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Synopsis’

The work described in this thesis falls into five parts. Four
of these parts deal with the extension of the Danckwerts-Mickley
sﬁrface renewal condept for turbulent mixing, to the problem of
calculating the cqnvective and condensation heat transfer coefficients
from suffaces which are in mechanical oscillation, or are mainfained
in an acoustic field. The fifth part discusses experiments carried
out by the author on the condensation of sfeam.at atmosphﬁric pressure
on a horizontal tube subjected to mechanical oscillationé in the’
vertical plane. A perturbation analysis of the problem has also been

carried out and compared with experiment.

" The four parts dealing with the Danckwerts-Mickley surface

renewal concept are under the following headings.

(1) The effects of combustion driven accustic oscillation on
the forced convective heat transfer in turbulent flow

‘through a cylindrical gas air burner,

(2) The effects of mechanical oscillation in a transverse
plane, on free convection from a vertical heated plate

in air.

(3) The effects of mechanical and acoéustic oscillation on

free convection from heated horizcntal cylinders in air.

(4) The effects of lateral mechanical oscillation on

condensation heat transfer on a vertical tube.

The use of the Danckwerts-Mickley model in (1) above has been
justified through the observations.of Kline and others oﬁ the structure
of turbulent boundary layvers, and ?he obserVations of Male énd'others
on the effects of cdmbuétion oscillation on gas flow in the region of
a wall, Further preference for the surfacé renewal model over thco
more usual Von-Karman-Martinelli analogy for calculéting the average
heat transfer is the fact that quantitativé empirical’ information on

velocity distributions are not required.

The use of the Danckwerts-Mickley model in (2) and (3) above, has '
been Fased on the observations of Locke and Tretter on the struecture of

turbulent free convective boundary layers, and on the observations of




Eckert and others, of the processes of instability and transition

to turbulence of the laminar free convective boundary layer.

In the extension of the Dandkwerts-Mickley model in (4) above, .
use has been made of the observations of Portalski and Brooke-Benjamin
-on the instability and transition of thin liquid films down inclined

and vertical surfaces.

‘The general philosophy in using the Damckwerté—Mickley renewal

concept in this thesis has been phenomenalogical rather than mathematical.

That is, from ohserved experimental facts concerning the behaviour of
boundary layer flows, and flow hehaviour in the presence of mechanical

or acoustic oscillations, a mixing mechanism is postulated in conjunction
with the results of the Danckwerts-Mickley renewal concept, the adequacy
of the postuiate is then tested by observation of the gress-effects of
mixing-on the average heat transfer at the heat transfer surface. 1In
these comparisons, use is made of the available experimental‘data in the

heat transfer literature,

Agreement between the calculated ratio of average heat transfer
coefficients in the presence and absence of oscillation hv/ho using
the methods outlined above, and available experimental data is generally

good, within the limitations of the mixihg model and éxperimental error.

Comparisons have also been made in one case (3) with the asymptotic
solutions of Richardson, and it js found that ihe methods developed in
this thesis show better agreement with a wider range of experimental data

‘than the solutions of Richardson,

Much of the work outlined here has been published or is in press,
A list of these publications are given below. Copies of these papers

are also grouped together in Appendix (VIID 2t the end of the thesis.
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. ~Notation-
Amplitude of Oscillation ft.
Surface Area tt2 I
Acoustic Velocity ft/sec.
Thermal Capacity Chu/lbm °C = Btu/lbm OF

Diameter ft

- Frequency c¢/s

% Acceleration due to gravity., 32,2 ft/sec2

Gravitational constant 32.2 lbm  ft
' 1bf secl

Grashof Number - Dimensionless

Heat Transfer Coefficient Btu/hr £t2 op
nth Order Bessel Function of the lst kihd :
Thermal Conductivity Btu/hr ft OF

Length  ft |

Length ft.

Masé flow rate l1lbm/sec.

Mach Number - Dimensionless

Normal Co—ordinate - It

Pressure - 1bf/ft2

Prandtl Number - Diménsionless

. Heat Transfer Rate - Btu/hr

Radius - ft

Radius, or Resistance £t or ohms
Reynolds Number - Dimensionless
Characteristic length of Duct ft
Mixing Coefficient - 1/hr

Time - hours

veloéity parallel to surface ft/sec

Free Stream Velocity ft/sec

‘velocity normal to surface ft/sec

Free Stream velocity ft/sec

Thermal Diffusivity;, or Temperature Coeff1c1ent of Resistance
£t2/hr or /OC

Boundary Layer,condensate £ilm thickness - £t

Difference

Density or Resistivity 1bm/ft3 or ohm.cm.
Perturbation Parameter — Dimensionless

Characteristic Length - ft

Absolute Viscosity 1bm/ft hr




Notation

 Kinematic Viscosity f£t%/hr
Temperature °F or °C

Angular Position -~ degrees:
Circular frequency rads/sec

‘Shear Stress 1bg/ft2

notation and suffices defined in text.
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1.0. Introduction

