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Abstract

The effect on convective heat transfer of resonant, longitudinal
oscillations superimposed on a turbulent mean flow in a pipe has been
‘investigated relative to the equivalent steady flow.

Theoretically it is shown that the effect of acoustic streaming
velocities is negligible for the range of pulsation parameters, but that
the oscillating velocity can generate changes in the time-mean flow
diffusivity - the change in mean diffusivity can only be predicted if
quasi-steady pulsations are assumed. Heat transfer coefficients for the
mean flow are evaluated from the Energy equation, for fully established
conditions, assuming quasi-steady oscillations. It is proposed that a fre-
quency factor can be derived to relate experimental heat transfer to the
quasi-steady predictions, and that the factor would be a function of
Strouhal number only.

Local heat transfer coefficients were measured for a constant
heat flux supply to an oscillating air flow in a pipe. The pulsations
were generated by a siren. It was shown that the centre-line velocity
amplitudes could be predicted from inviscid flow theory using a mean
velocity of sound. The range of the major parameters was:

Dimensionless pulsation velocity 0.3 <B<5
Strouhal number 0.5<8 <10
Reynolds number 14,300 < Reg < 31,250

Por fully developed flow, the experimental results were related
to the corresponding quasi-steady predictions by a function of Strouhal
number. It was shown that the changes in heat transfer were due to changes
in the mean diffusivity generated by the acoustic velocity.

For a defined range of pulsation parameters, it is possible to
predict local heat transfer coefficients under fully established conditions
for a pulsating flow from the empirical frequency correction factor applied
to the theoretical quasi-steady predictions.
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CHAPTER 1

Introduction



1, Introduction

Combustion-driven acoustic oscillations occur in many different
systems and under many types of conditions. They are only part of general
combustion instability. Resonant acoustic oscillations of the chamber
volume are generated - the frequencies are closely related to the
combustion chamber dimensions and the wvelocity of sound in the combustion
gases. For a cylindrical volume, three basic types are possible

A. Longitudinal

The gases move back and forth along the axis of the
chamber (often referred to as 'organ-pipe' oscillation),

B. Radial

The gases oscillate between the axis of the chamber
and the wall,

c. Tangential
The gases oscillate around the perimeter.
= in addition combined modes are possible.

Great interest has been and still is being shown in acoustic
instability. The reason is twofold - one, that the oscillations can be
harmful by increasing the rate of erosion, or by generating large
amplitude mechanical vibrations. Secondly, it has been found that the
instabilities can increase both the combustion intensity and the overall
energy transfer coefficient between the combustion gases and the wall of
the exhaust pipe.

The first reference to this type of instability was made by
Byron Higgins, in 1777, who reported the production of a musical tone
vhen a hydrogen flame was placed in an open-ended pipe. No major work
in the field, though, was carried out until the beginning of the 20th
century and this early work is recorded in a number of German, Swiss
and French patents dating from 1900 to 1910. Only from 1930 were there
any thoughts towards practical applications of the phenomenon and in
this sense the term "pulsating combustion™ came into use. These resulted
from independant work by Schmidt in Germany, and Reynst in Germany and
France. From these basic ideas, designs have been produced for the use
of pulsating combustion in aeronautical engines (Schmidt pulse jet engine
in V.1 rocket), car and space heaters, boilers, insecticide spraying,
domestic heating and grain drying. In most cases, the instability was of
the longitudinal mode - the majority of the work has been experimental
with few theoretical analyses of the phenomenon. The field has been
reviewed recently by Putnam (1) and Beale (2). The most unusual applica-
tion is that a musical instrument, the pyrophone, has been made based upon
combustion-driven acoustic oscillations. It consists of small gas jets
in tubes of varying length and when a key is pressed the jet is ignited
producing a clear note. The instrument is on display at the Science
Museum, London. Further information on combustion-driven acoustic
oscillations can be found in references 3, 4 and 5.
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Great claims have been made for increases in time-mean convective
heat transfer coefficient in the exhaust pipe of pulse combustors, due to
the unsteady motion. Reynst (3), for example, talks of "vast increases in
heat transfer due to a thinning of the thermal resistance layer due to the
pulsating flow" - many similar statements can be found in the literature,
but there is a lack of extensive quantitative work. Zartman and Churchill (6),
in 1961, experimentally investigated heat transfer in a cylindrical burner
with resonant longitudinal (350 Hz) and tangential (4000 Hz) oscillations
(this was a continuation of the work of Sundstrom and Churchill (7)) - using
a ram jet type burner, a maximum increase of 100% in local heat transfer
coefficient was measured, and was independant of mode of oscillation. The
mean flow was turbulent with Reynolds numbers of the range 35,000 - 48,000.
The results were correlated by a linear function of sound pressure level,
but no calculations of velocity amplitude in the chamber were possible. 1In
1963, Francis (8) made a general investigation into the practicability of
gas=fired pulsating combustors. Using both a Schmidt and Helmholtz com-
bustor, resonating in the longitudinal mode, local and overall heat transfer
were measured using a water calorimeter. Correlation with local fluctuating
velocities was not possible but results indicated maximum heat transfer at
velocity antinodes and minimum at velocity nodes - increases of the order
of 100% were found., The major work in the field was by Hanby in 1968 (9).
Using a 3chmidt combustor, Hanby investigated the effect of longitudinal
oscillations in the fundamental mode (frequency of 100 Hz) on convective
heat transfer in the exhaust pipe. By using gquarter-wavelength damping
tubes, the pressure amplitudes were independantly controlled and, with
maximum attenuation, steady flow results were obtained. From measurements
of pressure amplitude along the pipe, the velocity amplitudes were calculated
by simple one-dimensional sound theory using a mean velocity of sound. It
was found that maximum increases of 120% were obtained for local heat
transfer, with the major parameter being the ratio of local velocity
amplitude to mean bulk velocity (defined as Dimensionless pulsation velocity,
B) - the greater the value of B, the greater the heat transfer coefficient.
For B = 1, a small decrease of 10% vas measured. The results were
correlated by a quasi - steady method - see Appendix I. This method gave
good agreement with the experimental results, despite the relatively high
frequency of 100 Hz.

From the limited information, it is difficult to draw any
definite conclusion, but it appears that large increases (of the order
100%) and decreases can be obtained in local heat transfer. If pulsating
combustors are to be developed for practical applications, the heat transfer
coefficients must be predictable in terms of the pulsation variables -~ this
is not possible from existing information. But experimental work with
pulsating combustors is difficult due to the limited control of the main
variables, and in many cases the combustors can not be operated under steady
conditions to give a direct comparison of heat transfer,

The aim of the project was to consider the effect of the unsteady
motion on convective heat transfer relative to the exhaust pipe of a
pulsating combustor. It was hoped to explain the reported changes in local
heat transfer, and to develop a method of predicting heat transfer
coefficients from the pulsation parameters. Due to the problems of con-
trolled experimental work with pulsating combustors, it was decided to
investigate the heat transfer from the pulsating flow by modelling the



combustor exhaust pipe i.e. consider energy transfer to a resonant
oscillating turbulent air stream of the longitudinal mode in a pipe.
'Organ-pipe' oscillation was defined for investigation since it is the
most common mode of operation for pulsating combustors. By the
appropriate choice of pulsation generator, wide range and control of
frequency and amplitude can be obtained. For simplification of the
experimental system, energy transfer from the pipe wall to the air was
to be measured. The project was interested in energy transfer to the
mean flowrate only i.e. the heat transfer coefficients for the mean
flowrate in comparison to the equivalent steady flowrate.



CHAPTER 2

Literature Survey

- the effect of oscillations on
convective heat transfer

2.1 PFree Convection
2.2 Forced Convection

2.% Summary



2. Literature Survey

- the effect of oscillations on convective
heat transfer.

The modelling of the exhaust pipe of pulsating combustors in
terms of the effect of flow oscillations on time-mean convective heat
transfer is not a new idea. With the claims of large increases in heat
transfer, a great amount of work has been done over a wide range of con-
ditions - the effect of flow oscillations and surface vibration, of many
modes, frequencies and amplitudes, on free and forced convection (laminar
and turbulent flow) have been investigated. The reported survey covered
the general field, but concentrated on resonant longitudinal oscillation,
with turbulent mean flow, in ducts.

2.1 PFree convection

There has been extensive work on the effect of sound fields on
free convection, and similarly with vibrating bodies in a stationary fluid.
Although, in general, not directly related to conditions in pulsating
combustors, these projects give an insight into the mechanisms affecting
heat transfer in unsteady conditions.

In 19%8 Martinelli and Boetler @(» vertically vibrated a
horizontal cylinder in water with sinusoidal oscillations in the range
0-40 Hz, and measured overall heat transfer. At maximum amplitude, an
increase of 400% was measured. Kubanskii (11), in 1953, investigated the
influence of a longitudinal sound field upon free convection from a heated
horizontal cylinder in air - increase of 75% was measured. Shadowgraph
techniques indicated circulation cells near the hot surface with outward
flow at the nodes and inward flow at the antinodes. Lemlich (12), in
1955, considered the effect of transverse vibration of electrically heated
wires in air. For frequencies of 39 - 122 Hz, an increase of 300% was
measured at maximum amplitude. These early experimental investigations
demonstrated that acoustic oscillation and body vibration could produce
large increases in heat transfer, and stimulated further work.

In 1960 Holman (13) proposed a mechanism to explain the increases
- this involved an interaction between the acoustic streaming velocities
and the free convection velocities, with the definition of a critical sound
pressure level above which the inner streaming boundary layer is destroyed
creating turbulent mixing. Large increases were predicted as a result of
the turbulence generation. Acoustic streaming is the flow field of time
independant velocities created by a sound field around an object (or
vibrating body in stationary fluid). Reynolds' stresses due to the time
mean values of the oscillating components give rise to the steady stream-
ing velocities. The analysis is well established for an adiabatic
cylinder in a sound field (14). Fand (15), in 1962, attempted to correlate
both sound field and body vibration experimental results but, with the
wide range of conditions and the complexity of the problem, little progress
was made. In 1967 Richardson (16) published an excellent review of the
progress in this field and gave full discussion of the effects of acoustic
stre§ming (paper also contained discussion of effects with forced convec-
tion).



Vork has continued to extend the studies over a wide range of
frequency and amplitude.

See Bibliography References 1 to 15

2.2 TIForced convection

The majority of work has involved longitudinal oscillations of
a flow in a duct. The field can be considered in two sections - studies
of convection to non-steady water flow, relative to low frequency recip-
rocating pumps, and, secondly, heat transfer to oscillating compressible
fluids (with reference to pulsating combustors).

The first section will be considered briefly - in all cases the
overall heat transfer was measured for a pulsating water flow in a steam
jacket. The first published work was by Martinelli (17) in 1943. For a
turbulent mean flow, the change in heat transfer was measured for
oscillating flow of frequency O - 4 Hz. A small decrease of 10% was found.
This paper first introudced the idea of the basic gquasi-steady analysis
(see Appendix I). 1In 1952, West and Taylor (18) considered a pulsating
flow of 1.67 Hz, produced by a reciprocating pump, for a turbulent mean
flow with Reynolds numbersof 30,000 to 85,000, A meximum increase of
70% was measured, but the velocity amplitudes could not be predicted. In
this project no measurement of steady flow conditions was made and con-
sequently the improvement ratios must be regarded with some doubt.
Darling (19), in 1955, considered changes in overall heat transfer for a
mean turbulent flowrate for frequencies between 0.25 - 15.0 Hz, produced
by a motor driven interrupter valve. An increase was measured for the
valve positioned just upstream from the heat exchanger - this was due to
induced eavitation (no change if valve was moved from entrance), Similar
effects were found by Lemlich (20) and Morgan (21). In 1965, Baird (22)
measured the change in heat transfer due to flow pulsations for a
turbulent mean flow (Reynolds number 5,000 to 16,000). Pulsations, over
the frequency range 0.8 - 1.7 Hz, were produced by an air pulser - the
design was such that the displacement amplitude was measured directly.

A maximum improvement of 40% was found and the results were correlated by
simple quasi-steady theory. PFurther work can be found in the Bibliography
-~ references 16, 17, 18.

The major interest was in heat itransfer to oscillating compress-
ible fluids. Havemann (23, 24), in 1956, considered overall heat transfer
to a turbulent mean flow of air, through a horizontal pipe, from a steam
jacket. The flow was pulsated using a poppet valve for frequencies 5 to
40 Hz, and using different driving cams the waveform could be varied, but
no amplitude measurements in the test section were possible. The changes
in heat transfer coefficient were complex and no correlation was achieved.
Similar work was carried out by Mueller (25), Romie (26) and Chalitbtan (27).

In 1961 Lemlich and Hwu (28) considered overall heat transfer
from a steam jacket to an air flow with superimposed resonant oscillations
produced by a horn (frequencies of 198, 256 and 322 Hz corresponding to
3rd, 4th, 5th harmonics). Both laminar and turbulent flow conditions were
considered. For laminar flow, a maximum increase of 57% was measured, and
for turbulent flow a maximum increase of 27%. But no measurements of
pressure amplitude were made, and consequently no correlation was possible
in terms of unsteady flow parameters.



Both theoretical and experimental aspects of the effect of
resonant pulsating flow on laminar and turbulent mean flows were
investigated by Jackson from 1955 to 1967 -~ references 29 to 36. The
experimental work was summarised in reference 34. A resonant sound field
was produced in a pipe 0.097 m I.D. and 3.05 m length by an electro-
magnetic horn. The air blower gave a range of Reynolds number of 2,000
to 200,000, Pressure amplitude was measured close to the driver by a
microphone, and velocity amplitudes were calculated using one dimensional
sound theory with a mean value of velocity of sound. Heat transfer was
measured from a steam jacket to the air flow - local heat transfer
coefficients were found by using 21 separate condensate chambers along
the pipe. Results were given in the paper (34) for a frequency of 221 Hz
(3rd harmonic). No hydrodynamic or thermal entrance lengths were used in
the rig, and consequently for higher Reynolds numbers the flow conditions
were not developed. The rig was modified (36) to include an entrance
length and results taken using 90 Hz frequency.

See Figure 1 page 7

The graphs show two conflicting cases. For lower turbulent Reynolds
numbers, maximum increases occur at velocity antinodes and maximum
decreases at velocity nodes - the greater the amplitude, the greater the
increases and decreases. But for the higher flowrates, maximum decrease
was at velocity antinodes and no change at the nodes. For laminar flow,
the results were difficult to interpret due to free convection effects.,

Theoretically Jackson and Purdy (32, 33) investigated the inter-
action between a resonant oscillating field and a laminar mean flow. It
was shown that the acoustic streaming velocities could produce standing
vortices in the pipe.

See Figure 2 page 8

Purdy (35) extended this work and solved the energy equation for resonant
laminar flow in a channel. It was shown that the local heat transfer
coefficient was significantly altered by the vortex formation but with no
change in overall heat transfer.

See Figure 3 page 8

The theoretical predictions for laminar flow were of a similar form as
the experimental results for local heat transfer found for the lower
turbulent flowrates (Figure 1a page 7). Jackson proposed that a similar
vortex formation existed for the turbulent flow, with Dimensionless
pulsation velocity a controlling factor (vortex formation if B >1).

But this could not explain the results for higher flowrates, and no other
mechanism was suggested.

From 1959 to 1967, Harrje investigated heat transfer to pulsating
turbulent pipe flow (37 to 43). The aim of the project was to determine
the cause of the increases in heat transfer in the exhaust pipe of pulse
combustors. The major part of the work is found in the report by Bogdanoff
(42). Assuming heat transfer to be dependant on local pulsation variables,
Bogdanoff showed by dimensional analysis that the major pulsation parameters
were Dimensionless pulsation velocity and Strouhal number.
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Nusselt number, Nug~ f(Rey, B, S)

for ﬁéd, Reynolds number
B, Dimensionless pulsation velocity
S, Strouhal number

Heat transfer was measured between a steam jacket and a turbulent air
stream in a pipe, 0.038 m I.D., and 1.15 m length. The condensate was
collected in 20 separate chambers to give local heat transfer. A resonant
oscillating field was produced by a siren of frequency range 5 to 5,000 Hz,
with the amplitude controlled by varying the air gap between the siren
vwheel and the outlet nozzle. Pressure amplitude was measured close to the
siren wheel (pressure antinode) using a strain-gauge type transducer.
Velocity amplitudes were calculated from one-dimensional sound theory
using a mean value for the velocity of sound. Results were recorded for
only one frequency (270 Hz - 6th harmonic) and one mean flowrate (Reynolds
number 100,000).

