities near opposite 

walls was approximately inversely proportional to the curvature 

of the boundaries. 

Particularly in diastole, there is evidence of fairly com-

plicated three-dimensional flows, and flow visualisation experi-

ments, which would have to be conducted in models would obviously 

be valuable. Flow in models of the aortic valve and sinuses has 

been investigated by Belihouse & Talbot (1969), Bellhouse (1969) 

and Bellhouse and Belihouse (1969). Their model was probably 

oversimplified, in that the non-alignment of the ventricle and 

proximal aorta was not simulated, and neither was the coronary 

flow. Since the volume of the coronary flow in each cycle is 

approximately equal to the total volume of the sinuses of 

Valsalva (estimated from the cast), the flow in two of them will 

probably be considerably influenced by coronary drainage. 

Little of value can be said about the profiles from the 

descending thoracic aorta (figs.42(a), (b)), since only the left-

right plane could be traversed in this regior without severe 

distortion of the vessel. It is likely that there are fairly 

strong influences from the division of the flow at the branches 

of the arch, giving rise to changes in streamline curvature and 
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asymmetries in the boundary layer, perhaps involving secondary 

motions. The blunt profile, with higher velocities on the right 

wall, was a consistent feature; the skew is not explicable on the 

basis of local inertial effects because there is only a very slight 

curvature in the left—right plane. 

In the abdominal aorta, close to the termination, where, in 

the dog, the aorta divides into three branches, the most notable 

feature is a lower velocity near the axis during reverse flow. 

This implies an M—shaped profile since the velocity at the wall 

must be zero; profiles of this form have been demonstrated for 

convergent flows in dichotomously branching models at comparable 

Reynolds numbers by Schroter and Sudlow (1969), caused by the 

merging of the boundary layers from the inner walls of the 

daughter branches into the core of flow in the parent branch. In 

steady flow, this process was accompanied by the development of 

helical secondary motions, comprising four helices. 

Evidently, as in the ascending aorta, better understanding 

of the flow in the descending aorta would be assisted by flow—

visualisation experiments in appropriate models. Traverses in 

other planes were not possible without gross disturbance of the 

anatomy because of the presence of other vessels. 

It is of interest that the integrated profiles, representing 

the velocity distribution in the steady component, are blunt 

throughout, except at the site nearest the valve. In the 
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ascending aorta such entry profiles would be expected for the 

steady component, and in the descending aorta development is 

probably inhibited by the presence of branches and taper. The 

flow disturbances which were present in recordings at the distal 

site have been mentioned; these were of low frequency (i.e. 

large scale) and would be likely to affect the mean component as 

well as the instantaneous velocities, particularly as they 

appeared to exhibit some regular features. 

The hot-film technique has recently been applied by two 

other groups for velocity measurements in the aorta (Schultz et 

al, 1969; Ling et al, 1968). Ling et al used a simplified, non-

directional probe, and relied on signals from an electromagnetic 

cuff flowmeter fitted just downstream to identify foward and 

reverse components of flow. They show velocity profiles obtained 

in the descending aorta of pigs, but the sites are not specified 

and, as they demonstrate, the presence of the electromagnetic 

cuff has a constraining effect on the segment studied. It is 

nevertheless of interest that the profiles shown are blunt, with 

thin boundary layers. 

Schultz et al presented measurements of velocity distribu-

tions from both the ascending and descending aorta of dogs, but 

in all but one instance only the time-integrated profiles were 

shown. It is possible that their calibration technique introduces 

errors (see Section 1), but in the set of instantaneous cyclic 

profiles which they presented for an anterior-posterior 
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traverse in the ascending aorta, skews were apparent which were 

similar to those shown here from the middle and distal sites. 

The time-integrated profiles presented by Schultz et al were 

subject to error because the integrations were performed on the 

rectified (i.e. uncorrected) waveforms; the direction sensing 

was by a single auxiliary film which did not facilitate auto-

matic switching as employed here. The possible effect of this is 

illustrated in fig.47, where integrations from the ascending 

aorta have been obtained on rectified and de-rectified signals. 

In this instance the skew is almost obliterated by the use of 

rectified signals. 

It has been mentioned that the flow near the aortic valve 

was disturbed, but although the Reynolds number in peak systole 

was of the order of 5000 the disturbances did not generally 

develop into a turbulent structure. On the contrary the disturb- 

ances were 	less at more distal sites. It is likely that, as 

argued by Yellin (1966), the supercritical Reynolds number phase 

of the flow was usually too short to allow development of 

turbulence, and that the disturbances were damped out during 

diastole. 