- In the study of convective transport processes our concern
is in the transfer of heat, mass or‘momentum due to the motion of
a fluid, This motiqn may be caused by an external agency (Forced
Convection) such as a pump, fan or stirrer, or it may result from
buoyancy forces set up by thermal gradients within the fluid (Free
“or Natural Convection)., In some instances fluid.motion may result
.frpm the combined effects of these two convecti#e.ﬁodes. Convection-
can be further classified depending on whether the flow regimé'is
_ laminar or turbulent, | '
In laminar flow the transport across adjacent fluid 1ayers
‘takes place on a molecular scale, whereas iﬁ turbulent motion,
because of random mixing of the fluid, transport across adjacent
| fiuid layers takes placepredomiﬁantly on a macroscopic scale,
Bécause the transport éoefficienté for the macroscopié process are
much larger than those for the molecular process, turbulent transport
processes are more effective than 1aminar‘ones. Since.convective
transport depends on the motion of the fluid it can be seen that
forced convective transport is generally more effective than free
convecfive transport for a given fluid medium,
_ If thé;region in the vicinity of a fluid - solid interface
-1s conSidered, the effect of viécosity_of the fluid is to reduce the
velocity of the flow progressively to zero at the solid or wall surface.
The fegion_over which the velacity decreases from its free stream
value to zero at the wall is termed the boundary layer., . In the
case of a‘turbulent flow, the turbulent mixing motion is progressively
damped out in the boundary layer; and at the wall a predominantly
laminar sub-layer is considered to exist. This‘progressive.
diminishing in the flow velocity and turbulent mixing as the wall is
approached from the free stream, results in less effective transport
‘between the bulk of the fluid and the wall,

1.9 Convective Heat transfer from gases and methods for increasing

it.
Because of differenceg'in fluid properties between gases
and liquids-characteriséd by the Prandtl number, it is known that
" Forced and Free convective heat tranéfer coefficients for gases are
amongst the lowest for these two modes of convective transpo:®,
providéd similarity of thé;fluid motion is preserved through the
'ﬁeynolds or Grashof numbérs. .- This being s0, it is often found that

'



the gas side heat transfer coefficient is the factor controlling

the overali heat tranéfer rate in a parficular process. It is of
importance therefore to find ways by which the gas side convective
heat transfer coefficient may be iﬁcreased. .

Methods for improving the convective heat transfer coefficient
for gases, usually employ some means of causing more efficieht
ﬁhermal transport across the-boundary léyer; such as the usc of
turbulence promoters_in the form of spiral elements for tube flow
or roughened or grooved surfaces, which, provided the surface
roughness elements protrude through the laminar sub-layer cause
increased turbulence and heat trahsfer. A further method is the
seeding of the transfer gas with fine partiecles of high thermal
capacity which are thought to carry out a shearing and penetration
of the sub—layer thereby causing 1mproved thermal transfer with the
wall. ‘

Other methods employ oscillations in the flow or the
superposition of an acoustic oscillation in the fluid medium fo:
promote-either earlier transition to'turbulence in a laminay bbundary
‘1ayer, ar grea*er mlxlng in a turbulent one.

Flnally methods may be employed which cause the heat trancsfer

surface to oscillate relative to the fluid, and in this way set up
greater nixing in the fluid.

This thesis is concerned with the effects of acoustic and
mechanical oscillations on convective heat transfer, The subsequent
sections will therefore he devoted to the survey of the relevant
literature on the subject, and calculation methods for predicting
‘heat transfer under cdnditions df acoustic or mechanical oscillation

will be presented.



2.0 THE EFFECT OF ACOUSTIC .OSCILLATIONS ON_ FORCED

CONVECTIVE HEAT TRANSFER FROM GASES IN CYLINDERS




2.1, Acoustic Oscillation bf.a‘Gés iﬁ'ajéyiihdfiééil.CéQiti

in the absence of Bulk flow of the Gas and Heat Transfer

with the Cylinder walls,

+

Under the above conditions, resonant. acoustic oscillations
of a gas‘Within a rigid cylindrical cavity occur because the frequency
of thé driving oécillation corresponds to one of the acoustic modes of
-resonance for the chamber.

Figure 2-1 illusé}ates schematically the . three principal
acoustic modes of oscillation that can occur in a cylindrical cavity,

assuming standing wave conditions,

T T,
e

at 17111 Flc:;;w. T
CHERLAY 10Ny

:Principai Acoustic Modes of Oscillation for Standing Wave Conditions in

" a Cylindrical Cavity, = Fig, 2-1

The resonant fréquency of the acoustic oscillation for a eylindrical
cavity can be obtained from the solution of the three dimensional wave
equation for the perturbation of the cavity pressure due to acoustic
oséillation.' ihis yvields a general expression for the acoustic
frequeﬁcy in terms of the wave numbers for each particular mode. In
this way the fréqﬁency of combination modes of oscillation can be
determined. From Morse (Bibliography 1), the general frequency equation

for a cylindrical cavity of radius R and length L is

7

e L

fm n, q =  Vsonic {OCmn) 2 "'(3)2 2.1.1.
S -z R L _

where j:m, n, q is the acoustic frequency depending on the wave numbers

'm, n, g for the pure radial, tangential and longitudinal modes

respectively. Gsonic is the sonic velocity for the gas in the'cavity

R ke




based on the assumption of an ideal gas, The constant ofm, n is

the wvalue of tﬁe érgument of Jn such that
a Jn('ﬁ'.,(m, n . ;'1) =0, | 2.1.2.
dr A R r =R : o

Since Jp is an oscillating function of its argument, the sequence of
m's and n's yield a doubly infinite set.of frequencies,

The dependence of the acoustic mode on the wave number.is
shown below. The value of the constantdfnﬂ n is also given for
various values of m and n. | '

Dependence of Acoustic Mode on Wave No.