See Figure 4 page 10

The graphs indicate that local heat transfer was dependant on local pulsa-~
tion characteristies (cf. Hanby (9) ).

Bogdanoff also investigated the velocity profiles in the pipe
using a hot-wire anemometer, measuring both instantaneous and mean
velocities. The results showed no evidence of the acoustic streaming
mechanism proposed by Jackson, but the mean velocity measurements indicated
an increase in the turbulent diffusivity close to the wall. The heat
transfer results also gave no indication of acoustic streaming effects.
Bogdanoff proposed that the changes in heat transfer at a point were due to
changes in the diffusivity generated by the oscillating velocity at the
point. Bogdanoff also attempted to correlate the various experimental
projects but with little success - the importance of the local Bimension-
less pulsation velocity was suggested, especially the condition of 'reverse
flow' (B> 1).

An extensive experimental investigation was conducted by
Galitseyskiy from 1967 to 1970 (44 to 47). Local heat transfer coefficients
were measured for an air flow with a constant heat flux input (direct
electrical heating of the pipe). The pipe was 0.,0084 m I.D. and 1.885 m
length. Reynolds numbers were from 10,000 to 100,000. Resonant oscilla-
tions were produced by a rotating valve with frequency range 50 to 500 Hz.
The pressure amplitude was controlled, for a given flowrate, by varying
the orifice diameter at outlet, and was measured at the inlet and outlet of
the test section. Frequencies used were the fundamental to 4th harmonic
(90, 180, 270, 360 and 450 Hz), The results showed maximum heat transfer
coefficient at velocity antinodes and minimum at velocity nodes, with a
maximum increase of 120%. But it was obvious from the results that the
standing wave decayed along the pipe due to frictional dissipation. Despite
the extensive work, the results are so recorded as to make interpretation
in terms of pulsation variablesvery difficult.
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Work has not been limited to duct flow - flow over flat plates
and around cylinders has also been considered. In 1961 Bayley (48)
measured heat transfer coefficient from a flat plate to a pulsating flow.
The pulsations were produced by a rotating valve with frequency range 10
to 100 Hz. Increases of 70% were found at maximum amplitude and the
effect of frequency was negligible. It was proposed that the increases
were caused by a change in the point of separation of the boundary layer.
Feiler (49, 50) considered large amplitude oscillations, generated by a
siren, on a flat plate and increases of 65% were measured. The mechanism
of change was given as transition to turbulent conditions at a lower
Reynolds number. Similar findings were reported by Miller (51).
Investigations for forced convection around cylinders are limited., No
correlation has been achieved hetween the various projects - see references
19 to 2% in Bibliography. Richardson (52) proposed that an interaction
can occur between the oscillation frequency and the instability frequency
of the wake to give large increases,

Further references for the effect of flow oscillations (and
surface vibration) on forced convective heat transfer are given in the
Bibliography - references 24 to 47.

2.3 Summary

The worl considered demonstrates the complexity of the problem
- no single mechanism has been shown to be the controlling factor, but
various possible causes have been proposed. The problem is further com-
plicated by the vast range of conditions of the projects i.e. extremes
of frequency, amplitude, waveform and mode of vibration. But the
investigations have confirmed that oscillation can affect heat transfer.

The time-independant velocity field of acoustic streaming is
the major factor in the effect of oscillations on free convection.
Similarly it has been shown theoretically that acoustic streaming can
generate increases and decreases in local heat transfer for a resonant
laminar gas flow in a pipe. But the effect of flow pulsations on
Transitional Reynolds number for laminar to turbulent flow has not been
investigated.

For the majority of pulsating combustors, the most important
case is that of the effect of longitudinal oscillations of a turbulent
mean flow in a pipe.

The experimental investigations for low frequency pulsations
of a water flow were described by quasi-steady considerations (except for
the effects of induced cavitation).

For resonant pulsations, the work of Jackson, Harrje and
Galitseyskiy showed the critical dependance of local heat transfer on
the resonant field distribution - consequently investigations which
did not consider local heat transfer and local velocity amplitude are
of little use in predicting the heat transfer characteristics of a pulse
combustor. The three investigations, although conflicting in parts,
gave some general indications. Local heat transfer can be both increased
or decreased by resonant longitudinal oscillations. The most important
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parameter is the Dimensionless pulsation velocity (B) especially the
case of 'reverse flow' (B >'1), but no conclusion on the effect of
frequency can be drawn. It is not possible to define a general
mechanism of action for the flow pulsations, but two possible modes
have been proposed to explain the changes in heat transfer - vortex
formation (Jackson) and changes in mean diffusivity (Harrje). Despite
the extensive investigations, prediction of local heat transfer is not
possible from the pulsation parameters.

Prom the literature review, the basic criteria for the project
were formed relative to the original aims. An experimental investigation
over a wide range of pulsation parameters was required to characterise
the effect of flow oscillations. Local heat transfer was to be measured
for resonant longitudinal oscillations of a turbulent air flow in a pipe.
The experimental rig had to be capable of measurements for the equivalent
steady flowrate. The pulsation generator had to generate high pressure
amplitudes (to give 'reverse flow', B>1) over a wide frequency range (to
investigate a number of harmonics). A sinusoidal waveform was desirable
to simplify any theoretical predictions (applicable to any other time
variation by Fourier analysis). It was important that the velocity
amplitude distribution along the heat exchanger could be found to compare
to local heat transfer measurements. To investigate possible mechanisms
of action of the flow pulsations on heat transfer, it was hoped to
theoretically determine the acoustic streaming velocity field for a
turbulent flow (relative to vortex formation), and consider the effect
of the oscillating velocity on the mean flow diffusivity. From the
proposed experimental and theoretical investigations, it was hoped to
explain the changes in heat transfer and derive a method of predicting
local heat transfer coefficients from the pulsation parameters.
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e Prediction of velocity amplitudes

It has been shown that the velocity amplitude of the longitudinal
oscillations was an important parameter for the investigation. Experiment-
ally it is difficult to measure the wvelocity fluctuations, but relatively
easy to measure pressure amplitude. It was intended to measure pressure
amplitude and from the measurements derive velocity amplitude.

It can be assumed that except for close to the pipe wall the
unsteady motion can be considered inviscid (59, 60). The flow is analysed
for an inviscid fluid to evaluate a relatiorhip between pressure amplitude
and velocity amplitude - the experimental heat transfer results were
related to this measure of velocity amplitude.

Wave propagation in an adiabatic flow and in a flow with energy
transfer, for an inviscid fluid, are considered in the following sections.

3.1 Adiabatic

Consider longitudinal oscillations of a gas flow in a constant
diameter pipe. It is assumed that the fluid is inviscid and can be con-
sidered a perfect gas. The analysis for one~dimensional adiabatic
unsteady motion is well established (53).

Consider motion as a steady flow, having mean properties
U,p, and T, on which is superimposed incremental time-varying properties

u\'el » P

i.e. Velocity, u = U + uy
Density, e = é‘ + e,
Pressure, P = D + P4

The incremental properties are such that their squares and
products can be considered negligible.

- Small Pertubation Theory

The Small Pertubation Theory limits the solutions to waves of small
amplitude. It can be shown that if

_(“64-\)/(‘6-!)

(! +(‘4-‘)7._l-a) << |

for § » ratio of specific heats

¢ , velocity of sound

then the theory is applicable (54).
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Applying the incremental approximations to the appropriate
control volume, the following set of equations can be derived from the
basic laws of Continuity, Momentum and Energy.

)fﬂ + o éfﬁ + E? 2:5 = O
)t dX X

0 4 T o= = 3

dE ?d X R L
-1 :‘3_2?;3.;

E; X Es D x

for t, +time

X, co-ordinate distance along the pipe

From the three equations, the following differential equation can be
formed (53).

(') Py - 1ai(gb)_ v, = O

L B B N 1

- this is the one-dimensional Wave equation which describes the propaga-
tion of plane sound waves.
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Consider the flow to occur in the following acoustic system

Closed/open pipe

|
1
Closed : Open
1
_.q
Direction of flow
where LA = acoustic length

Assume a sinusoidal pressure oscillation of angular frequency w is
generated at x = 0. At resonance a standing wave is produced in the pipe
due to wave reflection from the open end

i.e- u1 = 0 at X = 0

p1=08.t x'_"LA
assuming perfect reflection
For a full discussion of resonance see references 55, 56.

General solution of equation 1 is

! c+ cC-W

u-=ﬂs?nw(b- al ) + bsinu<t+_><_>

where A, B are constants

This equation can be physically interpreted as two waves, of
angular frequency w, superimposed - one with a propagation velocity of
(T +U ) in the direction of the flow and the other with a velocity of
(% -7 ) opposing the flow.
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Boundary condition

By substitution

[ 3 N N N ] 2
A
where Uy = - 2A

From Momentum equation

eecveece 3

where P,

n
N
Ml
ol
>

Boundary condition

Substitution gives the resonant frequencies, f

F= (2n-)) k!L (*-35%)

eecesee 4

where n =1, 2, 3
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Assume the effect of the mean velocity can be neglected
i.e., assuming L’

Substitute in equations 2, 3, 4

o x Bysin(vg) cos (%)

A
where UA is velocity amplitude at a velocity antinode

P, = P, Cos(w%> sin(wb)

N
where PA is pressure amplitude at a pressure antinode

= (2n=-1)_<
for F (" )‘an

forn = 1, 2, 3

From the equations it can be shown that

A — A
u, = - = .P,
3P

i.,e, from a measurement of pressure amplitude at an antinode
velocity amplitude distribution can be evaluated

Modulus of pressure and velocity amplitudes for the fundamental
and 1st harmonic of the system are shown in Figure 5 page 18,

But in the derivation of the equations it is assumed that per-
fect reflection occurs from the open end - in practice this is not correct,
and some sound radiation occurs at the pipe exit. (56)

A
Assume velocity amplitude of incident wave = UI

and velocity amplitude of reflected wave = G;
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It can be shown (55) that

c

p = < ((ﬁ1+/\.l&>zcos (w ’_‘.)
+(G_ )sm (NX)> S\ﬂ(ut +og)

(u'I' ‘D tan (U‘-’x>
(lL +
If the wavelength of the osclllatlons is large compared to the

pipe diameter, the travelling wave component is small, and the phase angle
can be considered negligible.

where Canot, =

The equations can be written as

w, = \/( sm (“’%) + ﬁ-: cos"(‘“%))cos(«»b)
J (B cot(o5) ¢ B st (=8)) in (o)

P =
A

where UN = velocity amplitude at velocity node
A .
P = pressure amplitude at pressure node
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for the resonant frequencies defined by

F=(2n-1) =
Lo

2
A N
and UR = - _C‘—-_ Pﬁ

For an inviscid perfect gas, under adiabatic conditions, unsteady
periodic motion has been analysed for longitudinal oscillations in a closed/
open acoustical pipe - the main assumptions are that of small amplitude,
and that the effect of the mean velocity is negligible. The resonant
frequencies and the pressure amplitude and velocity amplitude distributions
have been derived for both perfect and imperfect reflection from the open
end. For the experimental investigation a simple relationship has been
found to calculate the velocity amplitude distribution from measurements of
pressure amplitude at a node and antinode.

3.2 Energy transfer

In the exhaust pipe of a pulsating combustor (or in the proposed
rig for the project) conditions are not adiabatic but energy transfer
occurs between the pipe walls and the mean flow. To predict the velocity
amplitudes under these conditions, the effect of the energy transfer must
be analysed. In previous investigations the heat transfer effects on wave
propagation were not considered.

It is assumed that the fluid is inviscid and a perfect gas.
Consider the following control volume for the longitudinal oscillations

o x

— = = = 7 7"
w ! | W+ du. 8%

: | %

2.9

) o
P |p+_b_g.'$x

: | I

vhere ém = energy transfer- per unit time per unit mass
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Apply fundamental equations to Control volume

Continuity

% 4+ pd + wd =0O
2t dx DX

Navier -~ Stokes

d¢ 4+ wdw + 1} 3 = O
?C d X @ X

Energy
It can be shown (53) that

e e - 23 w2)e el

For the adiabatic analysis it is found that the effect of mean
velocity could be neglected if U << €, Similarly assume u << ¢
and consequently that the effect of convective terms is negligible.

i.e, assume U = 0 and t’;m = 0

The problem reduces to that of wave propagation in a stratified medium

due to the temperature gradient (continuously varying physical properties
along the pipe).

Assume that Small Pertubation Theory is applicable

u=ﬁ+u1
=5+P1
=e + e

But, due to the temperature gradient along the pipe,

u = f (x)
p = &(x)
2 = h(x)



Substitute into basic equations and approximate to give

Continuity

o/
"k
.+
o]

o/| &/
XIiF
+

F
V| v
X I"“'
I

O

Navier - Stokes

)_“'_l +'_3& = O
dt ’é}x

Energy equation

d - (e v w2) =0
dE dk DX

By substitution from equations

?Eitl .J_. ]éiﬁfl
Ix* c* "
eeosnee 5

and

}F‘ - a?—_ Bu'l
> ¢ =

Similar analysis has been applied by Kapur (57).
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Consider the gas flow in a pipe which is closed/open acoustically,
and with an axial temperature gradient such that the change in the velocity
of sound is linear.

Closed {Open

KuO *e La
————
Direction of gas flow

0l

where N
M

velocity of sound at x = o

rate of change of velocity of sound along the pipe
Boundary conditions at resonance

u 0O at x = 0

1
Py 0 at x "

]
=

for perfect reflection.
From equation 5

Yo, - (Mx+ N) Vu

d &> D x*

The differential equation can be solved analytically - see Appendix II.
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Governing equations for resonance in the defined system.

Resonant frequencies are given by

M sm(sz) + bcos(bzh) = O
p s

oo 00000 6

where b = l-\/(“-‘“z"r\z)

2
- w N rO e,lez sin (bz>c,osCu.>b>

u.l =
b 3Ip
[ |
Mz/2
1 ™ (B0 k)
esseces B
for Z = ]&f’ |c¥3e-<:%%)( 4-' )

where PO 1is pressure amplitude at x =0

From the equations it can be seen that a standing wave is pro-
duced at resonance. The effect of a linear variation in speed of sound
along the pipe was investigated numerically for a given system. A com~
parison was made between the given theory and from using an average value
for velocity of sound with the adiabatic theory (this has been the method
used, in the past, in pulse combustor analysis cf. Hanby (9) ).

Consider a closed/open pipe of acoustic length 2.0 m - define
a linear rise in velocity of sound over a temperature change of 1000 °C,
and assume a pressure amplitude of 6900.0 N/m2 at x = O. Resonant fre-
quencies, found by solving equation 6 by Newton - Raphson iteration
technique (58), are

1st 2nd
Fundamental Harmonic Harmonic
Predicted 1.9 191.2 314.9 Hz
Adiabatic Theory 70.6 211.7 352.9 Hz

% difference 1.8 10.7 12.1 %
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Substitution in equations 7 and 8 gives the pressure and velocity
amplitude distributions. Results are given for the 1st harmonic.

See Figure 6 page 26

The following conclusions can be drawn on the effect of the
temperature rise on the resonance characteristics of the given system.

A, Resonant frequency is increased relative to ambient
conditions,

B, Vavelength increases along the pipe.

C. VNodes and antinodes are displaced towards x = 0 relative
to ambient conditions.

D. Pressure amplitude at pressure antinodes decreases from
x=0 to x =1,

B. Velocity amplitude at velocity antinodes increases from
x =0 tox =1,

The adiabatic theory using an average velocity of sound gives
a good estimate of resonant frequency, but large errors in the prediction
of standing wave distributions (see Figure 6).

One cannot assume a linear decrease in velocity of sound for
pulse combustors, but the analysis should give an indication of the effect
of the temperature gradient on the acoustic characteristics of the exhaust
pipe. The results show that the use of the adiabatic theory with mean
velocity of sound gives large errors in the prediction of velocity
amplitudes - this gives rise to doubts on the correlation of heat transfer
obtained by Hanby ?;).

The given system was also analysed numerically for a temperature
rise of 40°C., The results show that for a small temperature change in the
test section the resonance characteristics can be predicted accurately by
adiabatic theory using a mean velocity of sound.