In only one dog of this series wempapparently turbulent 

waveforms observed (fig.46). This was also the smilest animal 

studied (weighing between 15 and 20 kg.) and it is interesting 

to note that both Ling et al and Bergel et al (1970) observed 

turbulence in smaller dogs only. A smaller animal would in 
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general have a faster pulse and smaller arteries; in this respect 

the animal in which turbulence was observed in the present tests 

was atypical, with a slow pulse and at least average aortic 

dimensions. The turbulent waveform was seen in the upper descend-

ing thoracic aorta, where the velocities and Reynolds numbers 

were a little high for this site, and it was noticed that the 

waveforms in the distal ascending aorta were more disturbed than 

usual. 

Features of the flow which were probably significant were 

the relatively long period of systole, with a duration of nearly 

half the pulse period, and the slow pulse which meant that systole 

was also long in absolute terms and the supercritical Reynolds 

number phase was therefore longer than usual. 

As is well known, in steady flow the Reynolds number 

represents the ratio of inertial to viscous forces, and the 

importance of Reynolds number in stability considerations is 

explained in those terms. However, the steady inertial forces 

are due to convective acceleration, relative to Eulerian 

coordinates. Unsteady flow contains an extra inertial term, 

due to the local, or Euler acceleration. For a velocity of the 

form 
tj0 

.tS 	C)  
Is%) (17.4) 

the local acceleration is given by 

(17.5) 
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The viscous term in the equation of motion is 

)2 	P (17. 6) 
\ 

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

(Y- (17.7) 

Hale, McDonald and Womersley (1955) defined an "effective Reynolds 

number" for stability based on considerations of the shear rate, 

involving e4 . Arguing that stability will be affected by 
(1966) 

inflexions in the velocity profile, Sarpkaya/correlated transition 

in unsteady pipe flow with both Reynolds number ands ( , but only 

for flows where the mean was greater than the amplitude of the 

oscillatory components. There is a scarcity of consistent 

physiological data on flow stability and there is a clear need 

for further experiment. 

18. Conclusions to Part II  

Using the hot-film anemometer system whose development was 

described in Part I, phasic velocity profiles have been measured 

at various sites in the aorta of dogs. 

Boundary layers were found to be thin, as would be expected 

from theory, and the velocities and cardiac outputs were in the 

ranges derived from measurements by electromagnetic flowmeters 
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and dye dilution. Skews were found in the profiles at most sites, 

throwing doubt on the accuracy of previous flow measurements made 

with electromagnetic flowmeters and pressure gradient techniques 

Some of the asymmetric velocity profps in the proximal aorta 

were interpreted as being due to the action of centrifugal pressure 

gradients on the effectively inviscid core flow, suggesting that 

secondary motion effects were small. Other skews, observed during 

retrograde flow could be explained by the orientation of drainage 

to the coronary arteries. 

Other asymmetries in the profiles were found for which there 

was no ready explanation, but which probably had their origin in 

disturbances induced by the shape of the boundaries. 

It has been shown that if time integrals of the velocity 

distributions are required, it is important to feed the recon-

structed signal, with correct polarity for the reverse phase, 

into the integrator, 

In general, velocity signals were smooth, suggesting laminar 

flow. Close to the heart the waveforms were disturbed, but 

only in one dog was apparently developed turbulence observed. 
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Fig. 1 	Arterial velocity wave (;41.----4 showing 
ideal ( 	) probe response and response 
modified by boundary layer phase lags 
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Fig. 4 Schematic diagram of calibration 
apparatus showing probe mountings 
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Fig. 5 Steady calibrations: comparison 
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Fig. 7 Steady calibration of probe type 3(a). 
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Fig. 8 Movement of separation point with Reynolds 
number (velocity scale refers to 1 mm 
diameter probe). 
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Fig. 9 Probes used in experiments. 
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Fig. 11 	DISA 55 A01: 1% overheat, 
L-shaped probe (A) oscillated 
in steady mean flow. 



Fig. 13 

80 

V 

70 

Signal 
(~lts) 

- 112 -

Fbints cbtained by steady calibratoo • 

Oscillation in steady fbw of 12 em/s v· 
.. 16" + 

.. ' .. 24.. X 

500~~I~O--~2~0---3~O---4~O---5~O---ro~~ro 
Veix:ity U bTl/sI 

(a) Anemometer signals plotted against 
instantaneous velocity. Hmplitude of 
oscillations 1.8 cm. 