Wave No. ' : _ ~© Zype of Mode

mn q

m o o Pure Radial

o n o o ] : Pure Iﬁngenfial

o o d Pure Longitudinal
combination of two or three wave no's. Combination Modes

Value of ofm, n
\" 0 1 2 3 - 4

O )

0.000 1,220 2,233 3,238 4,241
0.586 1,697 2,714 3.725 4,731
0.272 2.135‘ 3.173 4;192 5.204
1,337 2,551 3.612  4.643 | 5,662
1,693 2,955 4,037 5.682 6,110
2.2 Methods of Producing Acoustic Eiﬁtation of a gas in a

Cylinder

There are two basic methods of producing acoustic eéﬁtation
of the gas in the cylindrical system, The first of thesec uses qn
‘electrical driver - Loudspeaker - which is fi:ted to one end of the
c¢cylinder, and fed with oscillations of the appropriate frequency and
power level through an oscillaztor and amplifier,

. Tﬁé second method that can be used employs the amplification
of acoustic pressure pﬁlses beCause‘of heat.additioﬁ at the peaks of
the-pressure pulses. This phenomenon was first studied by Lord Rayleigh’
he found that if heat was periodically added to and abstracted from a
mass of gas oscillating in a cylinder, the effeét'produced depended on
- the phase relationship between the oscillations in the gas pressuie

and the heat transfer. -Pressure_oscillations were amplified when




heat was either added to the gas when thé pressure amplitude was at a
maximum, or removed from the gas when the pressure amplitudé was a
minimum,

The Rayleigh mechanism for fhe‘émplification of préssnre
oscillations due to heat rélease has been observed in Ramjet and
Rocket combustion systems - which can be considered as cylindrical
cav1t1es, because of the partial closure due to the prOﬁelllpg nozzle,
In these systems the pressure OSC1llat10n is set up because of

1rregu1ar1t1es in the burning of the fuel, vortex shedding from flame

,holders etc.,, the pressure rises caused by the oscillation increase

the temperature of the combustion gases and therefore increase the

chemical reaction_rate and heat release which in turn cause the

and it has been found in practice that with these conditions of
operation a combustion system using high energy fuels:could be

destroyed within seconds. With lower energy fuels however, the thermal

~driving of the oscillation is not so intense and the result is the

establishing of an acoustic oscillation in the chamber,

It has been found (Bibliography 2, 3 4) in the study of

' Ramjet and Rocket combustion systems that heat release due to combustion
‘near the walls of the combustion chamber produce transverse modes of

‘oscillation, whereas heat release at the centre of the coabustion

chamber produces radial modes of gas oscillation. It has been found

that for cylindrical combustion chambers with I <E 1.0 iongitudinal
_ D
modes are not present; with L > 1.0 weak longitudinal modes begin to

appear. These observations are in accordance with Morse (Bibliography

"1) concerning cylindrical cavities in general.

From experimental observation on rocket and ramjet syétems
it has been found that the frequencies for the .various re sonant modes
of oscillation are in agreement with 2,1.1., irrespective of whether the
osciilatory wave system was of the standing or travelling type. _ This
agreement also indicates that the frequencies can be predicted in the .
cyllndrlcal cavity with accuracy 1rre=pect1vo of the bulk flow of the
gas and heat transfer to the chamber walls.

In commercial boiler plant Where-low energy fuels are used

- with moderate rates of heat release, the possibilitiy exists of exploiting

the observed increase in convective heat transfer from_the combustion

pressure ito rise,. Under these circumstances an unstable situation exists .



gases due to their oscillatory motion. The concern in this thesis is
with the second method of exciting acoustic oscillation in gases in a,
cylinder, because of the possibility of practical application. However, .

the literature concerned with electrically driven systems by means of

'loudspeakers will ‘also be reviewed,.




2,3, 3Foreed'Convection*heatmtransfer-in.cylindrical tubes with acoustic

oscillations imposed on the flow by electrical drivers

A recent survey of the effects of'oscillations on heat and mass
transfer cerried out by Rao (1), shows that the pulk of the work covered
by the above heading,'was_carried out by Jackson and his co-workers at
the Georgia Institute of Technology (2, 3, 4, 5), Other work‘in the area
is that of Lemlich and Hwu (6), It should be pointed out that the above

-heading does not include work involving the effects of large preseure

pulsatlons in the fiow.
Jackson et al (2) conducted preliminary experimonts to determine the
effects of acoustic oscillation and combined free and forced convection

on heat transfer coefficient in a 3.75 inch I.D, vertical isothermal tube

5ft long, ‘The acoustic waves were propegated in the same direction as the

air flow which was from the lower end of the tnbe. Results were obtained
at a constant frequency of 520 c¢/s and a Reynolds number of 2300, The
effect.of sound pressﬁre level on average heat transfer coefficient'was
negligiblelup to 118 db. but free convection efifects were significant.
Beyond 118 dhb, acoustic effects become significant and heat transfer-
coefficient rese approximately 1inear1y>with sound pressure level to

129 db, which was the linmit of the test, - At fthis eondition'the average

' heat transfer coefficient was 40% greater than that with no oscillations,

The whole series of tests were run for Gp Pg D/p, = 1.2 x 105,  Because of
the limited nature of the experiment with regard to freguency and Reynolds-
number, no conclusions can be drawn other than the linear variation of
neat transfer coefficient with sound pressure level for constant Reynolds
number and frequency. | |

Jackson, Purdy and Oliver (3) experimented with a horizontal

3.89 in, I.D. heated isothermal tube 10 ft long. Reynolds number for the

cair flow varled from 2040 to 11 600 under conditions of simultaneous

development of veloclty and temperature profiles, Sound pressure levels

from zero to 162.5 db were propagated in the direction opposite to the

air flow with resonant frequencies of‘approximately 171, 221 and 356 ¢/s.