3.4 Summary

The resonant unsteady motion of an inviscid, perfect gas has
been analysed for small amplitude periodic oscillations in a stratified
medium. Assuming convective terms to be negligible, the analysis applies
to wave propagation in a pipe with energy transfer to a mean flow. An
analyticdsolution has been found for a linear change in velocity of sound.
The results indicate that, for a small change in temperature, adiabatic
theory, using an average velocity of sound, can be used to predict
velocity amplitude. But, for pulsating combustors, adiabatic approximation
could give large errors in predicted wvelocity amplitude due to the large
temperature gradients,
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4, Theory

4.1 Turbulent flow between parallel infinite plates
with a resonant acoustic field

Two possible mechanisms have been proposed to explain the
measured heat transfer coefficients in oscillating turbulent flow -
first, acoustic streaming and, second, changes in the mean flow diffusivity.
A survey of the literature gave little information on pulsating turbulent
flow (general information on unsteady flow is reported in the Bibliography
~ references 48 to 59). It was proposed to investigate the turbulent flow
of a perfect gas between parallel infinite walls with a resonant acoustic
field - this system is used instead of pipe flow to simplify the equations.

It is assumed that the viscous effects on the acoustic velocity
occur in a 'thin' region close to the walls, and apart from this area the
oscillating conditions are given by inviscid flow theory. This has been
shown experimentally and theoretically for laminar flow (59,60). To find
the oscillating velocity profile and the time-independant acoustic stream-
ing velocities, the method of analysis originated by Lin (61), and
developed by Purdy (59), is used. By a rigorous order of magnitude analysis,
independant time-dependant and time-independant differential equations are
derived. It is assumed that the flow is fully developed for the analysis.
To estimate the acoustic velocity profile an equivalent viscosity is defined
to approximate the turbulent conditions to a laminar flow (in order to solve
the basic equations).' From the derived acoustic velocity profile, ‘the
possible effect of the pulsations on the mean flow diffusivity is considered.
To evaluate the mean velocity profile, it is assumed that no periodic
turbulence fluctuations are generated by the acoustic oscillations i.e. the
time variations of the acoustic flow and of the turbulence variations are
independant. The justification of this assumption for the project is dis-
cussed in Section 4.2.5. It was hoped to show from the mean velocity pro-
file whether or not vortex formation (as derived for resonant laminar flow
by Purdy (59)) is a major factor affecting heat transfer for turbulent flow.

4.1.1 Basic system

Consider the flow of a perfect gas between two infinite parallel
plates separated by distance 2a.

2a —_— e e YW

3 Direction of flow
Velocity field
u-cx,\,,t:) = G-ck,g) + u'lcx,s,cj + ©cx,3,b)
V(_x‘s,t:) = qc_x,b) + Vv, CX,y,5) + @(,x,s,b)

where uq, v{ are the acoustic velocities

C:)‘(:) are random flucituations of turbulent flow



By definition of the time mean values

E|=V:O
®

The following boundary

©
0

conditions are applicable

w =V = O at y = ©,y= 2a
EEE = ié!- = O o.C :s =

¥y

Vv =v,=0 ot Y=o

From mean flow continuity,

T,- +]%e

28

It is assumed that inviscid flow theory is applicable away from
the channel walls - resonance field is defined for & velocity antinode at

x=00

Away from wall
A IS o
W = - Lln cos (:“°!§T> <
l Cox,E) <

Similarly for the acoustic oscillations

N\
. - -avwb
P ey - T § P Uy sin (w%) e

-1wl
S0 <w§> e "
c

assuming perfect reflection

e‘ C!‘r,b\ = -1 é

nlLF—'-> 0

U << ¢
for Um

(see section 3.1)
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Pressure field
Pc_x,.ab} Pu«,:P + P| (x,©)

- it is assumed that the acoustic pressure is independant of the y
co-ordinate, and that the turbulence pressure fluctuations are negligible
since @ and @ are small.

Similarly for the density field

€Cx,5.b) = £ + el Cx,8)

assuming mean density is independant of spatial variations

By definition

~o|

= Z? = O

4.1.2 Basic equations

The system is analysed using the two-dimensional equations of
fluid motion expressed in cartesian co-ordinates.

Continuity

by (o w d (pv)
2+ 2lew) v 2le

Navier-Stokes

- no body forces

e(_ai + udu +vz&)=->_p v 2 (e +s_v)>
dt DX 'bd O '33 b:j D%

for derivation see reference 62
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4.1.% Acoustic time=varying velocity

To solve the basic equations, it is assumed that the resistance
to wave propagation, relative to the boundary walls, of the turbulent flow

can be defined by an equivalent viscosity i.e. the model is analysed as
for laminar flow.

Define 'turbulent' dynamic viscosity, fLT

By definition of the viscosity

@=-®= O

c",n,l-,) = u/c“,b) “+ u’. ¢x ’ 3 , )

V‘,I’S,E) - V(_“,w + V| Lﬁ,b,h)
Define the following non-dimensionals
A 1 {
u" = Uu/ua = W < Lb'

v =V/ﬁ“=v|+ V|l
x' = X[\
g =9/

Pt = plel,=F + ¢
el = e,[j? = | + e
£' = e U,/

The following order of magnitudes can be derived for the non-dimensional
variebles, with the main constraint that Uy => U_ i.e. the oscillating
velocity is an order of magnitude greater than the mean velocity.

Let © be of small order

xl = | 5| pd S
ii =95 u; = |
7 =5 v = §

-

v
I
oNn
o o
i
oNn
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The method of determining the non-dimensionals and their orders of megni-
tude was described by Hirbar and Purdy (63).

Express the Continuity and Navier-Stokes equations in terms of
the non-dimensionals,

Continuity

500 26! 4 (1o g)2(R ewd) + (2w 3g
A\ dt' X' %!
+(‘+CD.A.<V|+V|‘) = O
B:j

By order of magnitude analysis retaining terms =1

B N re )tu| + e = 0O
o B v

¥x

2

L N N ] 1

Navier-Stokes

Similar procedure gives

) §§f| + ‘*\Eﬁiu + V]Eb5|\) = -2 v F Eé_ ( Hr Eﬁb\)
e 2C % BJ DR )3

®Cso000 00 2

assuming ’.‘_T/§ QA)‘ - Sa.

The equations can be solved by the method of successive approximations (58).

Let u-‘ = u\a *+ ul\



Substitute into 1 and 2 to give

~ b_u‘_u + LI"loB_uw + Vo }_“\o) - i ( ?_&“3
e (bt OX 35 BS" P 33

Define

—+rwb

A
b = u‘n cos (‘”%) . FL:P . &

from inviscid flow theory

32
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Substitute into 5 to find Fca)

F":}’ + '.UUJFca’ + vw = O

rollj‘-‘

ﬁ —+1wl
si - — X B i WX\ e
o p F o0 (v2)

General solution
Fc;p = -] +RePC ™ 4B e PV
where A, B are constants
for ﬁ = \/(_“’/7*-673
vith Sy = g /é

From the boundary conditions and equation 3 the velocity components are

W, = - G-n cos (‘”-;_—) (cos wt) — e Peos (we - F:D)

Fa
Vi = U.ﬂw.sm w

T

os(wt -1) — &PYcos (wt -T -
%.)(c s{wt E) e s( - F:D)

From equations 4 and 6, the second approximations (u.. > Vu can be cal-
culated - it can be shown that they are negligible relative to the first
approximations ,

€
"

. l.l...‘°

"
<

1O
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The equation shgws that the acoustic velocity, uy, approaches
inviscid conditions as & p3-—> © . It is assumed that flow can be con-
gidered inviscid at position gp from the walls when e-P3 = 0.01.

Let 5; be defined as limiting viscous layer

3, = wel/

It should be noted that the velocity, vy, must tend to zero as
Y—> & to satisfy the boundary condition. The error in the derived
expression is due to neglecting the contribution of the y - momentum
equation.

The oscillating velocities have heen derived assuming laminar
flow with an equivalent viscosity. The definition of this approximate
viscosity will now be considered.

For turbulent flow, Boussinesq proposed in 1877 the concept of
a mixing coefficient such that

Shear stress = @ (u + E‘n) ﬁi (64)
d .

where Ei“ is the momentum eddy diffusivity (mixing coefficient)

The diffusivity is a function of the flow and position. Turbulent flow is
of such complexity that the mixing coefficient cannot be described exactly,
but, in 1925, Prandtl proposed the Mixing Length hypothesis (65).

Eu = 7] de|

49

vhere T = 0.4 ¥y

From this semi-empirical approach, a universal velocity profile can be
derived which is in good agreement with experimental results (66). Using
the velocity profile and experimental measurements of friction factor,
the following expression can be derived for the turbulent core

€u s o(23m R (omy)y )

essosoee 7

(66)
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As defined above the total diffusivity goes to zero at the centreline

(y = a). This is not physically realistic, and it has been shown (66)
that a better representation is to use equation 7 for Y £ aL/z., and

assume a constant diffusivity, equal to that at y =2, for the central
region. It must be stressed that the Mixing Length hypothesis is only
a simple approach to describe turbulent flow, and is only one of many

analyses.

The 'equivalent' viscosity,GT » 1s defined, for a point in the
flow, as the average diffusivity between that point and the channel wall
calculated from the eddy diffusivity of an equivalent turbulent flow with
the same mean flowrate - this can be considered as an approximation of
the resistance to acoustic wave propagation.

For point distance y from the wall

il

[ = . U E;. a - 2 i
5, = O-o a.a.( ;3)0}

for :j L o /:L

1
G. = OOl R._._:_ (2. +63—9£3';>-§

T N

for CL{2.<L 3 L oo

A simple iteration process is used to evaluate the limiting
viscous layer, 5‘5 .

Ja = H—-él/ﬁ
for B =\/(N/2.31.)

The starting value is given by using'GT-= © (laminar flow conditions),
and the iteration is convergent within a maximum of 30 steps.

For the turbulent flow, the oscillating velocity profile is not
only a function of frequency and fluid property (as for laminar flow),
but also a function of mean Reynolds number - see the above equations.

The equivalent channel flow to the experimental pipe flow system
of the project was analysed to determine the decay constant,ﬁ& » relative
to laminar theory predictions (i.e. P 1 = v/ (8/2a)). A turbulent air flow
at 30°C in a channel of 0.04 m width was considered for a frequency range
of 25 to 225Hz.
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Re, = 13,500
Frequency B
- Hz f?l{wu L;llmy
25.0 405.68 2185.0
125.0 1416.55 4890.0
225.,0 2427.28 6560.0
Reg = 29,600
Frequency B ‘B -
- Hz -(Imt -1 [m
25.0 269.84 2185.0
125.0 790.09 4890.0
225.0 1299.66 6560.0

The decay constant is decreased for the turbulent conditions
relative to the laminar flow predictions. But the profile is dependant
on the mean Reynolds number - as Reg —> 2000, B —> B.

The experimental wvork of Bogdanoff (42) provided a limited
check. Using a hot-wire anemometer, the acoustic velocity profile was
found for a frequency of 270 Hz with Reynolds number 100,000 in a pipe
of diameter 0.04 m. The criterion for comparison was the decay distance,

Yo
From experimental graph, Yg = 0.00280 m
0.00243 m

Predicted decay distance, y#
% Difference = -13%
For this very limited comparison, good agreement was obtained between
theory and experiment. No other experimental work could be found in the
literature for comparison.

It must be stressed that the derived acoustic velocity profiles
can only be regarded as approximate with the lack of experimental comparison.

4.1.4 Time mean differential equations

The equivalent viscosity approximation is not used to evaluate
the time mean velocity profile.

et w = 4 + @

~ -
i, W= W+ W
s
vV = V + (:)
N, —
i.e, V. = V +V

Substitute into the Continuity and Navier-Stokes equations
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Continuity

Time average equation

.3_5;( T 4 %(@) " ; (@@)

+ 2 (e@

From mean value theorems (62)

3‘;-(6@) - 2 (5 +£)®

I
Io/
~

o
©

since F % (@)

To evaluate the above expression, the relationship between the oscillating
components  and random turbulence fluctuations must be known. It is
assumed that the time-variations are independant.

For independant variables, X s

X.Y = X.J)
(67)




Similarly —_—
l(e@) = O
2y
3 (%) + 2(p¥) = 0O
2 (e + 2%
Navier-Stokes

X-direction

Consider system as boundary layer flow

-. .E_“; uréu, vbu, =._)
e(zc o T 35) >

Substitute and time average

eb%(ﬁ%& + p(Tr@)2 (B @)

+ e(v 4-@))B (kl-’f@)
%Y

Similar analysis as for Continuity

e

o/
£

+ pR2 4 e"\"%i

> %

T

30 -l

2y
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Consider terms

ACRCIJORIC]
B)e y

- these are not zero since @ and @ are dependant (68)

Write as

From the Continuity equation it can be shown that

g(@é@ + @ B@)

@(@2% +@:_¢§ - C-;(_;:_(@‘) *fg(@@»

Terms on R.H.5. are Reynolds Stresses differentials
- 2
e @ = direct stress x plane
é@@ = Shear stress x-y plate

(62)

Since boundary layer flow

N (®) «< 2 (0E)
D % 33
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Equation becomes

L 4 p AL 4 p VAT
e v eBR v T

1
i
-4hd

3(rE) S

esseoee 9

The equations 8 and 9 are expressed as non-dimensionals, and order of magni-
tude analysis used to retain major terms - as for the analysis of oscillating
velocity components.

The following equations are derived

Continuity
X +BV = - —l—(“'lB + \b_‘ii + |)_V|)
seseees 10
Navier~Stokes
2 [wdm) ~ 52 (@) — 28
33 (rb Bj) e Bj ) Sﬁ

— u'|>_u.| + V| .)i' +
€ K Bj

du,
2t

o1 [

LI 11

- to solve the differential equations the Reynolds Stress E@@ must be
known.

4.1.5 DTime mean diffusivity

The effect of the oscillating velocity on the momentum diffusivity
of the flow, at a point, is considered.
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For pulsating flow, the generated turbulence stresses are very
complex and cannot be predicted in general - hot wire anenometry would
have to be used to investigate the turbulence properties. It is assumed
that there is no resonance interaction between the oscillating frequency
and the turbulence fluctuations, but the magnitude of the Reynolds stress
may depend on the acoustic velocity gradient. There are two extremes
which can be considered theoretically. If the acoustic frequency is very
high (o —»2°), the rate of change of flow conditions is such that the
diffusivity can be considered to depend only on the mean flow. If the
frequency is very small (w—>©O), a quasi-steady analysis is applicable
i.e., the rate of change is such that the diffusivity, at an instance of
the cycle, is dependant on the instantaneous velocity gradient. For the
frequency range of the project, the conditions were between the two
extremes as would be expected for most practical situations. The position
of a system relative to the extremes is discussed in Section 4.2.3%.

It was decided to investigate quasi-steady conditions, and
evaluate a time-independant diffusivity. It is assumed in the analysis
that the turbulent properties of a point along the channel are only
dependant on the mean flowrate and the acoustic velocity (ui ) at that
point. The velocity, vq{ , is defined to have negligible effect on the
mean diffusivity - the oscillations are con81dered to occur in the laminar
sub-=-layer regime (v —3 QO as y—>y,). From the analysis of oscillat-
ing velocity profile, assumlng phase anéie effects to be negligible,

w, = Uc,os(wb)cl - C_p"’)

N
for a point of velocity amplitude U.

To allow for the diffusivity of the mean flowrate let

—\lm (i1 - c-p:’)

- this is an approximation to simplify calculation of total
diffusivity.

Define flow conditions by a laminar sub-layer and turbulent core (no
buffer layer).

For the turbulent core,

2
Diffusivity at any, EM < = { .b_‘:s + é‘_"'n
instance of time © 33 D Y

by Prandtl Mixing Length hypothesis

€ = p ™| Lt UL cos(uo)

Moy
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For the laminar sub-layer, 8.‘&) =0

For steady flow,
3
Sub-layer, SSk = 120 o./ Rea_

thickness
(66)
for 4000 < Re; < 100,000
%s. = a if Re, < 2000

- for 2000 < Re, < 4000 calculate the sub-layer thickness
by linear interpolation from the above limits

Define

Sub-layer thickness, Ss"(ﬂ = {20 ou/ Re
at any instance of time

- ~
where P\eaq'(ﬂ = 2-q,| LLH + W ces (wt:)l

*©

for the defined limits

To evaluate time-mean diffusivity define an equivalent viscosity,

@N\, for any instance of time
(a- i, 3

© =?|~_( % ﬂle. + LLcostb}

vhere R ) is a factor to allow for y variation of diffusivity
in the turbulent core.