0+ 

v ., 
v 

v 

2 3 
Fr.quency I IH zI 

(b) Cotjlparison of unsteady signal {!It'_with 
steady signal (Vs) at same instantaneous 
velocity. (Vo is signal at zero velocity). 

DltiA 55 D01: 1% overheat, L-shaped probe oscillated in 
steady mean flow. 



44 8.0 

9- 

Volts 
Fbints obtained by steady calibration 	0 

Oscillation in steady flow of 6 crnitec. 

" 	" 	7.5 
11 
13 	 o 

15 	0 
26 	0 I 

40 

10 	20 	30 	40 
Velocity (cm/sec) 

4 	5 	6 	7 	8 
Frequency f (Hz) 

- 173 - 

(a) Anemometer signals plotted against 
instantaneous velocity. Amplitude 
of oscillations 2.0 cm. 

(b) Comparison of unsteady with steady 
signals (symbols defined as Fig. 13 b). 

Cig. 14 	DISH 55 1)01: 5;., overheat, L-shaped probe. 



70 

Signal 
It 

Steady calibration 	 • 
Unsteady calibrations: 
Amplitude of oscillation 2.8 cm. + 

0'5 cm 

10 	20 	30 
Velocity (cm/sac) 

40 

-174- 

(a) Anemometer signals plotted against 
instantaneous velocity. 

(b) Comparison of unsteady with steady signals 
(symbols defined as Fig. 13 b). 

Fig. 15 DISA 55 D01: 1% overheat, L-shaped probe oscillated 
in still water. 
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Fig. 16 streamlines of secondary flow 
component about oscillating cylinder. 
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Fig. 28 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, 4840, 6520). 

(b) fully developed flow far downstream. 	(Reynolds number 1070). 
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Symbol Fluid (37 °C) 
• Water 
• Plasma 
• Blood (Hct 42) 
a 	Blood (Hct 55) 
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Fig. 29 Steady calibration (probe A) in human plasma, 
whole blood and in water at body temperature. 
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Fig. 30 (a) Interference with cell distribution by solid surface. 

Fig. 30 (b) Model for rotating cell in thermal boundary layer 
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Fig. 31 Schematic diagram of flow over probe, with 
notation. 
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Fig. 32 Calibration of probe type B in water plotted to show interaction between 
free and forced convection. 
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Fig. 33 Effect of frequency on 'lift-off' of zero flow 
signal in reversing flow: probe B and two others 
of different dimensions. 

Probe dimension 
o 4 mm 

• 2.5 mm 

O 1.5 mm 
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Fig. 34 Correlations with fx/U for a probe type B in both water and blood. 

(a) 	Forward sensitivity. 
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Fig. 34. (b) 	Backward sensitivity. 
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Fig. 34. 	(c) Unsteady backward sensitivity compared with steady forward sensitivity. 
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Fig. 35 Static and dynamic 	of probe B: 
canine blood at 37
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Fig. 36 Notation for inviscid flow in a bend. 



Fig. 3? 
	

:;a Bt of do !7 aorta, slywin traverse sites. 	east 
made by perfusing with liquid resin,"with pressure 
m•3.intained at 120 mm Hg., chest closed, and lungs 

. inflated durin- hardening. 

(a) anterior view 
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57 	(b) left laterdl. view. 
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so 	100 	 150 
velocity tcm.lser-1 

Fig. 38 Steady flow calibration of velocity probe, 
in blood at 37°C. 
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Fig. 39 E.C.G., centreline velocity in ascending 
aorta, and aortic pressure. 	The velocity 
signal has been switched to correct polarity 
as described in text. 



- 197 - 

0 0-2 0.4 0.6 0.8 
(a) Ascending aorta 

0 01 02 0.3 0.4 05 
(b) Descending thoracic aorta 

II 

0 0.1 02 03 04 Time (sec) 

(c) Abdominal aorta 

Fig. 40 Waveforms from different sites in the aorta. 
Each waveform is an average, derived from 
many beats at the stated site. 
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Fig. 1+1 	Velocity profiles in the ascending aorta, constructed from 
averaged beats (see text). 	The origin (00) is in all cases 
the R wave of the E.C.G. Time-averaged profiles for each 
site on right. 
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(a) Upper site( 2.5 cm distal to left subclavian art). Right -Lett. (Diameter 13mm, pulse150 ) 

10 
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-sot nr 
(b) 
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Middle site (10 cm. distal to I subclavian art). Right -Left. (Diameter 15mm. pulse 160} 

Fig. 42 Velocity profiles in descending aorta. Arranged as Fig. 41. 
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lag, 43 Velocity profiles in abdominal aorta, 2.5 cm. 	proximal to 
termination. 	ilntero-posterior. 	Jiameter'12 mm. 	Pulse 1a0. 
Arranged as Fig. 41. 
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Fla 	Velocity profiles at peak systole from 6 dogs: ascending aorta, 1 cm, 
proximal to innominate artery. Velocity referred to that at centre-

line and probe position referred to vessel radius. 