The variation of sound presSure'level with axial position was determined

‘with a mlcrophone mounted on a probe which was traversed along the centre

line of the tube. This was merely to give the flow pattern in the tube.
Heat transfer runs were conducted with the microphone mounted in the

inlet. plenum chamber.

" It was found that the effect of acoustic oscillation was to produce

a periodic effect on local heat transfer coeff1c1ent, with maxima :

occuring at pressure nodes, The maximum increase in the average heat




‘transfer coefficient at 163.5 db being approximately 20% for a Reynolds
‘number of 2100 and frequency of 221 and 13% for a Reynolds number. of

11,600 and frequency of 216 c/s. For these two conditions it was found

that oscillations had no effect until the sound pressure level exceeded a

- viklue of 152 and 153.5 db respectively. Both local and average values of .

heat transfer coefficient increased with increasing sound pressure level
abové.the critical value;"‘Little effect'of'frequency,was obserﬁed on
the values of heat transfer coefflclent.

In a later paper Purdy, Jackson and Gorton (4) analysed the 1am1nar
flow results obtained in their earlier experiments (3), and formulated a
perturbation solution for a two dlmen51onal duct flow, From this
analysis the flow pattern shown in fiéure 2-2 with a standing gquarter
Wavelength.vortex system at the wall was obtaiged.“-Flow visualisation:
studies confirmed the results shown in figure (2-2) as regards position'qf

the vortex system,

e . LR+ L3 l);s L3
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Fig. 2-2 Standing Quarter Wavelength Vortex System Ref, (4).

* The main conclusions of these two studies (3), (4) were:-

1. The character of the pericdic varlatlon in local heat transfer
was different for laminar and. turbulent main flows, (this was
further clarified in a later paper (5)),

2. “?rom the analysis for the laminar flow condition it was found
_thét the size of vorticeé produced were a function of the
fafio of Acoustic Mach Number to the square of Flow Mach Number

which reduces to 1 | a&@ | . Thus for a given set of flow
' M, Vo ‘




/0,

' s .-“ ) . = 0
conditions Mo and V, are constants, hence vortex size is

1y
I

proportional to (aw)

3. From expefiments under laminaf flow éonditions.it was found
that the periodic variation in heat trénsfer coefficient had.
maxima at p051tlons where the mainstream and the vortex flow
1mp1nged on the wall - thls later result being obtalned from
the parturbation analysis - at this point there was a pressure
node, . Minima in‘local heat_transfer coefficient occurred at
positions where the main stream and vortex flow separated from
the wall. (see figure 2—2).‘ '

_ . Jackson and Purdy (5) extended their earlier results (3 by increasing
thé upper limit of Reynolds Number to 200,000, though in this paper
results are only quoted up‘td_a Reynolds Number of 49,690, In this
paper the authors developed an empirical method_for thé computation of
loca;.variations in heat trénsfer coefficient along the tube, The
method consisted of using availablé correlations for forced convection
heat transfer with developing flow; and modifying this by thé superposition
of an instantaneous velocity which represented the effects'of oscillations,
An interesting feature of this paper was experlmental evldence to show
that when the maximum particle veloclty due to osclllatlon was greater
than the mean flow velocity; then the flow would be of a vortex type

' similar to that shown in figure 2-2, this was found to be the case for
laminar and turbulent-fldws with Reynolds number up to about 30, 000. At
‘higher Reynolds number the vortex flow did not exiét. The main
conclusions drawn by the authdr's were:- _ _

"1, Resonant acoustic oscillations decreased the local heat transfer

| coefficient for turbulent £lows where vortex cells did not
exist i.e. Reynolds number greater than 30,000.

2. Local heat transfer maxima occurred at approximately half
wavelengths and multiples of this, if vortex cells existed

i.e, Reynolds Number less than 30,000,

" 3. Loéal heat fransfef minima points_occurred at approximateiy
half wavelengths and multiples of this if the flow velocity was
greater than the maximum. particle véldcity due to oscillation.

4, = The sound pressure level below which acoustic cacillations had

no effect on heat transfer varied with flow'Reynolds number. .
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The variations of local effects discussed above are shown in
figures 2-3, 2-4 and 2~5 below. It should be noted that Free convection

_effects are of importance fpr the 16West heynolds number case,
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Lemlich and Hwu {6) in their experiments used a ﬁarizontal 0,745 I;D.
heated isothermal tube through which air was passed. A calming section
65 ins, long and thermally isolated from the 25 in. test length ensured
a‘fully developed veiocity-profile at entry to the heat transfer section.
The acoustic driver propagated a wave in the same direction as the air flow.
‘Tests were conducted with standing resonant waves at frequencies of
appreﬁimately 198, 256 and 322 e/s. The‘sound pressure level was
meaeured by traversing a total head tube of " Diu. axially aloné the
bottom of the heated section, the pressure being recorded on an inclined
manometer, The Reynolds number for the tests veried from 565 to 5850,

. The authors obteined correlations for their data alone, for the laminar
flow region - Reynolds Number below 1500 and for the turbulent region
Reynblds numbeyr greater than 2500, Ne flow visualisation studies were
carried.out. These experiments showed that for a constant average sound
pressure level through the tube, the average heat transfer coefficient
.1ncreased with increasing frequency. Evidence of earlier transition to
turbulence was shown by the large increases in heat transfer with
oscillation when flow Reynolds Numbers were of the order of 1500 to 2100.

The main conclusions of the authors are:-

1. Greater improvements in average heat transfer are to be obtained

| with laminar rather than turbulent main flows.