It is assumed that the factor :? is approximately constant for
all conditions.

Evaluate mean value over period

.._ ©N=_<_‘;<G.-§5..® +QS\.°~{E'M +uoos@ub)

u, + /Llcos@:e)l

- g(s) SSL@
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. . @M =
where l ul o)
The equivalent time-mean diffusivity must be equal to the above

expression., It is assumed that the mean diffusivity can be expressed as
an equivalent laminer sub-layer, thickness S,_ , With turbulent core given

by N
_E__“ = f_"ﬁ c,-le U.H + ucoscwbﬂ

<

Sen 4 H(:sslm - By S%)IU.I@

g el

N

|[1M + W cos (.Nb)l

|EM + &,cos (,wU)I.'

this assumption simplifies the mathematical evaluation.
-@_M = i<3 e + H‘&luk“ - SE»
Evaluate se
[© .SE + Rc:plﬁl (G——%E)
= L. §s;. + ﬂcleUJ - H(.:p %s‘.@IU‘l&)

But

This analysis has approximated for quasi-steady conditions the
time-mean diffusivity in terms of_a laminar sub-layer thickness, 9%
and turbulent core diffusivity, Snc
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It can be shown that

En = Oley u, p,e,"i’(wr + 2B sin (XX) - 2XX>/1r

where XX = S—|Cl/3) for B > |
XX = O for © £ |
S = _gﬂi"ﬂt_n

: vy

where lm = E«»CT + 2.65'«\.()()(3 - lXX>
T

It can be seen from the equations that the core diffusivity is
a function of Dimensionless pulsation velocity (B), frequency (
(Frequency) ) and mean flowrate — the sub-ldyer thickness is in epedgant
of frequency. For B< 1, for a given flowrate and frequency, the core
diffusivity is unchanged but the sub-layer thickness is increased, with a
maximum at B = 1, relative to steady flow. For B > 1 the diffusivity of
the core is increased.

Although only quasi-steady analysis has been considered, one can
assume that changes in diffusivity can occur for higher frequencies - at
the other extreme, as W—>o00, the diffusivity is as for the equivalent
steady flow. Bogdanoff (42) showed experimentally, from measurements of

mean velocity profile, changes in mean diffusivity for a frequency of 270
Hz.

4.,1.6 Time-mean velocity

Equation 11 can be written as

2 [((prp&u)m) - 28
’e‘( By w v B+ & z.)

% 33 e Yt
Q

assuming that the turbulence_gtress can be expressed in
terms of a mean diffusivity &€,
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R.H.S. of the equation can be evaluated from the derived equations.

Substitution and integration gives

AX

Q@ = - Qysio(Ren)(2- e:ﬁs(scos@-_ s:_c£5>>>

Equation can be written as

A2 -
=X + Uns""(lwi>¢5(3°°scﬁs7'5‘““”33
Lz = - e ®s
where X = 3<"‘3
Integrate
Boundary condition
)_::, - O at 3 = a
2y
(s+E)d = X(y-=)
23
+ G‘m (_i%(ﬁ-s'm (_p:b - lcos(/ﬁ:j)
2P + e Py
where Grcq = R

Lln sin [ LwX
c

wle
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To evaluate mean velocity profile

Integrate
w = XJ_;__:_'AS

S +55&)
R L (s (B3 - 2= (B3) ) dy
2N g\p (,o-\-E,O + e - By

'l‘g_ evaluate X _
| Q_ﬁdﬂd:i: a u—
, XJ;°(3+EM) a Yy B ( C ) 2 Cﬁ)

- e -sin( B cos d

Gc,,jjzp = D2 CPs))agy

To solve the equations and evaluate the velocity profile, the mean
diffusivity must be known. An estimate of the profile can be made by
considering the two possible extremes of the system i.e. assuming quasi-
steady conditions (as derived in Section 4.1.5), and unchanged
diffusivity, relative to the equivalent steady flow, as defined for high
frequency oscillation (w—>c0). The results of these two conditions
would give an indication to the magnitude of the acoustic streaming
velocities. It is not possible to define the overall acoustic streaming
effects for turbulent flow due to the complexity of the equations and the lack
of an analytical solution - the integrals can only be solved numerically
(use Trapezoidal rule (58)). From the solution of the integral equations
the mean velocity Vv can be found by substitution in equation 10. By com-
parison of relative amplitudes, it was shown that the component v could
be neglected.

Relative to the work of the project, the equivalent channel flow
to the experimental pipe flow system was analysed to find the mean velocity
profile i.e. air flow, at 30°C, in a channel of width 0.04 m with Reynolds
number range 10,000 to 35,000, maximum Dimensionless pulsation velocity 6.0
and frequency range 25 Hz to 225 Hz. The system was analysed for both the
extremes i.e. quasi-steady and steady flow diffusivity. In both cases, the
acoustic streaming velocities were small (15% maximum in the turbulent core),
and the standing vortex formation was not predicted. It was considered
that, for the experimental investigation, acoustic streaming would not be a
major factor defining convective heat transfer.

The integrals can be approximated to give an analytical solution
-~ this is to give an insight into general effects of acoustic streaming
for turbulent flow. For the field of interest, the range of pulsation
variables can be limited from the literature survey - resonant frequencies
from 0 to 500 Hz, and maximum Dimensionless pulsation velocity 6. It is
assumed that the diffusivity is dependant on mean flowrate only.




AT

It has been shown that

- _ Cy == dy
t T xjcueo
P Acos d
+G’m11p (5+EW) ~(py) - . e—pn(ﬁj\a
= Ig + IB

Assume for the integral IB that the diffusivity can be approxi-
mated to the equivalent viscosity vy, as defined in the evaluation of the
acoustic velocity profile (s:.nce ’J—) QO as 3 -—959)

= Gy (3 - h’(és‘“(ﬁﬂ) ¥ 1‘”s(pﬁ>
5 p*

L’" + c."ﬁfi)

1 —
But P = W / ASy
Substituting for G’f_,\ gives

Ib x _/L:l_:_- sin (lwx>(3 - e j(és‘“(p\'}) +l°°5653\
3<c < + e FS}

By similar assumption y
e 1Y) J SR
a - G« a - s ~U oM
e
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For the equivalent steady flow

i.e. assuming the acoustic streaming components to be negligible

w= ol 3221“;3 ] &y

Assume that the velocity profile of the equivalent steady flow can be des-
cribed by the 1/7th power law.

wn Uyl

where Uc is the centre - line velocity

By substitution

1 AL L
T =W (yfa) -2l b sm(zwxj(' ﬂuc(;)’
A %] c um 2&? o
For the range of variables, the expression can be approximated to
L
5
IR 2 U-O (3/@)
A2
since ;L_l.".__l__ ( -3\« |
8 u,\ 2p

uo(:x{o)%

o e — P2 cos(Py) + bsn(py)
+?%J—%as (l __:_)(3 < ( J :e__%):j
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Compare to laminar flow

(0 s [200x\[3 = € (2cos (By) + b5in (B3)
+ A (1 X)(:’) J ( By :e_P:,)PJ

For laminar flow, the limiting viscous layer is close to the channel wall

i.e. € Py 2 O excopt for close to the wall

L3 3 B o)

Maximum size of vortex at X
i.e. S0 [Aw X
c

"‘k?:[lml—z-;__ﬁ
a3 Gayg) - 3 &

fl
W
>
~
[+ 1]

It
|

Vortex formation if

w: T.
% -:é‘ > %(1‘23-31)

The exact equations for predicting vortex size in laminar channel flow are
given by Purdy (59).
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For turbulent flow, by definition of the velocity profile by the
1/7th power law, the velocity gradients are greater in comparison to the
laminar profile close to the wall. Consequently, for the same relative
conditions, the size of vortex would be decreased i.e. reverse flow occurs
closer to the channel wall, But, for turbulent flow, the limiting viscous
layer is increased compared to laminar conditions - the effect on vortex
formation cannot be neglected.

Consequently, for x =3'} vortex formation is defined by

2 (5 - ™ (Rems (B« bom(ps)) > Ue(yla)
= + e ™

N
- 7
- it can be seen that for Y 43& 3 u’——)ucC:an)

as Yy —» O.
The increased velocity gradients and the increased limiting viscous layer
indicate that vortex formation would be limited to high amplitude oscilla-
tions - for the defined range of pulsation parameters, it would appear that
acoustic streaming was not a major factor in defining heat transfer.

But, to find the mean velocity profile, the derived integrals
must be numerically integrated for each set of conditions,

4.1.,7 Summary

The analysis derives the acoustic velocity profile by approximat-
ing the flow to laminar conditions using an equivalent viscosity - for very
limited experimental comparison, good agreement was obtained.

It is assumed that the time variations of the pulsations and the
turbulece are independant, but the time-mean diffusivity can be increased
or decreased due to the oscillating velocity - it is only possible to pre-
dict theoretically for quasi-steady conditions. For very high frequencies
(w9 —poo) the transport properties would be unchanged.

Assuming quasi-steady or steady-state diffusivity, the mean
velocity profile can be found by numerical integration. Relative to the
experimental investigation, an analysis of the equivalent channel flow
showed negligible acoustic streaming velocities - no vortex formation,
An approximate analytical solution indicated that the effect of acoustic
streaming on heat transfer, for the defined range of variables, would be
minimal for turbulent flowrates.



4.2 Convective heat transfer to a pulsating turbulent
flow in a pipe

It was decided to investigate the effect of the changes in mean
diffusivity, generated by the acoustic velocity, on heat transfer
coefficient - acoustic streaming effects are assumed negligible., But,
theoretically, it is only possible to derive the diffusivity for quasi-
steady conditions. TFor high frequency (w —»o0) steady-state diffusivity
is defined and thus, relative to the equivalent steady flow, heat transfer
characteristics are unchanged.

For practical systems, the conditions are between the two
extremes, If all oscillations are considered quasi-steady in order to
give a prediction of heat transfer, a frequency correction factor could
be derived from a comparison of experimental measurements and the predicted
coefficients., The factor would define the actual flow diffusivity, in
terms of heat transfer, relative to the quasi-steady diffusivity. By
definition of the changes in mixing coefficient, quasi-steady pulsations
would represent the maximum possible variation in heat transfer i.e. the
measured heat transfer changes would be less than the theoretical
predictions.

The aim of the project was to investigate time independant
energy transfer i.e. consider convective heat transfer to the mean flow.
The pulsations are defined to affect the mixing coefficient only i.e.
analyse as a steady flow with diffusivity dependant on the pulsation
parameters,

4.2.1 Steady flow

Consider a steady flow of air, at bulk velocity Up, in a pipe
of diameter 4 (radius R) with a constant heat flux input along the pipe
(q)

Co-ordinate system

de2R— — - - —rx(u.)

Ny

Energy equation
The following assumptions are made

(a) Low velocities

(b) Negligible pressure gradient
(¢) Symmetrical heat transfer
(d) Negligible axial conduction
(e) Perfect gas

(f) Constant properties
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For fully developed conditions,

E
o/
-
1

I 2 (r + ézu Eii
T (- 33\—)

where & = K/e CP

(66)

- the effect of the random turbulence fluctuations is considered by defin-
ing a thermal diffusivity, 6“ » Similar to the momentum diffusivity, EM .
By energy balance for the mean flowrate

f‘.l'“ = _QJ;_
A- X e CP R U,,,,
R/
where bulk air, Tm = 2 X cw T dr
temperature R* U.m

For fully developed flow with constant heat flux along the pipe,

I

-B—; d x

(66)

To simplify the integration methods assume u = Uh
Energy equation becomes

24 il l(p<og+5“3§T
eCp R r dr dr

Integrate
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from boundary conditions

ﬂ:o otr=o
d¢c

T:TC Q,CP:O

R

. T.—-T. = % r dre
N eCe R °(°'~+ En)

Velocity profile can be approximated to

w = W, C(K—r)/ﬂ>}1

By similarity assuming Prandtl number is close to unity

T -To o ((R=r)/R)7
T-T.

From definition of bulk air temperature

Tn—T\..,: 0-833
T;._’T;J

By substitution

T.~-T,= 0833 Y cdr
eSp R o(‘*-*'eﬂ

Karman-Boelter-Martinelli analogy (66)

Assume Em = 514 - the momentum diffusivity can be calculated from
shear stress and velocity measurements. This has been shown to be a reason-
able assumption if Prandtl number is close to 1.

The momentum diffusivity is defined by a laminar sub=layer and
turbulent core.

Laminar sub-layer %;
For ¢ 2 R - 1o R(,R"D

for KOOO € Re, < 'OOpE©oO



Turbulent core

-1
for o £ ™ < R - 120 R (Red) 8

£, =€, = o (0_935: (Re) 5 (R-1) -\)

M

(66)
By definition

Heat transfer, h = 5;—%%15—
coefficient L o

Nusselt number, Nug = %{Q = z-f—q-—T—y . -ﬁ-
= v oom

By substitution for the flow diffusivity, the Nusselt number can be
evaluated by numerical intergration - use Trapezoidal rule (s8).

From the theoretical derivation, it is shown that, for fully
developed conditions, local Nusselt number is a constant for a given
Reynolds number i.e. independant of position along the pipe.

4,2.2 Quasi-steady flow

Consider a resonant oscillating air flow, bulk mean velocity ﬁh,
in a pipe of diameter d (radius R) with constant heat flux input along the
pipe (4).

The oscillating flow is analysed for the mean flowrate i.e. the
flow is defined as steady with the thermal diffusivity dependant on the
pulsation parameters. It is assumed that the hydrodynamic and thermal
boundary layers are fully established.

It is assumed that

AT o dTn
d X d %

- if the rate of change of velocity amplitude along the pipe is small, the
local mean diffusivity can be considered to be the governing factor.

For a point along the pipe,

R
- - . % |‘d(=
—TZU -le - E§<:f’R‘ !;:;l *‘Ei‘\

where < = K/é C’P

- see previous section for assumptions and derivation
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It is assumed that the mean velocity profile can be approximated by
|

G,c, ((,K—r)/R>4'

By similarity

I ((R-9)/R)

$"\—Tw - 0-%33
T.- T
By substitution R
TumTa= O3 2 | cde
gce R oc:“*&ﬂ

Time mean HNusselt number

—_— q d
I\Iud. = T‘.,' _ Tm - k

To evaluate the mean Nusselt number the time mean diffusivity
at the point must be known. It is defined that the pulsations can be
considered quasi-steady. Consequently the diffusivity can be predicted
theoretically - assuming the Karman-Boelter-Martinelli analogy, the
mixing coefficient can be defined by a laminar sub-=layer and core
diffusivity (see Section 4.1.5). For the derivation of mean diffusivity
for a quasi-steady pulsating flow, it is assumed that the transport
proverties are dependant on the acoustic velocity and the mean flow
- acoustic streaming effects are considered negligible relative to con-
vective heat transfer.
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Laminar sub-layer, € R -%

where S &

(ol
ol
x
1
O

N

R-%¢

£ r

IN

Turbulent core, O

= £, =A—<":Mc v Epg

_E-;,‘ O-le CR—rwlerp _2_(65'\0()()( —XX)

XX = co (e fFor B > |

En
A

where

XX = O or B %
—_— L
En, = 3(9-73.& (ReD"r(R-J—Q

The equations can only be solved numerically - use Trapezoidal rule (58).

he analysis is rigorously applicable to a non-resonant pulsating
flow i.e.dW [dx = 0, By defining the rate of change of velocity amplitude
to be small, resonant oscillating flow can be analysed. Consequently, by
definition of this assumption, for a resonant flow Nusselt number at a
point, for fully developed conditions, is dependant only on the mean
diffusivity at that point i.e. for a given frequency and mean flowrate, the
heat transfer coefficient is a function of Dimensionless pulsation velocity
only.