Fig. 44 Velocity profiles at peak systole from six dogs: 
ascending aorta 1 cm. proximal to brachiocephalic 
artery. 	Velocity referred to that at centreline 
and probe position referred to vessel radius. 
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Fig. 45 Individual velocity waveform in proximal 
ascending aorta. 
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A2pendix A r Siry2111:320 anemometer theory 

It was found that the equation for the response of the 

amplifier in the DISA 55D01 anemometer could be approximated as 

well by a first order equation as. by one of second order. 

Therefore, equation (3.6) becomes 

vt  1V + V = Vt, GL 	 (A.1) 

As noted in Section 1.2,.Froymuth did not.include the effects 

of cable capacitance and iniuctance, nor of any inductive compensa-

tion in the bridge.. For the.configuration of the DISA bridge 

- shown in fig.2, the bridge equation becomes, for 1445..106  

(Appendix D) 

VIR 101,1-  . Lr + 
(Rt4+R) -  

 

H (Cc:- X C )) (L X i) R p cl\i/Jt 

(fVRI)z  

= v R1030- R) 	R" RF1  c dV 
r- 	RT-  ckt 

(A.2) 

The complete anemometer equation then becomes a second order 

equation, i.e. 

+ Irt b 	= V Hi  	At)  (A.3) H V/ 	m r 	r 
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GR$ W;:cp,ARR -v  

The aCIvantag of the second order couation is that its 

ii  
solution may be characterised by a natural frequency c = On  2.17 n 
and damping factorir 9  whore 

n  z: (1-Vvrt r vi 

..fie 
	 fl  11H $V1 	VY1 	b) 

"TR) 

(A0L!)  

(A.5) 

(Recall r= 0 1.4 4  R') 9  G R (R 1- R;) ) 	45  %- , 	. If i  is small the 

system tends towards resonance with a rising froc,uency response for 

LI Az. 1.-In  . As r inereasesI the response at lou frequency flattens 
..:.> 

and the roll-off frequency falls. For higher values of 	a falling 

response is obtained. Similar responses are obtained from a third 

order couation9  but it is not possible to express the characteristics 

of its solution in as simple a form. 

It is found that it is much smaller than hrAjb li\ir  and so 

equation (A05) may be written 

-dam 	i 
)1/2. 

	

I' 	b ( 
S 	\-4 M 	V 

(A.6) 
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The Disa 551)01 anemometer may be op:-.ratod either with constant 

amplifier gain or with a gain which increases with decreasing 

frequency to a D.C. gain of 45,000. For stable operation at low 

overheat, the latter characteristic is found to be necessary. In 

this case the gain falls from the D.C. level to the mid-frequency 

gain, Gm  at a frequency fm  depending on the set value of 0110 in many 

of the experiments reported. here G
m 
was 275 (nominal) and f

m 
was 

approximately 500 Hz. Thus for the frequency range of interest 

here, the gain was strongly dependent on frequency. 

In calculating the anemometer characteristics, a difficulty 

arises in determining the thermal capacity, m of the probe. 

Evidently the capacity of the gold film is negligible in comparison 

with that of the substrate, which will be the important component. 

However, because of temperaturf; gradients in it, its effective 

thermal capacity will be loss than its total capacity. It is in 

any case likely to be frequency dependent since the depth of pone- 

tration of thermal waves into the substrate is of the order ( 

	

iCk)) 

Thus a simple one—dimensional model may be taken to reproent the 

probe heat capacity, although, as discussed in Section 5.3, one 

should be wary of the result at very low frequencies. 

i • Cr' D 
	

CV? 	s 	 1,4 
) 	 (A. 7) 

Lei 

where A, is the surface area of the film 9 	9::7.) and 	are the 

density, specific heat and thermal diffusivity of the substrate. 
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Because G and m v:.ry with frequency, the coefficients in 

equation (A.3) also vary, as d.o
n 
and. 