2. Results qualitatively agree with conclusions of Jackson ét al.
except for the frequency effect on heat transfer, however, the
authors attribute these differences to the differing methods of

- measurlng sound pressure level and the fact that Jackson et al,
d1d not use. the average sound pressure level in the tube in
their calculatlons, but the value measured in the plenum ‘chamber
at.entrance to the flow section. .

'3, One of the effects of the oscillations is to act as a turbulence

_,trigger..

‘Some ideas of quantitative agreement between the results of Jackson
et al_ (3) and Lemlich and Hwu can be obtalnnd by con51der1ng the results

‘common to both investigations. - At a Reynolds number of approximalely
' 2100, from Jackson et al (3) we see that for an‘inerease in the sound
_pressure level from 152 db to 162,5 db, with frequency at 221 c¢/s the

increase in average convective heat transfer coefficient is about 20%.

Po HEm.S,

Now S.P;L; (db) = 20 1og1° [_P_] where Py is a reference

)

bressure level of 0, 0002 dyne/cmz. Therefore ‘the ratio




P1g2.5 db =3,35
P)52 db

From Lemlich and Hwu (6) for a Reynolds number of 2080 and frequency of

256 c/sec,.

The average acoustic pressure'below which the heat transfer

coefficient shows no appreciable effect is about 1.0 1bf/ft2 for an

~increase in average pressure to about 3.0 the average heat transfer

coefficient increases by appfoximately 35%. In the transition regime

therefore qualitative agreement exists between the experiments of Jackson
et al and Lemlich and Hwu. ‘

Sﬁmméfx

From the fo#egoing wdrk the following appear as'the main facts,

1.,

Two basic flow regimes,

(a) Vortex flow

(b} Non Vortex turbulent flow.
Vortex flow obtained with laminar conditions, and turbulent .

conditions up to a flow Reynolds number of 30, 000.

' Non Vortex turbulent flow obtained with Reynolds number greater

than 30,000, For this condition it appears that effect of
oscillation is to reduce the average heat transfer coefficient,

howevef, the evidence does not appear to be strong enough to

. consider this as general.

) Vortex flow generally produces an increase in the average heat

transfer coefficient.
For a given set of conditions with vortex flow, the vortex size .
is directly proportional to sound intensity level,

Increased heat transfer at points of greater mixing at wall,

'similaflﬁ reduced heaf'frénéfer,at”poinfs of reduced.mixing
‘when flow is away from wall., (see fig, 2~2).

' Difference in the methods of measuring sound pressure level .

make quantitative comparisons between results of the two

.different groups of workers difficult, Jdeally acoustic

pressure'on the-boundary layer is required; this would be

achieved by mounting the micrcphoné flush with the  tube Wall.
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2.2, ' Forced Convective heat transfer in cylindrical burners with

" combustion driven acoustic oscillations of the chamber gas

Of the early work in this field (pre world war two) that of Reynst (7).

- is worthy of note, Reynst had conceived the idea of utilising the

combustion driven oscillation in a fanless boiler plant, where the

“induction and scavenging action was performed by the pressure oscillations’

due to acoustic resonance, A further advaniage of this method of
furnace design Wae its use with pulverised fuels, where a high relative
velocity between furnace gas and fuel particie is necessary for greater
combustion efficiency. The bulk of Reynst's work (7) is concerned with

the aerodynamic and acoustic principles associated with these devices and

 their actual design. While he realised.. that improved heat transfer

resulted from the oscillatofy motion of the combustion gases, no specific.

'study was concerned with the heat transfer processes involved.

In the post war period-the bulk of the work on combustion driven
acoustic oscillations has been carried out in the aero-space'industry.
Much of this work has been directed at understanding the aerothermochemistry
of the. phenomenon, and establishing design principles which avoided the
occurrence of combustion driven acoustic osclllatlons, becuase of their

damaging effects to the combustion chamber. Of the vast llterature on

the Subject,'the number of papers deaiing directly with heat transfer

aspects and flow visualisation studies are very few. To get the heat

transfer and gas motion of the problem in perspective the papers of

' Male, Kerslake and Tischler (8) and Kreig (9) who carried out flow

visualisation on rocket motors will be studied, the authors of reference

(8) also obtained heat transfer coefficient data, Finally the

. experiments of Zartman (10) will be.discussed.

‘Male, Kerslake and Tischler (8) carried out their seudy o;x4 in, I.D.
cyllndrlcal rocket englne of 23 in, length, terminated by a converging
diverging nozzle, A transparent section extending 5} ins. from the
burner plate enabled high speed photographic studies to be carried out

in this region. Simultaneous recording of the combustion process from a

top and side view enabled a three dimensional picture to be constructed.

" Heat transfer rate was estimated frdm the depth of erosion in the combustion

chamber - depth of erosion belng proportlonalto heat transfer rate for a
given runnlng time,
Two basic modes of oscillafion were obtained a 1000 ¢/s longitudinal

mode and a 6000 c/s tangential mode of the spinning variety. Observations

- showed that the longitudinal mode was shock fronted whereas there was no




" Fig.

evidence of the tangential mode being shock fronted, the pressure
fluctuatibns recdrded were vefy large (peak to peak variations from 2
to 4 times the mean combustion chamber pressure) and therefore outside
the séope of acoustics, Erbsion measuremenfs showed that heat transfer
ratgs with the longitudinal'modé wefe,twice those of normal combustion

whereas the tenhgential mode rates of heat transfer were six times those

" of normal combustion, The authors concluded that these changes were

prbbably due to macroscopic transfer of the chamber.gas to the wall,
brought about by increased turbulence, or reduction in boundary layer
fhickness. ‘ :

" Kreig (9) in his study used a 15 ins, dianeter rockef motor-
operating at mean preésuresof about 330 lbf/inz., Flow visualisation.
ﬁéihg techniques similar to those of Male et al (8) were carried out.
The results of one of these visualisation studies across anraxial
elément of the chamber is shown in figure {2-8). This was carried out
for a tangential oscillation mode frequency of 1750 c¢/s. The figure
shows clearly the motion 6f the gas towards the wall, which was also

observed by Male et al,

'__. " INSTANTANEQUS PRESSURES & YELOCITIES

Z-é' Instantaneous Pressures and Velocities across aq axial

element of a rocket motor., Kreig Ref. (9

/5.