The experimental investigation of the project was analysed to
give local heat transfer assuming quasi-steady pulsations. The following
system was analysed - air flow in a pipe of 0.04 m I.D, with mean Reynolds
number 10,000 to 30,000 for frequency range 25 to 225 Hz with a maximum
Dimensionless pulsation velocity 4 for fluid properties defined at a
temperature of 30°C. For a given flowrate and frequency, Nusselt number
was compared to the equivalent steady flow heat transfer over a range of
pulsation velocity (from B = 0 to B = 4). The results were compared to
the quasi-steady theory used by Hanby - see Appendix I. The theory is a
simplification of the derived method - the instantaneous diffusivity is
described by the steady flow function, using the instantaneous velocity,
for all frequencies (change in heat transfer is independant of frequency
of oscillation and mean flowrate),
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Define Improvement ratio, RA

Ry = Ed/Nude

where Nug, is the Nusselt number of the equivalent steady slow
See Figure 7 Page 58

The analysis shows that large increases in heat transfer occur at high
velocity amplitudes (in the reverse flow regime), but at lower amplitudes
Nusselt number is decreased with a minimum at B = 1. The minimum is
dependant on mean flowrate - the lower the flowrate, the greater the
decrease. The effect of frequency is more pronounced at lower flowrates
~ the higher the frequency, the smaller the change in heat transfer

(for B> 1). The functions are similar in variation to that given by the
simple quasi-steady method (as used by Hanby).

It is possible by the analysis to estimate local heat transfer
for an oscillating flow in a given system, under fully developed conditions,

from mean flowrate, frequency and velocity amplitude assuming quasi-steady
pulsations,

4.2.3 Frequency factor

The degree to which an oscillating flow can be considered quasi-
steady is dependant on the rate of change on the acoustic velocity relative
to the turbulence fluctuations of the equivalent steady flow.

The turbulence fluctuations can be described by an eddy frequency

Prandtl eddy, fg =§D
frequency t

for velocity fluctuations, @
Prandtl mixing length, €

(69)

The parameter is the reciprocal of the time for which any particular eddy
exists as an entity.

For the flow in a pipe

t = £(y)
where y = R-r1
@ =~ 0.05 Ty,

except for very close to the pipe wall

o £, ok B
y

(69)
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For the range of Reynolds number 4,000 < Req < 100,000 the velocity pro-
files are similar (u/ﬁh = f(y) ), and the majority of thermal resistance
is close to the wall

Consequently, relative to convective heat transfer, this area close to the
wall is of primary interest. From the definition of eddy frequency, it

can be seen that the turbulence frequency is high in this regime. TFor the
range of acoustic frequency of interest (0 to 300 Hz), it would appear that
resonance interaction between the oscillations and the turbulence fluctua-
tions is not a major factor for the defined region (see derivation of
acoustic streaming velocities - Section 4.1.4).

It is defined that the turbulence fluctuations can be represented
by the eddy frequency at y = 0.1 R (u/Uc:x 75%). Consequently for the
definition of heat transfer

e g

for the given Reynolds number range

Consider the acoustic velocity profile at a point along the pipe

A - R~
w, x U cos (wo) (1 - PR
- see Section 4.1.5

_ YR 0 o sin (=) (1 - c—ﬁ(_a-rs)
3t

For the important regime close to the wall the frequency of oscillation
can be considered the dominant factor in comparison to local velocity
amplitude relative to the rate of change of the oscillating velocity
gradient,

The degree to which an oscillating flow can be considered quasi-
steady is dependant on the rate of change of the acoustic velocity gradient
relative to rate of change of the turbulence eddies. Consequently,
relative to convective heat transfer, the relation to quasi-steady can be
defined by the ratio of the angular frequency of pulsation to the eddy
frequency of the equivalent mean flow

- as S —» 0, the flow tends towards quasi-steady oscillations.
The non-dimensional parameter is defined as the Strouhal number.

It was hoped to derive a frequency correction factor from a com-
parison of experimental results to the theoretical quasi-steady predictions.
From the discussion of this section, it was proposed that the frequency factor
would be a function of Strouhal number. But with the non-linear interaction
of laminar sub-layer and core diffusivity, the correction factor was
envisaged to be a complex function of Strouhal number,
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4.2.4 Summary

The theoretical investigation proposes that the acoustic velocity
can produce changes in the time-mean diffusivity assuming quasi-steady
pulsations. Assuming quasi-steady oscillations, large increases in heat
transfer, for fully-developed conditions, are predicted for high velocity
amplitudes (B > 1), but Nusselt number is also dependant on the frequency
and the mean flowrate. For a point, under given frequency and mean flow-
rate conditions, the heat transfer coefficient is dependant only on the
Dimensionless pulsation velocity at that point.

The assumption of quasi-steady pulsations predicts the maximum
possible changes in heat transfer - at the other extreme, for high fre-
quency oscillations (w3 —>e©), no change in heat transfer is predicted.
It was proposed that from a2 comparison of experimental results and pre-
dicted time-mean Nusselt numbers, assuming quasi-steady conditions, a
frequency factor could be derived - it was considered that the factor
vould be a function of Strouhal number,
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5. Pulsation generator

The first step in the experimental investigation was to develop
the pulsation generator. It was defined that the device was to produce
sinusoidal, resonantlongitudinal oscillations, over a frequency range of
5=500 Hz, superimposed on a turbulent flow in a pipe. Large amplitude
pulsations were required to produce momentary reversal of the air flow
(B>1). It was hoped to produce approximately sinusoidal waveform since,
by Fourier Analysis, all other functions could be predicted from the
results.

It was decided to use a siren for the project since it is a
simple device capable of producing high intensities. The siren is based
on a wheel vhich periodically interrupts an air jet - it is a fluid
regulator i.e. fluid flow is regulated by a time-varying orifice. As
the orifice rapidly opens, high pressure fluid is forced into contact
vith fluid downstream of the modulator. The resulting strain on the low
pressure fluid produces an acoustic wave., As the orifice closes a rare-
faction is created, and consequently a periodic pressure wave is generated.
Little work has been published on the design of sirens, despite the wide
usage - see references 70 - 75, It was obvious that the design of the
siren to the project specifications would be mostly an experimental
approach and not theoretical.

The basic format for the system was chosen - a known flowrate
of air was to be supplied from a compressor to the siren. By enclosing
the siren wheel in a sealed plenum chamber, the driving air supply was
to be used as the mean flowrate for the heat transfer measurements. The
flowrate was to be measured between the compressor and siren, and con-
sequently no pulsations must be transmitted back along the inlet line to
the flowmeter. A silencing chamber was to be used to decrease the
laboratory noise level.

See Figure 8 Page 62

5.1 Design
5.1.1 Air supply

A two-stage, reciprocating compressor, with a receiver pressure
of 10.5 bars gauge, supplied air to the siren (model 15T type 30 manu-
factured by Ingersoll Rand Ltd.). A water-cooled, counter-flow heat
exchanger was designed for the outlet line of the compressor to maintain
constant temperature supply to the flowmeters — maximum variation + 4°C
over a 4 hr, test. The supply flowrate was measured by two Gapmeters in
parallel (Types IGU/29F and IGU/15F manufactured by G.A. Platon Ltd.).

The combined range was 0.1 x 102 to 6.0 x 10-2 Kg/s at 7 bar gauge and
15°C, The Gapmeters vere calibrated by the manufacturers to an accuracy

of + 14% of full scale deflection. The calibration pressure was maintained
by a pressure regulator, and any temperature variation was corrected from a
measurement of air temperature in the plenum chamber. The flow was con-
trolled by two parallel gate valves downsteam of the flowmeters. A maximum
flowrate of 2.2 x 10-2 Kg/s was available to the siren. Transducer
measurements for pressure oscillations close to the flowmeters showed no
variation in pressure over the frequency range - steady flow supply could
be assumed.
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5.1.2 Siren

The siren rotor was a 0.178 m diameter disc of mild steel, with
20 orifices of 9.54 mm diameter symmetrically placed around the circum-
ference - see Figure 9 Page 64, The drive shaft (31.8 mm diameter) was
belt driven from a variable speed D.C. motor. The motor was a ¥ h.p. 110
V D.C. shunt interpole machine, with maximum speed of 2,100 r.p.m. — a
rectified mains driver circuit was designed. The speed could be controlled
by a 10 amp. variac on the A.C. supply line. Shaft speed (from which
acoustic frequency was calculated) was measured from a disc on the shaft
by an electro-magnetic transducer - frequency range was 20 to 450 Hz.

The seal between the rotor and test section was produced by a
P.T.F.E. faced flange - the stator. The stator orifice was of the same
diameter as a rotor orifice.

The necessary pressure rise on closing of the stator orifice was
generated by using a high speed flow of the supply air directed onto the
rotor (by using small diameter nozzles). Various jet diameters were used
- in the range 3.17 mm to 9.54 mm., The gap between the nozzle outlet and
rotor face was approximately 12.7 mm.

The rotor and stator were enclosed in a plenum chamber to provide
a seal - the chamber also acted as an expansion volume to prevent pressure
oscillations in the air inlet system. The plenum chamber volume was
approximately 0,018 m3, Transducer measurements in the chamber showed that
the oscillation amplitudes, for all frequencies, were negligible -
conditions in the plenum volume could be considered steady. A spring-loaded
lip seal was used between the drive shaft and the chamber, but under test
it was found to leak. Since it had been shown that flow in the chamber
could be considered steady, the leakage flowrate was calibrated against
mean pressure of the plenum chamber, which was measured by a water manometer
- maximum loss of 10%.

In order to increase pressure amplitudes for low flowrates, a
by~pass line was fitted to the plenum chamber., The amplitude generated
by the device was dependant on the mass flowrate in the supply nozzle and
not on the flowrate in the test section. The by-pass line allowed a known
flowrate to be bled from the chamber and discharged to te atmosphere.
Consequently, a higher Bimensionless pulsation velocity (B) was produced
for the decreased flow in the test section. The bleed air flow was con-
trolled by a gate valve and measured by a low pressure rotameter (Type 35G,
produced by Rotameter Co. Ltd., range 0.1 x 10-2 to 1.0 x 10-2 Kg/s at
atmospheric pressure and 20°C - the rotameter was calibrated against the
supply flowrate Gapmeters). This method could only be used because the
conditions in the chamber could be regarded as steady.

See Figure 1| Page 67

5.1.3 Amplitude control

A requirement for the heat transfer investigation was that the
oscillation amplitude could be independantly controlled relative to the
mean flowrate for a given harmonic -~ quarter-wavelength damping pipes were
used i.e. variable length side-branches perpendicular to the test section.
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Fig.10 Diagrammatic representation of Siren
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Side branches have been used as acoustical dampers for combustors
and for the exhaust pipes of I.C. engines - see References 5, 76-78. Hanby
(9) used similar devices in an investigation of heat transfer from pulsating
flow. Basically the length of the side pipe is adjusted, by a movable
piston, to give a distance equivalent to the quarter wave-length of the
frequency (Li = ¢/4f). Wave reflection generates a standing wave with a
node at the junction of the pipes - consequently a large attenuation in the
pressure amplitude in the dovwnsteam test section is produced, Maximum
decreases of 95% have been measured using this method (78). By using
positions offset from the guarter-wavelength, the amplitude could be varied
hetween the maximum and minimum. The side branches must be placed close to
a pressure antinode for greatest efficiency.

For the project two side branches of 25.4 mm I.D., were placed
between the siren outlet and the test section. The maximum available
length for each pipe was 1.0 m - the side branch length was controlled by
a wood piston.

5.1.4 Test section

To investigate the system performance a test section was designed
to enable the measurement of the resonance characteristics i.e. harmonic
frequencies and pressure amplitude distribution - this was replaced by the
heat transfer section after the development of the generator.

A pipe of internal diameter 40.0 mm and acoustic length of 2.0 m
was modified to enable pressure amplitude to be measured at 15 points along
the pipe. The maximum possible mean flowrate in the pipe was 2.0 x 10~2

s - equivalent to Reynolds number (Red) 35,800 at 15°C.

In the project, pressure amplitudes were measured using quartz
crystal piezoelectric transducers (Kistler type 601A). The measuring range
was O to 250 bars with a scale linearity of 0.25%. The output from the
transducer was displayed on an oscilloscope using a charge amplifier - the
amplitude was measured from the screen. The frequency of the oscillation
could also be found from the trace and compared to the shaft speed
measurement.,

5.1.5 Silencing chamber

A chamber was constructed to give a volume of approximately 3 m3
- it exhausted directly to the atmosphere. The sides were lined with
fibre-glass insulation and acoustic tiles. Over the range of operation an
average decrease of 50% in room sound level was measured.

See Figure 11 Page 67
5.2 Characteristics

The resonance characteristics of the test section were investi-
gated to measure the siren output.

The pipe was tuned to resonance by varying the frequency of
oscillation to give maximum pressure amplitude at x = 0, and a standing
wave distribution i.e. a system of nodes and antinodes along the pipe,
with a phase change of 180° at nodes. It was found that resonance also
corresponded to maximum sound level in the room.
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From inviscid flow theory (see Chapter 3), the resonant fre-
quencies for a closed/open pipe are given by

C
=(2n-1) 4LA

'fOI‘ n= 1’2’3 seoven
- for air temperature 288°K, c = 340.0 m/s

Since Ly = 2.0 m, the following comparisons could be made between experi-
mental and theoretical values.

Experimental Theoretical
Fundamental 40.2 42.5 Hz
1st harmonic 122.3% 127.5 Hez
2nd harmonic 206.0 212,.0 Hz
3rd harmonic 280.8 298.0 Hz

The standing wave distributiomswere as expected i.e. the position
of the nodes and antinodes, and phase changes of approximately 180° across
the nodes. Node amplitude was not zero due to imperfect wave reflection.
Experimental and theoretical oressure amplitude modulus are shown in com-
parison for the fundamental and 1st harmonic,

See Figure 12 Page 69

The theoretical variations were derived from inviscid flow theory using
the measured values of pressure amplitude at a node and antinode. For

higher harmonics (f > 280 Hz) there was a reduction in maximum pressure
amplitude due to a decrease in wave reflection from the open end.

The waveform of the oscillation was analysed using a wave analyser
i.e, Fourier analysis into harmonic components by electrical filters (A.F.
Analyser type 1461A manufactured by Dawe Ltd.)., For all conditions, the
main harmonic was 3 x the frequency with maximum distortion, given by a
comparison of harmonic amplitude to main frequency amplitude, of 15%.

The experimental results justified the use of the small pertubation,
inviscid flow theory to predict resonant frequencies and pressure amplitude
distribution. The theory was used to predict velocity amplitudes from
pressure amplitude measurements.

Velocity amplitude distribution

w, o= /( ﬁ: sin"(‘”%) + &: c.os‘*(“"%)) cos(wt)

- A
where u A - _c:._ Pﬁ
%P
A Al
W, = - = -y
N ¥

- see Chapter 3



Closed Open

Closed Open
= 125 Hz
iz .
|7 8
x103 N/m2
4 L
0
o

FFig.12 Comparison between experiment and theoryv
for pressure amplitude modulus

Theory

X Experiment



70

No measurements of velocity amplitude were made but Bogdanoff (42) showed,
under similar conditions, that predicted values from the given method
agreed within 5% of the measured centre-line velocity amplitude.

The velocity amplitudes at an antinode are shown against air
supply flowrate, for two jet sizes, for the 2nd harmonic (f = 200 Hz).

See Figure 13 Page 71

For a given frequency, the amplitude was a function of flowrate and jet
size only. It had been shown that an important parameter for the investi-
gation was the Dimensionless pulsation velocity (B). The maximum values
of this velocity are shown as a function of mass flowrate in the test
section.

See Figure 14 Page 71
The complex variation was due to the use of the by-pass line from the plenum
chamber. The results showed that 'reverse flow' could be obtained under all
conditions with a maximum of 500% (B = 6) at the lower flowrates.
The amplitude control system had a maximum attenuation of 8% at
the lower harmonics (defined by the reduction in amplitude at a pressure
antinode). The effect of length of side branch on pressure amplitude is
shown for the 1st and 2nd harmonics (f = 125 Hz and f = 200 Hz).
See Figure 15 Page 72

The table below shows a comparison between the length for maximum attenuation
from the experiment and theory

Experimental length Theoretical length

Frequency —om —em
125 Hz 69.5 67.9
200 Hz 43,0 42.4
280 Hz 31.0 30.4

where Theoretical length, Li = ¢
4T

High attenuation for the fundamental frequency was not possible due to the
limited length of the side branches - this was later modified by using a
flexible hose to extend the tuning pipe. For higher harmonics (f > 280 Hz)
the efficiency of attenuation was decreased due to the position of the side
pipes relative to pressure nodes. Two side branches had been included in
the original design so as to enable both amplitude control and harmonic
control i.e. to give a pure sinusoidal oscillation. It was found that
waveform control was unnecessary - see earlier discussion of harmonic content.
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5.3 Summary

The siren had a frequency range of 20 to 450 Hz, and was capable
of producing large amplitude oscillations. The pipe acted closed/open
acoustically, and the resonant frequencies and standing wave distribution
could be accurately predicted from inviscid flow theory. Under resonant
conditions, a maximum Dimensionless pulsation velocity of 6 was possible
and, for all flowrates, the maximum amplitude at velocity antinodes was
such to give momentary flow reversal. The waveform could be assumed to be
sinusoidal - maximum distortion of 15%. Independant amplitude control was
possible with the variable length side branch - maximum attenuation of 84%.
But for higher harmonics (f > 280 Hz) the amplitudes were decreased, and
amplitude control was poor with the maximum attenuation level decreased.
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6. BExperimental Heat Transfer

The requirements for the experimental investigation have been
stated - a comparison of time-independant local heat transfer of a resonant,
oscillating turbulent air flow, of known frequency and amplitude, to the
heat transfer coefficients of a steady flow of the same mean flowrate.