The values of the bridge components are given in Appendix M 

values of other relevant parameters are 	= 0.8, M1 eNa 10-6 sec, 

. 1.7 G
m/G (for 1% overheat, and Gm = 260) and m = 5 x l0-5/Jbo 

3 PC (from oq.(A.7)) compared with a total heat capacity of the 

1 mm pyrex bead of 1 x 10-33/0C. As a trial case, the 

characteristics of probe 38 at a mean velocity of 12.7 cm/s are 

takem  a calibration in water gave V = 4.05, and 14 . 7.56 x 

10-44/°C. 

With these values, the variation of natural frequency f and. 
n 
an 

damping  factor 	9  together with the gain is given for the 

frequency range of interest2 

Table AI 

f(Hz) 

5 

lo 

25 

100 

1000 

0 

5000 

2700 

1000 

35o 

260 

TA 

4 x 10-5  

3 x 10-5  

1.4 x 10-5  

5 x lo
-6 

4 x io
-6 

fn(Hz) 

2000 

2000 

3300 

4000 

7000 

0,25 

0,32 

0.44 

0,96 

0.87 

Figure A.1 shows the characteristics of the second order equation 

with periodic forcing  function. It will be seen that if 6 is greater 

than about 0.7 the system displays a rising  frequency response, 
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whereas if it is 0.7 or loss the response falls with increasing 

frequency. However, the rising response is only significant at 

frequencies of the same order as the natural frequency. In Table 

4a 
AI it is seen that whilst at low frequencies 	is less than 0.79  

fn 
is several orders higher than f, so that the response at these 

frequencies is effectively flat. As f increases, as a consequence 

of the variation in G and m, the system moves to higher values of 

r and a falling frequency response. Thus the overall result is a 

flat response at low frequency, eventually falling off towards the 

frequency limit. At 1 k Hz, the prediction is that the response 

would be only about 1% down compared with D.C. 	experimentally the 

response was well below this. 

A principal observation reported in the thesis is that increas-

ing the overheat from 1% to 5(; flattened the response at low 

frequency. This is equivalent to reducing 1-1  to one fifth of its 

value at 1c/, overheat, leading to a decrease of 	by 2.2 times. This 

is in the opposite direction to that required. 

Thus the linearised theory fails to predict the observed rising 

frequency response at low overheat, the high frequency behaviour and' 

the effect of varying overheat. The behaviour of the non—linear 

theory of the anomomdmis analysed in Appendix C. 
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Amplitude 
Ratio 

Fig.A.1 Solution of second order equation 

dtV + 2. g wt., cIV + Ganz V = F cos Lot . 
de- 	oft 
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Appendix B: Electrical calibration of the system  

The following account is based on the approach of Nielsen 

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

The electrical calibration is obtained, as illustrated in 

fig.2 and described in Section 5.39  by applying the signal from an 

oscillator across the probe whilst it is operating under the con-

ditions at which the response is required. 

The oscillator, which is connected in series with the large 

resistor Rs,  produces a sinusoidal voltage variation vg. This has 

two effects: (i) of directly producing a voltage prturbation bog 

at the positive probe terminal; (ii) of perturbing the probe 

resistance by an amount P, R, causing a further voltage perturbation 

e
br 

at the positive probe terminal. 

We may write 

e z 
R 
	

4 
	 (B.1) 

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

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

Also 

(B. 2) 
R 	1.-(' 

The effect of these perturbations on the measured perturbation 

of the amplifier output is 
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6VAV + Lvb , 

G(co),(e•b, 	ebr) 
R H 	G(cw) 	VC(:-( 

R5 	3 	R +-RH  

where G(iw) is the (variable) A,C. gain of the amplifier. 

If vg  = 0 and the input to the anemometer is a velocity 

variation AU, the output voltage response will be 

AVti  4. 	G(Lw)  A R 
R1  4r- R H  

G(iG.)) 	e Ow) AU .4- epi  ((!to) 	03.4)  

where ert0L) 	N, RAL1 	Br'  6:1,40 	RA\ 

and are the transfer functions of the probe with alternating velocity 

input and current input respectively. 