Zartman (10) conducted experiments on a S‘inch I.D. Propane-Air burner,
in which the effects of 1ong1tud1na1 and transverse modes of oscillation
on heat transfer to the chamber wall could be studied separately.  ‘The

| pressure levels were recorded on a mlcrophone mounted flush with the
chamber wall and were well within the limits of acoustics. Heat
rtranefer measurements were made at five iocétions along the length of the
- combustion chamber downstream of the flame holder, these measurements
were made by means of thermocoﬁples located in the tube wall, Gas
temperature was obtained by means ofmgodlum line reversal method at
locatlons along the length of the chamber. Tests were conducted to
determine the distance in which fully developed heat transfer resulta
could be attained, This was found to be between 12 and 14 inches down

 stream of the flameholder depending on the type of flameholder (blockage)

used in the experiments. Flow Reynolds numbers were varied from 35,000

to 48,000, Frequency of oscillations was varied from approximately 350

.to 4,000 c¢/s and sound presSure levels from 130 to 158 db. were recorded.

The main observations of this sfudy'were
1. Up to a sound pressure level of 130 db no noticeable effects of
 acoustic oscillation on heat transfer rate was observed.
.2, Above 130 db. heat transfer coefficient dncreased linearly‘with
ihcreasing sound preésure level (see fig. 2-T7).

3. The effect of oscillation on heat transfer coefficient was
found to be independent of frequency - i.e, whether mode was
longitudinal or transverse (350 or 4000 c¢/s).

4, Similarity in the temperature'profiles and relative invariance
Qf the combustion efficiency suggested that the fluid dynamics
rather than the comﬁustion process controlled the heat flux
rates, |

Se The_effect of shortening the'burning_lengfh was to increase the
intensity of oscillation and therefore cause further increase

in heat transfer,
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2.7 Effect of Combustion Driven Acoustic Oscillation on Heat'Transfer
Ref, (10)
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2.5. ‘Overall Discussion

Zartman's flow and acoustic data lie in the region classified by
Jackson et al as the non vortex flow, turbulent main flow condition,
(i.e. Re>30,000).

" However, the heat transfer data of Zartmén Shows a contrary
trend to that of Jackson et al - increasing heat transfer coefficient
in the presénce of sound. 4 ' _

It is clear that the flow situation in the region of the wall
ﬁhich controls the convectivé heat transfer process is different for the
two situations. In the electrically driven system, the acoustic
streaming vortex motion is deétrOyed by‘the main flow when Re > 30,000,
In the combustion drlyen acoustice oscillatioh‘problem; the cdmbustion
heat release drives the weak pressure oscillations present due to
cavity resonance, the increase in the resulting pressure oscillation
causes a modification to the bulk flow, and;as has bcen observed, -
greater mixing in the boundary layer, '

However, Zartman's experiments and thosé of Jackson et al both
show that there is no effect of acoustic frequency on the rate of heat
transfer. ' :

From what has been said above, it is apparent that any method
developed for the computation of the heat {ransfer coefficient in the
presence of combustion driﬁen aéoﬁstic oscillation wiil be unsuitable for

" electrically driven systems.

7.




3.0

TﬁE DANCKWERTS-MICKLEY MODEL FOR TURBULENT HEAT EXCHANGE

And Its Application To Problems Of Forced Convective Heat
Transfer In_The Presence Of Combustion Driven Acoustic

Oscillations In Tubular Chambers,

B CEN STETOE

/8.
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The Selection of a Model for Turbulent Heat Exchange between a Gas and

Wall Surface in the‘Pfeséhéé of Acoﬁstic Oécillation

3.1,  The Classical Appfoach to the Problem of Turbulent Flow with
. Heat Transfer.

The classical approach to the study of laminar fluid
motion is through the Navier Stokes equations. However, Prandtl
showed (11) that, from order of magnitude considerations, the
complex Navier Stdkes_equations could be reduced to the simpler
boundary layer equations, '

For the steady laminar incompressible two diﬁensional
boundary layer flow over a flat plate at zero incidence, the

“boundary layer and continuity equations aré (11)

=
S
=

2 ;
véu a“u iEE: vy

+ —_— . = St E F 3.1.1.

dx dY )} y? T

du E§v“ = 0 :

~ =y &£ =  — 3.1.2,

dx dy . 3
“with boundary conditions.
At vy =0; u=v=o0 ‘_ — 3.1.3.

¥ = 00; u =Uwm the free stream velocity

‘At x = 0; u=U

A corresponding order of magnitude consideration of the
general energy equation (11} for the laminar foréed convective
transfer of heat from the heated fluid to the cooler plate of the
above hydrodynamic problem yilelds in the absence of kinetic

heating effects.

e D6 vde . 3% ,
S'_x— + 3‘; = T;z : ""'-"'"""_3.1.4.