The pulsation generator has been designed and evaluated, and the acoustic
test section had to be replaced by the experimental heat exchanger.

It was decided that the energy source would supply a constant
heat flux along the pipe. Assuming no energy loss, from measurements of
the bulk air temperature at the inlet to the heat exchanger and the heat
flux, the bulk air temperature at any point along the pipe could be
calculated by a simple energy balance - a constant heat flux input would
give a linear rise in air temperature along the pipe. Heat transfer co-
efficients (and Nusselt Numbers) could be calculated from measurements of
local wall temperature. Heat transfer coefficients for a constant heat
flux system can be predicted theoretically for fully developed conditions
for a steady flow (see Section 4.2.1).

For the investigation of energy transfer to the oscillating flow,
time-mean coefficients only were calculated - no provision was made for the
measurement of instantaneous temperatures. With the same mean flowrate and
energy flux, the increase in time-mean bulk air temperature would be the
same as for the equivalent steady flow (assuming the same energy loss).

Any change in the mean heat transfer coefficient at a point, due to the
oscillations, would be shown by a change in the average wall temperature at
that point.

Acoustic wave propagation in a mean flow of an inviscid fluid
with energy transfer has been investigated. For a defined linear change
in velocity of sound along a pipe, the resonant characteristics can be
predicted theoretically. The velocity of sound variation for a linear
rise in temperature (as given by constant heat flux input) can be approxi-
mated to linear function of velocity of sound if the change in temperature
is small. It was decided to define a maximum temperature rise of 40°C
along the test section. But it has been shown for a small change in
temperature that adiabatic theory with & mean velocity of sound can be
used to predict velocity amplitudes - see Section 3.2.

6.1 Design

6.1.1 Heat exchanger

The test section was a thin-walled copper pipe of 40.0 mm I.D.,
0.794 mm wall thickness and length 1.71 m. The constant heat flux source
was produced along the pipe by electric surface heating using a flat
element heating tape (type G100-180 produced by Hotfoil Ltd.). The tape
was closely wrapped around the pipe, on top of the wall thermocouples with
no longitudinal spacing in order to prevent 'ripple' input. (Surface
temperature measured by thermocouples - see Section 6.1.2). Aluminium foil
was used as a thermal mass between the thermocouples and the heating tape -
preliminary work showed that the heating tape produced 'hot spots' which
gave a large deviation in wall temperature distribution. The heating
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elements were insulated from the pipe surface and the thermocouples by a
woven glass-cloth covering. The tape had a maximum loading of 2.8 KW from
a 240V A.C. supply, and a safe surface operating temperature up to 450°C -
it had a length of 9.0 m width 25.0 mm and thickness 1,5 mm., The supply
was controlled by a 15 amp variac, and the energy input was measured by an
ammeter (range O-10 amp) and voltmeter (range O-150V). The system vas
insulated by moulded pipe sections of a calcium silicate insulant,
Newtherm 800 (produced by Newalls Insulation Co. Ltd.). The thermal con-
ductivity, at a mean temperature of 50°C, was 0.0515 W/m°C, and the
maximum allowable hot face temperature was 800°C. The thickness of insula-
tion was 75.0 mm.

To produce fully developed hydrodynamic flow at the inlet of the
heat exchanger, an inlet section (length 0.5 m, 40.0 mm I.D.) was placed
between the pulsation generator and the heat exchanger. Preliminary work
showed that, for pulsating flow, vast increases in heat transfer were found
at the exit of the heat exchanger - this was due to cold air drawn into the
pipe. But the effect was not a representation of the conditions in the
exhaust pipe of a pulsating combustor, and an outlet section (length 1.0 m,
40.0 mm I.D.,) was placed at the exit of the heat exchanger. Both inlet and
outlet pipes were used to mount pressure transducers (see Section 6.1.4).

6,1.2 Wall temperature measurement

Wall surface temperatures were measured by Copper/Constantan
thermocouples. It was assumed that the temperature drop across the thin
wall of the copper pipe was negligible, and the thermocouples were mounted
on the outer wall of the pipe.

The junctions were formed by twisting the two constituent wires
together, and silver soldering for good electrical contact. The junctions
were electrically insulated by applying a thin covering of araldite.

The thermocouple wire was calibrated against N.P.L. calibrated
thermometers (i 0.1°C) using a constant temperature oil bath. The bath was
thermostatically controlled with a maximum operating temperature of 200°C.
The results agreed with the standard calibration curves (79) to within 0.5%.

The positions of the nodes and antinodes in the heat exchanger
for the first five resonant frequencies (fundamental to 4th harmonic
inclusive) were calculated, and thermocouples were placed at these points.
Allowance was made for the thermal entrance length by a high density of
thermocouples close to the heat exchanger inlet - a total of 29 wall
thermocouples were used. The thermocouples were sellotaped into position
on the pipe wall - the heating tape and aluminium foil held the thermo-
couples in position. The measuring system for the thermocouples is shown.

See Figure 16 Page 76

The reference zone was an insulated box containing the junctions of the
thermocouple wires and the copper connecting wires - the temperature of the
zone was measured with a calibrated thermometer (i O.5°C). The generated
voltages were measured by a digital voltmeter using a data logging system
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(Data Transfer Unit type 320 and voltmeter type LM 1604, manufactured by
Solatron Ltd.) - the output was printed on a paper tape (Addmaster type 35
manufactured by Addmaster Co. Ltd.). But, due to limited input channels
to the transfer unit, a selector switch had to be incorporated in the
design. The arrangement enabled all wall temperatures to be measured
relative to a reference temperature, and the equivalent voltages recorded
on a paper tape print out.

6.1.3 Air temperature measurement

Air inlet temperature was measured by three copper/constantan
thermocouples in the plenum chamber of the siren. The thermocouple wire
and the measuring system were as for the wall thermocouples.

It was required to measure the bulk air temperature at the outlet
of the heat exchanger in order to check the method of calculating tempera-
ture distribution along the pipe (by mean flow energy balance with
correction for insulation losses). By the definition of bulk temperature,
it is a difficult quantity to measure in fluid flow (see Section 4.2.1 for
definition). But, under steady conditions, for fully developed turbulent
flow, a direct relationship exists between bulk temperature, wall tempera-
ture and centre-line temperature.

Ty - Tn
Ty - Te

= 0.83%3

(66)

A stand was designed to mount a copper-constantan thermocouple at the
centre line of the outlet of the heat exchanger. The measuring system was
as for the air inlet thermocouples. Stagnation effects due to the air
velocity were negligible. The above equation cannot be assumed for
oscillating flow - results of temperature measurements in pulsating flow
are given in Section 6.6 '

6.1.4 Measurement of pulsation variables

The acoustic length of the pipe system was 3.5 m - assuming
closed/open acoustic properties, for ambient conditions of 15°C, the
fundamental frequency was 24.3 Hz. The resonance characteristics were
investigated under ambient conditions - the results were as expected
relative to the previous work in the testing of the pulsation generator
(see Section 5.2).

It was decided that the maximum temperature rise of the air would
be limited to 40°C to enable the use of adiabatic wave propagation theory.
Preliminary work with the heat exchanger showed that the assumption was
correct by measuring pressure amplitude distributions with a transducer
probe. For the experimental investigation, the energy input of the heating
tape was adjusted to give the same temperature rise for all mean flowrates
in order to give the same resonant frequencies.
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Transducer tappings were made, in the inlet and outlet sections of
the test pipe, corresponding to the predicted positions of nodes and anti-
nodes for the first five harmonics (fundamental to 4th harmonic). From
measurement of pressure amplitude at a node and antinode, the velocity
amplitude distribution could be calculated. The frequency of oscillation
was measured from the siren drive shaft by an electro-magnetic transducer.

See Figure 17 Page 79

6.2 Experimental Programme

Due to the available compressor and chamber lezkage, the maximum
possible flowrate in the test section was 2.0 x 10-2 Kg/s - this gave an
upper limit of Reynolds number 35,750 for ambient conditions of 15°C. The
minimum flowrate, for the full frequency range, was defined as 0.6 x 10-2
Kg/s due to non-equilibrium air temperature in the plenum chamber produced
by friction heating in the drive shaft seal - this gave a lower limit
Reynolds number of 10,700 at 15°C. The following mean flovwrates were used
in the project

Mass flowrate Reynolds No.
w - Kg/s - Reyq
0.0080 14,300
0.0115 20,550
0.0145 25,900
0.0175 31,250

for fluid properties defined at 15°C.

From the evaluation of the pulse generator, the upper frequency
limit was defined at 250 Hz due to decreased amplitudes and inefficient
wave attenuation by the side branch control. For a temperature rise of 40°C
in the heat exchanger, the resonant frequencies were found to be 25.0 Hz,
75.0 Hz, 125.0 Hz, 175.0 Hz and 225.0 Hz within the defined frequency
range. It was not possible to control the oscillation amplitude for the
fundamentel frequency (25.0 Hz) due to the limited length of the side branch.

For a given mean flowrate, heat transfer measurements were made
for each of the defined harmonics for different pressure amplitudes. For
comparison, heat transfer coefficients were measured for the equivalent
steady flow. The pulsation amplitude was controlled by the quarter-
wavelength side branch - results for the condition of maximum attenuation
were important in that a direct comparison could be made to the equivalent
steady flow. PFor a given flowrate and frequency, measurements were made
over the complete range of possible amplitudes i.e. from zero to maximum
attenuvation.

6.3 Test Procedure

Equilibrium conditions were defined as constant wall temperature
i.e. maximum variation of + 1°C. It was found that the approximate time
to reach equilibrium from cold start was 1 hour, and half an hour for every
subsequent change in conditions.
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For each test the following measurements were taken for the
equilibrium state

Mean air flowrate

Gapmeter

-~ Bleed rotameter

- Plenum chamber pressure
Bnergy input to heating tape

- Voltmeter

— Ammeter
Air inlet temperature

- Thermocouples in plenum chamber (3)

Air outlet temperature

- Centre-line thermocouple at heat
exchanger outlet

Wall temperatures

- Thermocouples (29)

Reference zone temperature

- Thermometer

Room temperature

- Thermometer

For unsteady flow, the following additional parameters were
noted

Frequency

- Siren shaft transducer

Pressure amplitudes at node and antinode

- Pressure transducer

Prom the experimental measurements, local Nusselt number was calculated for
positions along the heat exchanger

- See Section 6.4



6.4 Data Reduction

- to calculate local Nusselt number.
For the heating tape,

Let voltmeter reading = V volts

ammeter reading = I amps

.e Energy output from, éE =V.I watts
heating tape per sec
Surface area of heat = wdl me
exchanger
where d = 0.04 m
L=1.711m

Qe 18 KH/n°
d L

’.  Energy output/unit area, qp =
per BSec

Consider inlet to heat exchanger (x = o)
Bulk air temperature = Tm(o) °K
(measured in plenum chamber of siren)

Measured wall temperature = Tw(o) °K

Consider point x incremental distance $x from inlet,

Measured wall temperature = TW(x) °K

By linear interpolation,

Average wall temperature
over distance,

Ta(gx ) K

- assuming the distance %% to be small

* (u(x) * Tu(o)) K

81
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- 2wKy
I 3x T - T
Energy loss over length %x = Too /T2 ( v($x) R.1.)
loge(__)
™ KW

where Kj = thermal conductivity of insulation
= 0.0515 x 10=3 KW/m °K

ro = r1 = thickness of insulation

= 75.0 mm

r, = 99.0 mm

ry = 24.0 mm
TR.T. = ambient temperature of laboratory °K

(62)

- the outer surface temperature of the insulation could be approxi-
mated to room temperature.

S. Energy input, Qqy = _I-.E- . % . 1070
over distance .
per sec
- 2w K3 %% (T"T(Sx y - Te.p.)
1°ge(£§)
rq

K.

Apply steady flow energy equation to mean flow of air

S Qg =0 Cp (Tp(yy - Tyy) KW
where i = mean mass flowrate Kg/s
Cp = specific heat at constant pressure

1.00 KJ/Xg °K

over temperature range.

= Ssa_ 0
o Tm(x) = Tm(o) + ﬁ 65 K

By similar method, the bulk air temperature was calculated along the pipe
by successive calculations - the accuracy of the predictions is dependant
on the step length ox .
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For point x

. - - 2
Energy loss/unit area, U (x) = Z_El (Tw(x) TR.T.) KW/m
per Sec dloge(f_z..)
r

1

o Energy input to/unit areaﬁn==:éE KW/m2

- q
air flow L(X)

By definition .
G - 9
Heat transfer coefficient, h(x) = (TE (x) KW/m2°K

w(x) ~ Tn(x)’

S.  Nusselt number, Nud(x) = h(x) . %

where k = thermal conductivity of air

— all fluid properties used in the experimental calculations vere
defined at local bulk air temperature. The property tables are given in
reference 80.

Similarly the local Nusselt number was calculated for positions along the
pipe from measurements of local wall temperature.

For pulsating flow, the velocity amplitude distribution was
calculated from measurements of pressure amplitude at a node and antinode
from inviscid flow theory - see Section 3.1. The frequency of oscillation
vas calculated from a measurement of the siren drive shaft speed. From
these calculations, the Dimensionless pulsation velocity (B) and the
Strouhal number (S) were found for points along the heat exchanger.

B = ﬁ/ﬁh
8 = @d/U,

It can be shown by dimensional analysis that for fully developed
turbulent flow in a pipe

Nug = £ (Reg, Pr, T,/T,)
(62)
Previous experimental investigations have been correlated in terms of the
non-dimensional parameters - the following expression can be used to pre-

dict heat transfer coefficient for a constant heat flux source for
3,000 < Red < 100, 000.

Nug = 0.023 (Reg)®"2(Pr)%*(1y/m) %"

(66)



84

It was decided to express the experimental heat transfer characteristics
in terms of the non-dimensional W where

. - 0.8 0. 0.

¥ = N/ (Reg) O O(pr) 0 (1/2,)°2)

— define W as the flow independant Nusselt number
For the experimental results for steady flow, the function should be a
constant for fully-established conditions, and approximaetely equal to
0.023 - the given equation is a derived function to approximate previous
experimental results over the defined range of Reynolds number, and a
better estimate can be found from the solution of the energy equation for
a given flowrate (see Section 4.2.1).

For a pulsating flow, it has been shown for local heat transfer,
with fully developed boundary layer, that

-I:Iud ~ g (-ﬁ—e-d 9Pr9—r-[‘—n:/ Tw9B’S)
assuming dependance on local pulsation parameters only
(42)

It was assumed that the following expression could be defined
- = 10.8 0.4, 0. =
Noy = (Roy)0%(er) 04 (Te/T,)° %6 (Rey, B, 5)

i.e. the effect of fluid properties and transverse temperature gradient
were assumed similar as for steady flow. The effect on pulsation parameters
was considered negligible

oo l_'i= g'(-ﬁ—e-d,st)

A comparison between the flow-independant Nusselt numbers was
made between the pulsating flow and the equivalent steady flow.

See Section 6.6

6.5 BError analysis

The maximum possible experimental errors in the parameters of
the investigation are considered.

It is assumed that

a) No personal error

b) No environmental error

¢) No computational error
The error is considered relative to the instrumentation i.e. consider the
maximum errors in the derived parameters from the possible errors of the

measuring instruments. The estimations of the errors are shown in
algebraic form to demonstrate the method of prediction.