The required transfer function E)(iw) for the complete 

system relates the output voltage response to the input velocity 

variation. From eq.(B.4), with Ai = iv/(R1  + RN), 

1-v c.,6:(0) p 	 RI+ R 0)2" 	
B 5) 
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When the electrical test is being applied, with AU = 0, the 

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

A R 	et  (tE,.) , r 	R14- R H 	Rs  (B.6)  

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

eto (.,,,),/R,,(Ri-t-P,)-1. A,vb9 	  

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

e( ix)) 	
G 	e 	R 	9s(4.,)/R,t(Rv+ Pt-)  

AVID, 	e' (;(i) 	1 t V epi (ite)/R H  (RI+ Rii) 

= AV  G OW) ...4E—Az). R,1 	 
AV 	Go) 	)+ 	(B.8) tic  

The probe transfer functions E)p and e l  1p may be obtained 

as the solutions of the probe equation (3.4A) of Section 3 3. If 
A 
U COS 4.44)t and Ai= cos (A) t , 

R 	 cos  0,t4p)  z (R K —R„)  okH cos (Gt+ ) 
n 	U /-*-+ 

/I‘. cos Llt 	e, +. 	cos L t (B.9) 

(B.7)  

tvl(R'-i. R H) f i4v,2..k.Z27  

where # 	fti‘v\-‘  4A) WIN) 
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Therefore 

(B.10) 

( 	
1/4 

"1 	ir1/4 F 9 (t 

For the conditions of interest the parameter b is much less 

than unity, The term boVIL,„ is the response which would be 

obtained if the probe were replaced by a dummy probe having a 

long time constant, thus eliminating the resistance variations. 

The bridge voltage component A vbr due to these variations then 

disappears. Yeilsen and Rasmussen kept AVbg constant in their 

dummy probe tests, which would not be the case for the real probe. 

It is the voltage ebr 
which should be kept constant; 6 V

bg is 

then directly proportional to G(iw) and equation (B.8) becomes 

P7(ii0) = const. 1V. b 
= const. MI. e: (z03) 
= const. 	 

vi+ col-0,044  

4./12"e- 1 For the frequencies of interest 6J 0101 -0' , and the 

required transfer function is directly proportional to it,V, as 

found in the tests reported here. Thus the dummy probe is not 

required. 

(B.11) 
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Appendi7 	Non—linear theory for  the constant tumporature 

anemometer 

Thu linearised anomomoter theory outlined in Section 3.39  and 

given in simplified form in Appendix A, is apparently too 

approximate to model the bohaviuur observed with hot—film probes 

operated at low overheat. It is therefore necessary to investigate 

solutions to the full non—linear equation which can be obtained 

to describe the operation of the constant temperature system. 

Similar basic equations to those already given are combined to 

form the complete anemometer equation. Those aro as follows. 

For the heated element, equation (3.4) is used 

v".- R 	(R- 	ck R 

RI) 	ok 	 t 

A fuller form of the bridge equation (3.5) is 

vR1 034-R) 	RR RC,  JV u- = 	. 	..t. 	-  
(Rj  + R14)2- 	(Ro-Rr dt 

The simpler amplifier equation given in Appendix A equation A.1) 

is used turre 

	

d V v  v6 	G Ly- 
dt 

If the effect of input bias, vb, is required, the term Vb  

(output bias) may be replaced by Vb 	 pcvb, where Gpc  is the B3gain 

of the amplifier. 
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The symbols are as defined in Section 3.3, i.e. V is the 

bridge voltage, R the variable resistance of the heated element 

(R
H is its set hot value and. Ro its cold resistance),m its thermal 

capacity and C6 its thermal coefficient of resistance. H is the 

hea...t transfer coefficient of the probe, R
1 
 is the resistance of 

the upper arm of the bridge, G and :U are respectively the gain 

and time constant of the amplifier and v is the bridge unbalance, 

i.e. the amplifier input. C
A 

incorporates the Jffect of capacitive 

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

In the following, the approximation R+P, R 
is made where appropriate. 

Combining equations (3.5) and (A.1) gives 

	

C; R''1V(: A  \\ CO( 	= G R R rc. 
	--- 	(col) 

	

(R ‘.1 .F.R•yi okt 	 WV- 

Eriting equation (3.4) as 

h, 	04,v2-R 
h ott 	L / 0 •aill\ 	\ 

n 	) 
(C.2) 
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and substituting in equation (C.1) `rives 

OviL RiR m  RC A  cl\I 4- V-
cAt 

 

C7\1 R I  rn d R 

1.41-  

c;<\14R  

-i(Rk+R,L  
+. Fi v  (c.3) 