In the study of turbulent fluid motion, the approach to the
problem is to assume after Reynolds (11), that the turbulent
fluid motion can be separatéd into a mean motion and a

| fluctuating or eddy motion. Tf the three:time éveraged conponents

of the fluid motion are given by u ; v and W and the fluctuating

/9



components are given by ul 5 vl and wl, then the instantaneous

values.of the'three-components of motion are

Similarly, fluid properties such as pressure (p),:
temperature (8). and density (/D) at any instant can be handled

in the same way so that

p=Bb+pl; ©=06+6" and f):r',' +_’ol
. The time aﬁeraging is cohsidered to be carried out at a fixed

'point in'spaée and to be taken over a sufficiently long period of

time for them to be independent of time.

| £+t - ‘ .
e.g. T = o wdt. , —————3,1.5.

T

By this definition, we see that the time average of the fluctuating
quantities would be zero, so that ul'= o ; vl = o ete.
The mean fluid motion must satisfy the Navierfstokes equations

and the continuiiy equation, reference (11). The fluctuating’

"velocity'components ul; vl and wl influence the mean motion

ﬁ; v; and w in such a way that the mean motion exhibits an apparent

increase in its resistance to deformation. . The fluctuations vl

1

and wl normal to the bulk flow in the x direction givé rise to shear

—

‘stresses in the fluid - ‘Oulvl ‘and -Pulwl while the u" fluctuation
gives rise to a normal stress —P-;Iﬁ. Therefore, the Naviér—Stokes
eduations take oﬁ an extra set of stress terms - The Reynolds
Stresses - which account for the turbulent fluctuations in the flow.
bFor the steady twq dimensional incompressible turbulent flow
over a plate at zero incidence, the Prandtl boﬁndary layer equation
-énd continuit& equatién from order of magnitude considerations are

. from reference (11).
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where Ep is the eddy momentum transport coefficient and is equal

to

=]
<

*

- the boundary conditions on 3.1.6. and 3.1,7. are.the same as for
©3.1.1. and 3.1.2.

For the forced COnvective.turbulent heat transfer for thé
above hydrodynamic:situation, the thermal boundary layer equation

is: =~

i
| P.]

@I
<1

9
I

I
=+
|

S
o/
b

= 3337 ["C.'* FH] g—% ————3.1.8.

The boundary conditions on temperature are;-

at y = 0 ; B = 00 .
‘at ye-rw; O 6w _ ‘ . 3.,1.9.
at x = o0 ; 5 = 600
Ey is the eddy heat transport coefficient and is equal to Eigi_
FX]
vy

‘The evaluation of the local or. average heat transfer rate to the
plate surface necessitates the solution of 3.1.6,,3.1.7;‘and 3.1.8.
alohg with appropriate boundary conditions 3.1.3. and 3.1.9.

For the case of fully developed flow on a semi-infinite
platé - {very long in the x direction), The velocity and
temperature:gradient which are of importance are those in ﬁhe ¥
direction. This can be shown from an order of magnitude
consideration as follows. _

| it is assumed that x 1is the order of magnitude of a
lenéth'.L which isf§>1, and that G is of the same order. Further
y 1is of the order of magnitude of the boundary layer thickness 5 _

which is<< L and we assume v is of the order of 5

‘Then u :iﬁ
‘ dx

vaa

o(L)

¥y o(L)




(V'FE“)B_G] _ o(L) ‘,
dy - oD

.Since‘O(L)- o(L) Only the term of o(L) need be retained’
0(52) >> . _ 0(3 )

in equation 3.1,6. which reduces to

._.E- [.v*‘_EM). ‘%]

dy

;-(v";EM) %% = g ='§/%%£—- - S ..‘——'—‘_————3.1.10.

By similar reasoning, equation 3.1.8. reduces to

(C'+ Bp d6 _  , _ @ | D 31011,
dy T2 AGC' . - )

‘The simplest solution‘df equations 3:1 10 and 3 1. 1i for. avefageior
local heat transfer coeff1c1ent whlch 1s also compatlble with-.
experlment over a reasonable range of Prandtl numbers (su1tab e to cover
the range of investlgatlon here) 15 that u51ng the Von—Karman Marulnelll‘
analogy between momentum and heat transfer. (12) ‘

-The analogy assumes & deflnlte relationship to ex1bt between
Ex and By, in its slmplest form, it is. assumed that Ey = Ey. The
V0n~Karman—Mart1ne111 method further assumes that the boundary layer is
made up of'three distinct regions,

Nearest the wall, a laminar sublayer is considered to exist in
-which.the momeﬂfﬁm and heat transfer are achieved on a meclécular scale,
(i.e. Ey and Eg are zero). This region is éonsidered to-exist over the
raﬁge 0 <.y+‘< 5 where y+ = [y __g_*].is ‘the non dimensional distance from

- )}, '
the wall sﬁrface, and v¥* is the so called friction velocity and is equai
“to [To gc ]'/2 ) .
) /0 .

Adjacent to the sublayer is: a buffer region in which molecular and
ﬁacroscopic eddy tfansfer are considered to be of equal importagce
0’ EM, . and Epg all of equal importance)..'This_region is considered
to extend over 5 < y* £ 30.