- for Laws of Propagation of Errors see reference 81
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Consider the major variables of the project i.e. Nusselt number,
Reynolds number, Dimensionless pulsation velocity and Strouhal number.

Nusselt number

Wug = hd _ 4
d=% " (1, -1, "k

But
m _ 9 ®d

- see Section 6.4 for method of data reduction

The following assumptions are made

a) Negligible error in scale measurements
e.g. pipe diameter, length

b) Relative to the errors in bulk temperature,

the physical properties of the air can be

considered to have negligible error

. E' E. L
+« Error in bulk air ETm(x) = ETm +(_9-"ml\d .'“'d « X
temperature (o) é é é Cp
<. Error in temperature K - =Ep - E
& Ty, i . T
difference (“(x) m(x» W(x) (o)
- (fa-Fa)a. 7% x
. . c
m m P
q
But h =
O 7 ) = T
.. Fractional error in heat BEp Fq (ETW( ) - Tm( ;
= - o
transfer coefficient ——LE) - =

h(z)  q  (Tux) = Tm(x))

o (o,
?Th(x) - Tm(x)) qQ njncC
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Reynolds number

Flow independant Nusselt number
0.8 0. 0.
W = Nug/( (Req)®*8(pr)® *(1p/1,)°"?)

The experimental results were expressed in terms of the non-
dimensional VW - see Section 6.4.

. Ey u 0.8 0.5( B m B
A (X) _ EN d(x) _ ERed(x) _ T (x) _ TW(X)

W(x) Mua(y)  Rearyy n(z)  Tw(x)

Dimensionless pulsation velocity

A -
B(x) = Y(x)/Un(x)

A
The velocity amplitude, U, along the pipe is calculated from
pressure amplitude measurements

s -

«» Fractional error of, Ep EB
the dimensionless pulsation .__Lﬁl -15—
velocity A

Strouhal number

5 = 6a/Ty )
v=2vwf

X E .
.. TPractional error FS(x) __f_ Ep

of Strouhal number S(x) f 'Er



87

The relevant instrument accuracies can be defined.
Mass flowrate
Gapmeter accuracy + 1.25% F.S.D.

- it is assumed that the chamber loss and the bleed
system have negligible errors relative to the supply
flowmeters

Energy flux
Heating tape
Voltmeter resolution + 0.7% F.S.D.
Ammeter resolution + 1.0% F.S.D.

- the possible error of the heat flux calculations is
assumed negligible relative to the heating tape errors.

Temperature

Calibration error +0.1°C
of thermocouple wire

Resolution of digital + 0.25°C
voltmeter

Pulsation parameters
Pressure amplitude measurement
Oscilloscope resolution + 3%

— it is assumed that possible errors of the transducers
and charge amplifiers are negligible relative to the
oscilloscope resolution.

Frequency measurement

Counter resolution + 2%

For the flow-independant Nusselt number, the maximum possible
error is a complex combination of the measurement errors. The error can
only be defined for individual positions along the heat exchanger, and
due to the interaction of the measuring errors, a wide range of possible
errors is predicted. From a consideration of the range of parameters, it
is proposed that, for approximation, an average error of 20% for flow-
independant Nusselt number can be defined. The errors for the other
parameters can be predicted directly from the relevant instrument errors.

The analysis can only be considered to give an indication of the
possible maximum errors. 3ince the convective heat transfer for a fully-
developed turbulent flow can be predicted theoretically for a constant
heat flux input (see Section 4.2.1), an estimate of the performance of the
experimental system can be found from a comparison of the theory to steady
flow results.
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6.6 Results

It was found that an energy loss occurred at the exit of the
heat exchanger to the outlet section. This loss could not be allowed for
in the calculations, and consequently results in the last 10 cm of the
heat exchanger were not considered. Due to this loss, the measurements
of outlet air temperature for steady flow had limited meaning. But the
maximum difference between measured and predicted bulk air temperature
was 14.8%. The difference was accepted considering the unknown energy
loss.

The experimental results are recorded graphically in terms of
flow-independant Nusselt number (W) against position in heat exchanger
(x) - the results for mean flowrate 0.0115 Kg/s are reported in this
section.

See Figure 18 Page 90 to 95

The majority of the results for the other flowrates are given in Appendix
ITI.

The thermal entrance length for all the flowrates under steady
conditions was approximated to 50 cm - see graphs. The flow-independant
Nusselt number can be predicted from the energy equation for fully-developed
conditions (see Section 4.2.2) - approximately equal to 0.023 as discussed
in Section 6.4. The following table gives a comparison between experimental
and theoretical determinations. The experimental result was found from the
appropriate graph.

Req W W % difference
exp. theory

14,300 0.0250 0.0240 + 4.16

20,550 0.0230 0.0232 - 0.86

25,900 0.0230 0.0227 + 1.32

31,250 0.0220 0.0224 -1.79

for Reyq defined at air temperature of 15°C.

The agreement between theory and experiment justified the experimental
system and the methods of analysis (compare to maximum error limits - see
Section 6.5). The repeatability for the experimental results was within
3% ~ all tests were repeated to check the limits of variation.

The results for pulsating flow are shown in comparison to the
fully-developed flow-independant Nusselt number of the equivalent steady
flow, and also relative to the positions of the velocity nodes and anti-
nodes. It was obvious that large increases in heat transfer occurred
relative to the equivalent steady flow e.g. local increase of 100% for the
fundamental frequency (25 Hz) - see Figure 18b Page 91. But decreases in
Nusselt number were also measured e.g. local decrease of 17.5% for the
1st harmonic (75 Hz) - see Figure 18c Page 92.
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The general indications were that the effect of oscillations on
local heat transfer were complex, and dependant on both frequency and
local velocity amplitude. Measurements for conditions of maximum attenu-
ation showed that any change in heat transfer was due to the acoustic
oscillations - the results agreed with the equivalent steady flow to
within + 3%.

No indication was given by the experimental results that acoustic
streaming flow patterns were influencing the heat transfer - characteristic
streaming effects are given in Section 2.2. Theoretical predictions of
mean velocity profiles indicated that acoustic streaming would have a
negligible effect for the range of parameters in the experimenteal programme
- see Section 4.1.6.

Centre-line temperature was measured at the outlet of the heat
exchanger under pulsating conditions. It was found that the thermocouple
reading was dependant on the velocity amplitude at that point. Further
tests, under ambient conditions, showed that errors of the order of -20%
were given from thermocouples in the oscillating air stream - the larger
the velocity amplitude at the point, the greater the error, These limited
results showed that simple temperature measurements in an oscillating flow
must be regarded with some doubt.

The experimental results were analysed in terms of local heat
transfer relative to local Dimensionless pulsation velocity.

- see Chapter 7
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Figure 18 a/j Experimental heat transfer

- Local flow-independant Nusselt
number against position in heat

exchanger

Mean air flowrate m 0.0115 Kg/s

Reynolds number, Re

d 20550

at bulk air
temperature 15 C

Results are shown for five frequencies

f = 25, 75, 125, 175, 225 Hz

for different pressure amplitudes relative
to the equivalent steady flow (compared to
the fully-developed flow-independant Nusselt
number )

Results for the other mean flowrates are
given in Appendix III.
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T Frequency factor evaluation

It has been proposed for pulsating flow that, for a given
Reynolds number and Strouhal number for a system, the change in local
heat transfer relative to the equivalent steady flow is dependent only
on .the local Dimensionless pulsation velocity for fully developed con-
ditions - see Section 4.2. Since the change in air temperature along
the pipe was small, Strouhal number and Reynolds number can be assumed
to be constant for a given experimental condition of frequency and flow-
rate. For fully developed conditions, the improvement ratio RA was
calculated,

W

R, ==

A We
where VW, is the flow independent Nusselt number for
the equivalent steady flow

The thermal entrance length for pulsating conditions was assumed to be
the same as for the equivalent steady flow. For fully developed con-
ditions, local improvement ratio was plotted against the corresponding
pulsation velocity for a given frequency and mean flowrate. The quasi-
steady predictions are shown for comparison i.e. assuming, for the
defined frequency and flowrate, that the pulsations can be considered
quasi-steady - see Section 4.2.2. The analysis for mean flowrate 0.0115
Kg/s is recorded in this chapter.

See Figure 19 Page 97 to 99
Analysis for the other flowrates is shown in Appendix IV.

For the experimental range, the ratio was dependent only on
local pulsation velocity for a given flowrate and frequency (within
experimental error). The experimental functions were of a similar form
as the variation given by quasi-steady theory - characteristic decrease
at B =1, and for higher values of pulsation velocity an approximately
linear increase. In all cases any increase in heat transfer relative
to the equivalent flow was less than the corresponding predicted quasi-
steady change - as ®W—> 0, RA"'—’RAQSs and as W—»e0, Ry —>» 1.0.* For
a given frequency, an increase in mean flowrate showed Rp——> Rp..
relative to the lower flowrate i.e. if flowrate A was less thanA% ovrate
B, (RAQS - RA)A >'(RAQS - RA)B for the same pulsation velocity.

Relative to the proposed mechanism, it has been suggested that
the degree to which conditions approach gquasi-steady can be described by
a function of Strouhal number, and it was hoped that a frequency factor,
in terms of Strouhal number only, could be defined to relate measured
local heat transfer to predicted quasi-steady coefficients - see Section
4.2.%. But, due to the non-linearity of the interaction of laminar sub-
layer and core diffusivity a simple direct relationship, relative to
Strouhal number, cannot be defined from a comparison of heat transfer.
The effect of the non-linearity can be seen from the experimental results
- at high frequency, for large pulsation velocity, Ry — 1.0 but for
Bx 1 the effect of frequency was less, relative to the quasi-steady
variation, due to the dominance of the laminar sub-layer thickness.

With Lwmitations o=a velocity amplitude  within
¥ Y P
small Perbubabioﬁ bkeor\j — not SheeK wave

condition
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Fig.19 a/e Local Improvement Ratio for fully
developed Tlow against the corresponding
local Dimensionless Pulsation velocity
for a given frequency

Mean air flowrate ™ = 0,0115 Kg/s

20550 o
at Bulk air temperature 15°C

Reynolds number Re

d

Experimental data shown in comparison to
the equivalent quasi-stcady predictions.

b;ﬁ

x,A , B Experimental data ('fqd\ sgrbol  cepresenting
41FFerent QMP“V\AJG)

(o Quasi—steady theO]jy conditien

Correlations for the other mean flowrates are
given in Appendix IV
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But to be able to predict heat transfer in a pulsating flow, a
frequency correction factor must be defined to relate experimental results
to the corresponding quasi-steady predictions, The following approximation
was made - it was defined, from the experimental data, that the improvement
ratios at high frequency were given by

RAHF = RAQS for B <1

1.0 +0.2 (B-6.0) (1.0-Rypg )

for 1<B<6
Rpyp = 1.0 for B> 6

From the above definitions, the following relationship can now be considered
a&d\B
(Ry - Ragp) = (Ragg = Ragp) (1.0 - 4 (§)7)

where A and B are constanis
~ the flow was considered to be quasi-steady at zero frequency.

By defining the high frequency function, a simple relationship can be
investigated to relate practical and theoretical data. For high Reynolds
number (R&F > 25000) the error due to the approximation will be negligible
since Rpyne> 1 &t B = 1 - at low Reynolds number, the function can be
consideréd the lower limit for high frequency pulsation with an upper limit
of RAHF = 1.0,

Define the function o
Fo = 1.0 - (RA - RAHF)/(RAQS - RAHF)

The frequency factor equation can be rewritten as

Fe = A-(%ﬁ)B

For a given flowrate and frequency, the function F, was evaluated for various
pulsation velocities for B > 1 - the derived parameters were averaged to
give a mean value to represent that Strouhal number,

Plot logip (F.) against logyg (8) to calculate the constants A and B.
See Figure 20 Page 101

The graph shows that a relationship between measured heat transfer data
and the quasi-steady theoretical predictions can be defined by a function
of Stirouhal number. Regression analysis, using the method of least
squares (82), gives

Ry - Ragp = 1.0 - 0.43 (22)0-306

RAQS - Ragp

m
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The maximum value of Strouhal number is limited by the basic function

0.306
i.e. limit 0.43 (—_“-‘l) =1.0
Um
-.o S - S_gg; = 16
Uy

It was assumed that the above equation was valid for 0 < S < 16, and for
3 > 16 that RAHF< Ry < 1.0,

The derived frequency factor equation was used to predict actual
heat transfer from the quasi-steady analysis for comparison with the
experimental results - to check the method of averaging the improvement
function for a given flowrate and frequency in the derivation of the
Strouhal number relationship. The comparison showed an average mean
modulus deviation for all flowrates 7% with maximum deviation 25% (compare
to the estimated possible error - see Section 6.5). The agreement was
acceptable and it was considered that the actual heat transfer was related
to the corresponding quasi-steady prediction by a function of Strouhal
number.

It was shown from the analysis that a frequency correction
factor, a function of Strouhal number only, could be defined relating
the experimental heat transfer to the theoretical quasi-steady predictions
(using a high frequency approximation).

- the conclusions from the analysis of the experimental
data are discussed in Chapter 8.



CHAPTER 8

Discussion
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8. Discussion

From the analysis of the experimental data for heat transfer to
a pulsating flow, it was shown that for fully established flow

(a) Local heat transfer was dependent only on the corresponding
local Dimensionless pulsation velocity, B, for a given flow-
rate and frequency.

(b) The functional relationship between Improvement ratio, Rj,
and Dimensionless pulsation velocity, B, was of a similar
form as for the quasi-steady theoretical predictions.

(c) For all experimental conditions, the changes in heat
transfer were less than the equivalent quasi-steady
predictions

-as @ —» 0, Ry—> Ryyq

(d) The experimental Improvement ratio, Ry, was related to the
quasi~steady Improvement ratio, R » by a function of
Strouhal number, S {Frequency correction factor).

Relative to the theoretical analysis of convective heat transfer to a
pulsating flow, the above derivations from the experimental data showed
that the changes in heat transfer characteristics were due to changes in
mean flow diffusivity generated by the oscillating velocity (compare the
experimental findings to the theoretical predictions of the diffusivity
hypothesis - see Section 4.2). The effect on heat transfer due to the
diffusivity mechanism, for fully established flow, can be characterised
by the following.

(a) Local heat transfer is dependent only on the corresponding
local Dimensionless pulsation velocity, B, for a given
Reynolds number, Rej, and Strouhal number, S.

(b) The optimum changes in heat transfer coefficients are given
by quasi-steady pulsations.

(c) Experimental heat transfer can be related to the quasi-
steady predictions by a function of Strouhal number, S.

The major parameters defining the effect on heat transfer, relative to

the equivalent steady flow, are mean Reynolds nunber REE, Dimensionless
pulsation velocity B and Strouhal number S (compare to the non-dimensional
analysis of Bogdanoff (42) - see Section 2.2).

The frequency correction factor (a relation between experimental
heat transfer data and quasi-steady theory) was derived from a comparison
of local heat transfer by approximating high frequency condition, It was
necessary to make the approximation in order to derive a simple function
due to the non-linear interaction of the laminar sub-layer and core
diffusivity in the mechanism of convective heat transfer for a pulsating
flow. But the induced error is small (especially for high Reynolds number
flow) since RAstz 1 for B = 1 - see Chapter 7. Since the error from the
approximation is small, the Strouhal number function, relating experimental
and theoretical heat transfer, can be considered to show that the changes
in heat transfer were due to changes in mean flow diffusivity.
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It is possible to derive the mean heat transfer coefficients
for a fully developed pulsating flow from the Energy equation on the
assumption of quasi-steady oscillations - see Section 4.2.2. An empirical
frequency factor was derived from a comparison of the practical heat
transfer results to the corresponding quasi-steady predictions. Consequently
it is possible to predict local heat transfer for a defined system from
the theoretical quasi-steady prediction and the empirical correction factor.
But the frequency correction factor was defined from a limited range of
experimental variables. The range of the major parameters for the project
is shown

Dimensionless pulsation, B : 0.3 - 5.0

velocity
Strouhal number, S : 0.5 -10.0
Reynolds number, Reg : 14,300 - 31,250

defined at bulk air
temperature of 15°C

It was attempted to assess the applicability of the method by considering
experimental conditions outside the given range.