Differentiating eruatin (C.1) ,-rich respect to time gives 

GR I R,CA civ dv 
OH + R'Y d 	(R H  + 1311 cAt dt 	cAt 

G  R 	R H — R  V 
	—1  1 

4 Rt) 	V 	di: 	 (c.4) 

Equations (C.1) and (C.4) 

(R}f-R)  

R H P< CA)  2  \ 	v 
(R H  + 	a tl 	ckt 

LAVI( mLGR1R,,RC R)  + v61 
V at 	(Rs4Riy- rit 	J 

+ c,R 4 v  d h G 
Mcf-RT" dt 	(R.4. R'y at d t (C.5) 

may then be combined to eliminate 
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Substituting for dR/dt from equation (304) into equation (005)9  

we have 

(\II — 0  R I RFIR 4 (\/ ocii2t:V2.  _ (cia.EN)2) 1._ (vb  + oi.G RI R,  R C A 

	

(R, 4- R 1)4 	 j 	k 	m(R fri i- Rir , 
___0(GR'R  V4 

yn  (RH+ R / 4 

G R' R H  R-CqCA  voiv _ GW(R-R0) v) H 

	

m(R14-R) 	-4 	v,A(R k.4i-RT . 
The right hand term in the coefficient of dV/dt and the left hand 

term in the coefficient of H are negligible in comparison with 

the othor respective terms of the coefficients, and writing R'RH  

the complete anemometer equation becems 

	

_\6 ÷ V 4-- VI, 	G Ry., 	GR 0,4-Pu)  v?- H  

	

tot 	M (R,„4- R1) ry, (R,+ R'r 

or -vc/ + 	(.0/ 4 	012-1-t 

2. 
whore 	/ eft 	and 	= — G R' R H  - cA AR H 

The forcing function, H9 has the form 

	

H = A + BU 
	

(oouation 1.6) 

- rhere A and B are calibration constants, aE discussed. in Section 19  

and we are interested in a velocity variation of the form 

+U COS cot 

(c.6) 
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U being the mean velocity and U the amplitude of the periodic 

velocity fluctu-tions of angular frequency 4). 

If the fluctuations are not too largc), H may be approximated 

as 
H A 4  g(1  -2- 	A) co S ( t) 0-  

= 	+ 	U Cos tot, 
kti 

= 1-4 + 1.11 cos cot 

Al 
(For U/U C 0.3 the error will bo loss than one per cont.) 

Theo steady r-.-:sponse is 
V2   V = H 

and the required solution will be of the form 

V 4 = \I + 	cos  cot + 	Sivt (A) 1: 
	

(c.9) 

whore V is the) system respous to the moan velocity. There may 

also be harmonic and subharmonic terms arising out of the non- 

linearity, but those have been found to be small. The values of 

Y
11 

 and. Y12 - may then be found by substituting equations (C.8) and 

(C.9) into equation (C.7) and expanding. 

Equating the sums of the coefficients of GOSkIt on each side 

of the equation 7ields a cubic equation for Y
119 

which also 

includes terms involving Y12. These, howevr, can be assumed 

small, leaving an equation for Y
11 alone. 
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This is 

cp+ 	30V 
(C.10)  

which has to TYD solved. numerically. Insrting appropriate values, 

there are found to bo two compley roots and one real root. At 

low frequencies the frocucncy dependent term in the coefficient of 
it-- 

r-2 Y
11
/V is small and, for example, with H FA = 0.3, the real root 

is 	= 0.302. 

Carrying out a similar procedure with the coefficients of 

Sfoltkt yields a cubic equation for Y
12 
 in in terms of Y

11
9 i.e. 

\la_ 	4- \/ +' 2_ k 	\i„ -. 	—3 	= 
V 	v 4  3aV V 

(C.11)  

This equation likewise has only one real root, which is small, 

and can bo approximated by 

N/12. 	k (.0 

72- 	aCtV 0-1  

 

(c.12) 

 

At low freou-Incy (less than lkHz)9 Y12 
is negligible; in comparison 

with Y11, which has a value appropriate to a flat frequency 

response. This result can be obtained by inspection of 

equation (C.7); the masnitudos of a and b arc of order 107 and 

10
10 

 respectively and k is of order 10
4 to 105 depending on 

2. ' 
frequency. V is of order WV, TV and V

2 
 are of order W

2. 
 V 
1/ 
 , so 

that the terms involving a and b are dominant for frequencies 
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below about 1kHz9  loading to a flat fre,7uency response at low 

frequency. 