For the experimental rig, & lower Reynolds number limit was
defined due to friction heating from the shaft seal in the siren plenum
chamber. But, for the fundamental and 1st harmonic resonant frequencies,
local heat transfer could be measured for mean air flowrate 0.0035 Kg/s
(Red = 6,250 for bulk air temperature 15°C). TFor fully-developed condi-
tions, local improvement ratio was plotted against local Dimensionless
pulsation velocity for each frequency. For comparison, the improvement
ratio was predicted from the corresponding quasi-steady analysis using
the appropriate frequency correction factor.

See Figure 21 Page 105

For both resonant frequencies, good agreement was found between predicted
and experimental heat transfer - maximum deviation 12.5%.

The derived method of prediction was considered relative to
the experimental work of Jackson (29-36) and Bogdanoff (42). For the
given conditions, local heat transfer was predicted, for fully established
flow, assuming quasi-steady pulsations and corrected by the appropriate
frequency factor. The estimated improvement ratios were compared to the
reported experimental results by considering local Improvement ratio
relative to local Dimensionless pulsation velocity. It was difficult to
analyse the information due to & lack of data in the published reports,
and the comparisons can only be regarded as approximate.

Jackson investigated experimentally local heat transfer to a
resonant longitudinal oscillating air flow in a pipe over a wide range of
Reynolds number - two conflicting cases were reported (see Section 2.2).
For higher Reynolds numbers, no change in heat transfer at velocity nodes
was found but a decrease was measured at velocity antinodes e.g. for Rg
= 64,600, S = 4.66 and B = 1.27 at the velocity antinodes - see Figure ?b
Page 7. For the comparison of predicted end experimental heat transfer

See Figure 22a Page 107
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Due to the low velocity amplitude, the comparison was of limited value but
good agreement was shown. For lower Reynolds numbers, large increases and
decreases for local heat transfer were measured by Jackson e.g. for

Reg = 11,600, S = 63.4 and B = 4.25 at velocity antinodes - see Figure 1a
Page 7 . But, since the Strouhal number was high (S >> 16), the derived
diffusivity theory predicted negligible effect on local heat transfer at
high pulsation velocity. Jackson proposed that acoustic streaming was the
governing factor at the lower Reynolds numbers, but an analysis of the mean
velocity profile showed negligible streaming effects (for method of
analysis see Section 4.1.6).

Bogdanoff investigated local_heat transfer for a resonant,
turbulent mean air flow in a pipe with Req = 100,000, S = 5.62 and maximum
Dimensionless pulsation velocity B = 3.4 (see Figure 4 Page 10). It was
proposed by Bogdanoff that the changes in heat transfer were due to changes
in mean diffusivity (see Section 2.2). For comparison of predicted and
experimental heat transfer

See Figure 22b  Page 107

For the given Reynolds number and Strouhal number, good agreement was shown
between the predicted improvement ratios and the experimental measurements
- maximum deviation 13.3%.

It had been hoped to consider the experimental work on heat
transfer in a pulsating combustor by Hanby (9), but it was not possible
to correlate the basic published information for comparison with the
diffusivity theory.

The use of the frequency correction factor with the quasi-steady
theoretical predictions has been justified to a limited extent for a wider
range of parameters. It was shown that Strouhal number is a critical
parameter - at high Strouhal numbers the possibility of another mechanism
of action was indicated. The diffusivity theory was justified for an
extended mean Reynolds number range, but no further limits could be claimed
for Dimensionless pulsation velocity and Strouhal number. The following
limitations on the parameters can be defined.

Dimensionless pulsation, B : 0.3 - 5.0
velocity

Strouhal number, S : 0.5 -10.0

Reynolds number, Red : 6,250 - 100,000

defined at bulk air
temperature of 15°C

The experimental work of Jackson indicated that, at high
Strouhal numbers, heat transfer in a pulsating flow was not determined by
the proposed diffusivity mechanism. For the definition of ¢ime-mean
diffusivity in the theoretical analysis, it is assumed that the acoustic
oscillations and the turbulent fluctuations are independent relative to
time variation i.e. no resonance interaction. For the range of parameters
in the project, this assumption was justified from a comparison of
acoustic frequency to eddy frequency - see Section 4.2.3. Consider the
relationship between the ratio acoustic frequency/eddy frequency to
Strouhal number.
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Relative to convective heat transfer, the critical flow regime
was defined at 0 <y < 0.1 R (u/UWUc275% at y = 0.1R). Consider the
point y = 0.05R to approximately characterise the eddy frequency range of
this regime.

Eddy frequency, fg = 0.125 %g

- see Section 4.2.%

But y = 0.025 d

. T,
L) fe = 5'0 —ﬂ
AVE 3
. Ratio of frequencies = 7 £
CAVE
fd
= 0.2 ﬁ;
But Strouhal number, S = % = 2w fd
U, U
n‘c f = 0-0328
Tepve

Assume the critical frequency defining significant resonant interaction
between the acoustic oscillations and the turbulence fluctuations for the
defined flow regime is given by

f=Tfepyg

i.e. Critical Strouhal number, S, = 31.4

Jackson experimentally measured large increases in heat transfer for the
range of Strouhal number S = 30 to 70. Despite the approximate analysis
to define the critical Strouhal number, the regime of operation of the
experimental work indicates that a resonance interaction between the
acoustic oscillations and the turbulence fluctuations may affect local
heat transfer.

The entrance length regime of the heat exchanger was not
analysed in terms of local pulsation variables. It can be seen from the
experimental results that a similar pattern as for fully established flow
was found but as x — 0, R4 —> 1.0 (see Section 6.6). It was assumed
that the thermal entrance length for a pulsating flow was the same as for
the equivalent steady flow in the derivation of the frequency correction
factor - the entrance length was approximately equal to 15 x pipe internal
diameter (d) for the Reynolds number range of the project.



109

Relative to the theoretical analysis of a resonant pulsating
turbulent gas stream, the following major assumptions were made

(a) the use of small perturbation, inviscid flow theoxry
to predict centre-line velocity amplitudes.

(b) the use of an equivalent viscosity to determine the
acoustic velocity profile.

(c) the assumption of no resonance interaction between the
acoustic pulsations and the random turbulence fluctua-
tions.

It was shown from the assumptions that, for the range of pulsation variables
of interest, acoustic streaming velocities were negligible for afully-
established boundary layer. It must be noted that no direct measurement of
velocity amplitudes, oscillating velocity profile or mean velocity profile
were made to confirm the findings. It is only possible to define the mean
diffusivity from the derived acoustic velocity profile if quasi-steady
oscillations are assumed. But the reported analysis can only be regerded
as approximate due to the limitations in predicting the laminar sub-layer
thickness. Assuming the quasi-steady mean diffusivity, the Energy equation
for the mean flow can be solved for a pulsating flow.

For the experimental heat transfer investigation, it was
assumed that the centre-line velocity amplitude distribution could be
predicted from pressure amplitude measurements by small perturbation,
inviscid flow theory - finite amplitude effects were considered negligble.
The effect of energy transfer was shown to be negligible - see Section 3.2.

Relative to the preceding discussion of the project, the follow-
ing suggestions are made for future work in the investigation of convective
heat transfer to a turbulent mean flow superimposed with longitudinal
oscillations.

(a) Extension of the range of major parameters (Reynolds
number, Dimensionless pulsation velocity, Strouhal
mumber) to check the use of the frequency correction
factor with quasi-steady predictions.

(b) Experimental investigation of local heat transfer at
high Strouhal numbers (S > 30) to consider the possi-
bility of a resonance mechanism (in comparison to the work
of Jackson).

(¢c) Investigate the hydrodynamic and thermal entrance lengths
for pulsating flows relative to the equivalent steady
flows.

(d) Correlate the improvement ratios to local pulsation
parameters for the thermal entrance length relative to
a theoretical quasi-steady analysis.
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(e) Experimentally investigate a resonant, pulsating turbulent
flow in terms of the major flow parameters:

Velocity amplitudes at the pipe centre line
Acoustic velocity profile
Acoustic streaming effects

HMean turbulence levels

The basic ideas for the project were formed from the reported
increases in heat transfer in the exhaust pipe of a pulsating combustor.
The project has shown that the effect of the longitudinal oscillations,
compared to the equivalent steady flow, is complex and local heat transfer
can be both increased or decreased. Relative to the findings of the
project, assuming the action of the diffusivity mechanism, the following
conditions can be defined to give optimum overall heat transfer increase
in the exhaust pipe for a given mean flowrate - high amplitude, low
frequency oscillations in the fundamental mode

i.e. Maximum Dimensionless pulsation velocity (B = 1)
Minimum Strouhal number (s— 0)

It was not possible to correlate the available data from pulse combustors

in terms of pulsation parameters. A major problem has been the prediction
of velocity amplitudes in the exhaust pipe from measured pressure ampli-
tudes. From the theory developed in the project (see Section 3.2), it
should be possible to derive the velocity amplitude distribution from
pressure measurements given the bulk gas temperature function - the analysis
has not been verified by experiment for large temperature gradients.
Experimental data for local heat transfer in pulsating combustors is very
limited, and no comparison could be made to predictions from the mean
diffusivity theory. Despite the possible improvements in heat transfer,

the practical application of pulsating combustors is limited by the major
problem of high environmental noise - extensive work would be required to
design appropriate practical silencer systems. It must be stressed that
only the longitudinal mode of oscillations has been considered in the
project (tangential and radial modes were not investigated), and the dis-
cussion on future prospects of practical development of pulse combustors

is limited to this mode of operation. But, with the other possible
advantages, pulsating combustors may be developed for practical applications.
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9 . Sum.maz!

The effect on convective heat transfer of resonant, longitudinal
oscillations superimposed on a turbulent mean flow in a pipe has been
investigated relative to the equivalent steady flow.

For the defined range of pulsation parameters, it is shown
theoretically that the effect of acoustic streaming velocities is
negligible, but that the oscillating velocity can generate changes in the
time-mean diffusivity. The mean flow diffusivity can be predicted if quasi-
steady pulsations are assumed. Local heat transfer coefficients for the
mean flow can be evaluated from a solution of the Energy equation, for
fully established conditions, assuming quasi-steady oscillations. It is
shown from a comparison of acoustic frequency to eddy frequency that the
practical heat transfer is related to the quasi-steady predictions by a
function of Strouhal number,

Local heat transfer was measured experimentally for a constant
heat flux supply to an oscillating air flow in a pipe. The range of major
parameters was

Dimensionless pulsation velocity, B : 0.3 - 5.0
Strouhal number sy S : 0.5 - 10.0

Reynolds number ’ ﬁ;& : 14,300 - 31,250

defined at bulk air
temperature of 15°C

From a comparison of the experimental heat transfer coefficients to the
corresponding quasi-steady predictions for fully established flow, a
frequency correction factor was derived - the factor was a function of
Strouhal number only. It was shown that the changes in heat transfer
were due to changes in the mean diffusivity generated by the acoustic
velocity. :

For a defined range of variables, a method has been derived to
predict local heat transfer, under fully developed conditions, for a
pulsating flow i.e. from the theoretical quasi-steady predictions using
the empirically defined frequency correction factor.
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Appendix I

Basic Quasi-steady Theo

For fully developed turbulent flow in a pipe, it has been shown
experimentally that

Nusselt number, Nyy & 0.02 (Red)o'8

for Rgy) Reynolds number
(66)

For a pulsating flow let the instantaneous bulk wvelocity, Um(t)’
be given at a point by :

-— A
Un(4) = Up + U sin (@t)
for -ﬁm, mean flow bulk velocity

Pal
U, wvelocity amplitude at that point
®, angular frequency of oscillations

oo Um(t) =Ty (1 + B sin (wt))

N
where Dimensionless pulsation velocity, B = U/I_Im

Define Instantaneous Reynolds number, Red( t) =% Um( £)

It is assumed that, at any instance of the cycle, the steady flow
relationship is valid
0.8
i.e. Instantaneous Nusselt, N, = 0.02 (Rg )
number d(t) d(t)

. a .
with Red(t) =5 Uy (1 + B sin (wt))
If B> 1, flow reversal occurs, and it is assumed that the Nusselt
number is dependant on the modulus of the velocity.

i.e. =0.02 (§T, |1 + B sin (wt))°®

Tug )

Time mean Nusselt number is defined by

2t

= 1
Mg = 5 J Nud(t) awt
0
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. Nua
Let the Improvement ratio, Ry = —=
Uq e

where Nﬁd is the Nusselt number for the equivalent steady
flowrate ©

ices Nyy = 0.02 (-%'ir',,,)o'8
(A

2T

SRy = J (t + B sin (et))°°% awt

0

The integral can be solved . numerically - the change in heat
transfer with respect to the Dimensionless pulsation velocity is shown
graphically.

Figure 14  Page 123

It is shown that there is an initial decrease in Improvement ratio
until flow reversal occurs (B = 1). As Dimensionless pulsation velocity
increases beyond this point, an almost linear increase is prediected. The
changes in heat transfer are independant of the frequency of oscillation.



Fig. 1A Basic Quasi-steady theory
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Appendix II

Wave propagation in a stratified medium

To solve equation

w2 (Mx + N) }_1&-1
d te* %

esesne 1

Define z = z (x) such that uj = £ (%, 2)

. Bu.l = }u.. . .°k‘.
ﬂ S;, X
p o
¥u L .(ﬂ + D, (L)
2 x* dz \dx? 3z \ dx
Let %& = Mx1+ N

.
[=7]
N

=M

** ix =(—M-_x,_+_N52=-M(g_:z:\2

Substitute into 1

E:}t' = - M 3121 + jiéu
d t* dz dz*

This equation has constant coefficients and can be solved by the
method of separation of variables

; -3 bz
w, = eMzIZ.(H e:t-bz + Be )cos (_wb)

assuming sine wave generation at x =0

vhere A, B are constants

b= L VCp = N7)

- 1 le M [
Ty 3°(Nx+>

-0

e’
]
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Assume 4w2 > M2

e u=28 -% (D cos(bz) + C sin(bz))cos (ut)
where C, D are constants
Boundary condition

uy =0atx=0

A
Sooou =T, e,-uzz‘ sin(bz) cos(wt)

A
where Uy is a velocity amplitude constant

But d¥p, = —E"E du,
2C %

By substitution and integration

_ N Mz/l
P =- e U-o e (_f% sin(bz) 4+ b ces (_blb>$"\(wb)
+ L.

where I, is an integration constant

g |m

Boundary condition

P =0 atx =1Ly

... Ic

0 and (% sin(Bzy) + b cos (bz)) = 0
Resonant frequencies are defined by

M .

3 sin(bzp) + b cos (bzy) = 0

where Zy, =-:E logg(-Ii e Ly + 1)

N
Let pressure amplitude at x = 0 be PO
A
. &0 N
oo Up=—" , == . PO
c b X?



126

Governing equations for resonance

Resonant frequencies are given by

M .
3 sin(bzy) + b cos(bzy) = 0

Velocity amplitude distribution

M
- w . N ro, e zlk. sh(bz.) .Cos (w\")

w = ® — o

| T F

Pressure amplitude distribution

-~ N i PO, an/z M sm(b‘z) + bc.os(‘bzw Sm(ub)

P . .
‘ b (“x*N) 2L
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Appendix IIT

Experimental heat transfer - flow independant Nusselt
number against position in heat exchanger

(Figure 2A)

The following graphs show the majority of experimental heat
transfer results for the following range of parameters.

Mean air flowrate Reynolds number
0.0080 14300
0.0145 25900
0.0175 31250

at Bulk air
temperature 15°C

Results are shown for five frequencies
f =25, 75, 125, 175, 225 Hz

for different pressure amplitudes relative to the eguivalent steady
flow (compared to the fully-developed flow independant Nusselt number) .
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Appendix IV

Correlation of Improvement ratio for fully developed
flow against the corresponding local
Dimensionless Pulsation velocity
(Figure 3A)

The following graphs show the relationship of local Improvement
ratio for fully established flow against the corresponding local
Dimensionless Pulsation velocity - the experimental results are analysed
for each frequency of each flowrate.

Mean air flowrate Reynolds number

™ -Kg/s Reg

0.0080 14300

0.0145 25900

0.0175 31250
at Bulk air

temperature 15°C

The experimental deta is shown in comparison to the equivalent quasi-steady
predictions.

X, A Experimental

©® Quasi-steady
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Mean air flowrate "
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14300
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Mean air flowrate ™

0.0145 Kg/s

Reynolds Number, EEd = 25900 o
at bulk air temperature 15°C
Frequency Strouhal number
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