Thus, n-ithor the linearised anemometer teory described in 

Section 3.3 and. Appendix A9  nor th-J non-linear theory presented 

hare indicate the origin of the rising frequency response obtained 

in the experiments reported in Section 6. The equation for the 

heated element (eq.3.4) clearly represents a considerable over-

simplification in the case of a hot film probe an equation of 

the form of eq.3.4B is better, but it was shown in Section 3.3 

that, when used in conjunction with a one--dimensional heat 

conduction solution, it did not predict the effect observed. It 

is possible that a three-damensinnal solution, which could bo 

obtained numerically, would illuminate the problem. 

A recent investigation (Perry ez Iviorrison, 1971)* included 

analysis of the influence of static bridge unbalance, but the 

high D.C. gain of the DISA 55D01 ancomator causes this effect to 

be negligible. 

*A.E. lorry 	G.L. I,jorrison (1971) A .study of the constant 

temperature hot-wire anemometer. 	. Fluid 14ech. 47, 577-599. 
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Appendix Ds auation for the DISA 55D01 bridge 

The configuration of the bridge of the anemometer used in the 

majority of experiments described here is shown in Fig.2. The 

magnitudes of the components are as followss 

Bridge ratio X = 20 

Resistance of upper bridge arm R
1 

= 50 ohm 

Probe cable capacitance Cc  — 500 pF 

Probe inductance Lp = 2/;H 

Probe resistance (probe 38) R0  = 7.5 ohm. 

The cable compensating capacitors have values between 7 and 

20 pF (preset at the factory) and have been assumed to be equal at 

13pF. The compensation inductance TD  represents two series 

inductances for coarse and fine adjustment (L and 0, on the front 

panel) 	a typical value would be between 22 and 29 H (Nielsen, 

private communication). 

Lot the roactances of Lp  and Tb  be XD  and Xm  respectively, 

and those of Cc, CD  and CD2  be Xc, XD, and. XD2. Then the 

impedance of the probe Zp is 
-7 
Z 

   

(D.1)  

where Z
H 

= R + XL, and that of the opposite bridge arm ZX 
is 

ts: 	• 

X 
I,  7 

(D.2)  
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where ZL = 
XLD XD1 IRH((XD1  

(N.B. XR
H 

is the value of the adjustable resistance to sot 

the equilibrium resistance of the probe at RH; the time—varying 

probe resistance is R). 

The bridge unbalance voltage v is then 

V Y\ 

;.. 	. v  , --, 
' 	4- ---' L  (.. >/... c _ 4 ) 	,/‘ X „ 7.,.... ( X -- ' , 

1 '.. X
C  .C. 4  X  

 t  • :.  

(D.3) 

   

For all practical frequencies XBd>H  so ZL XLD XRHe  

Expanding equation (D.3) and substituting from equations (D.1) and 

(D.2) we obtain 

R 1' kX 4 X.k 	• X X 	X 	XXI) (D.4) • 

XX.  X. K 	. )(. L  '11  •  

where the denominator, D9  is 

X.t -4 R X 1- 	X + L 
P  I \\ 

A 
ki. , 

K 
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Estimating the orders of magnitude of the terms using the 

given values, with XL 	L and Xc  = 	etc., it is found 

that for 0.1 	106  ocluation (D.4) becomes 

VWP R(Y 	) Dz. 	 
r. 

(D.5) 

r  t  
) 

If the probe current is i and that through the opposite bridge 

arm is I, then since XL  = (L/i)d.i/dt etc., the last term on the 

right hand side of equation (D.5) is 
- 1 

---- ) 

z  ..7. 	 7 	(D.6) 
- X LA \./. + XI di 	X C  ,ti J : 1 

. 	- 
d t 	4 -0- 	L \,:kt1 J 

Estimating the magnitudes of the terms within the bracket in 

equation (D.6) for a peried.ic voltage applied to the bridge shows 

that the terms involving current can be neglected for (0 	106. 

/ dV 
Since X = V/C cdt — etc., the capacitive term in equation (D.5) 

is 
k k I 	 ' 

t 	\ )cc v-1 
(D.7) 

R C. 	, 
(R 

H 
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and the complete bridge equation is 

kr = v  fARt4 R)  

Q . 	RIzs  

	

R 	 C 
\ c 

(p.8) 

X 	RT 

For the values of the components given earlier, the inductive 

terms dominate the unsteady part of the equation. The term C
A 
in 

equation (3.5) is thus 

X C 	D 
- X L 

(D.9) 
X r-)' R c'N 
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