'Finally, a fully developed turbulent éore regionlis considered

beyond y* = 30, In this region, the effects of molecular transport are




considered small in relation®to :the macroscopic eddy transfer

VKE; o <KE,

"The method for calculating heat transfer ccefficient is semi-empirical
in that, to solve eqguations 3.1.10. and 3.1.11,, the velocity 4 as a
function of yt must be kndwn, in the usual boundary layer notation, this

is:-

u® £ yhH

where vt = g

= s
. {-C¢rq?]’i

and, secondly, the relationship between EM_and Eﬁ-and u? and yt must be
known. .These two items of information are obtained from experimental
observation, For the case of steady incompressible pipe flow or flow
over a flat surface this information is readily available.

In the problems under study here the main flow is affected by
oscillation and the wall shear stress is increased, Théreforé, any
attempt af calculating the heat transfer coefficient using the
Vpn;Karman-martinelli anaiogy would necessitate two sets of empirical
information,

An alternative approach to the problem of calculating heat transfer
coefficient between a wall surface and a fluid; in the presence of
oscillation, is by the use of a Surface Renewal Model.(13) This type of
model has found wide application.in Chemical Engineering in the design
of stirred reactors and fluidised beds,.where,-becausé the flow path is
so complex, no atfempt is made at defining this, but the average heat
transfer is computed from determining the averaged effect of fluid mixing
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3.2,  The Danckwerfs-Mickiey Surface Renewal Model
' The concept of‘the surface renewal model was first put
forward by Higbie (14); However, this model made no allowance for
the.randomness of the mixing motion. Danckwerts (13) is generally
credited with being the first to develop a renewal model which
.allowed for the randomness 6f the mixing process, A similar model
to’ that of Dénckwerts was put forward by Mickley (15) to account for
-cffect :o{‘mixing on heat transfer in a fluidized bed. '
| The physical model of Daﬁckwerts and Mickley for the transfer
of heat befwéen a turbulent_fluid motion and a wall surface is
considéred as follows:- Macroscopic "lumps” of fluid. from thé
turbulent bulk or core of the fluid move randomly and at high
frequency to the wall surface, exchange heat with it in a
transient ﬁanner before beiné displaced by fresh fluid from the
bulk region, ‘ _
In figure (3-1) bne such lump is considered, The lump is at
the temperature of the bulk fluid 000, which is assumed to be

gréater than that of the surface 6o.

hd -

4o o

]
] | o FIGURE 3.1. :

# ) . .

y ' 69 " Transfer of a fluid -
Al . <« ) R

A 1 lump to the wall
] : . surface. _
A .
i—

Because of turbulent motion in the.fluid,-this lunp is bfought into

contact with the boundary surface. This contact is transitoiy,

therefore unsteady conduction between thé fluid "lump" and the surface

takes place over a very short period of time.. Because of the short

contact time between the fluid and the surface, heat may be |
-considéred to have been transferred from a semi—infinite fluid mass

at Oco ﬁhiéh has been subjected to a step change in temperature

to 6o.



Mathematically this involves solution of the one dimensional

unsteady state heat conduction equatlon with sultable boundary

condltxons

ie, 1 3__9_ _ 229 - 3.2.1
x bt B y‘z o . . .
t=0; O = 6w
t >0; = Bo at y = 3.2.2.

il

GOoaty-_—_-oo

'Rémembéring that 800 and 0o are independent of t, the
solution of equation 3.2.1. with boundary conditions 3.2.2, can
be found in most texts on heat transfer, e.g., (16).

The instantaneous heat flow at y = o from reference (16) is

Qi = kA (Boo - Bo)

ek

3.2.2.

.The local instantaneous heat transfer coefficient ist

V7

. ‘ . 2 .

hi = Q@ = | kpos

7 A(eeo - 60) [ﬁ T ] 3.2.3.

The'object_now is the relation of t in equation 3.2.3. to the

random mixinz of the fluid,
Danckwerts and Mickley consider the motion of the fluid contin-

ually replacing the older fiuid'lumps at the surface with fresh

" lumps from the fluid bulk - (the lumps at the surface are older in

the sense that they have been in contact w1th the surface for a
finite time).
7 Because of the assumed steady flow conditions and the fact
that the turbulent process is completely random, the rate of renewal
of fluid lumps at the surface is a constant dependent only on the fluid
mechanics and geometry of the particular situation, hence no
correlation exists between the age of a fluid lump.and its
repiacement - i.e. no preférential.replacément of any particular
age group.' Therefore, the’fractional rate of replacement or

renewal of lumps belonging to.any "age" group is defined by S

! per unit area.




©XIE a fractional surface area-age distribution function .ﬂt
. is defined, then, at time t; the area covered by lumps of age t
will bé A ﬂt. In the time interval dt, there will be a decrease
in the frgctional surface area covered because of displacement of
| some fluid lumps into the bulk fluid, This decrease of the
fractional surface area with respect to time must be equal to the
fractional iate of renewal of the surface from the bulk region.

This. may be expressed mathematically as

T A =SP4 3.2.4.
at -
Hence log, @y = =~ St + CONSTANT 3.2.5.
- -8t
or g, = (CONSTANT) @~ - — 3.2,6.

. ' B 0o : :
From the definition of @¢, we know that J: Pp.dt = 1

' a0 .
. , -5t @ ,
Therefore g .dt = l=~(CONSTANT) (2 =1
: o # s A, —3.2.7.

and.hence the CONSTANT from integration 3.2.5. is equal to 8.

. _ -st : '. ~
p, = s g | 3.2.8.

The local heat transfer coefficient at any point x on the surface

will be due to lumps of all ages and will be given by

- © . ' ' 3.2.9.
hxy = .r hy @,.dt
O

_substituting_fof hj and @, from 3.2.3. and 3.2.8, respectively.

[/

) oo ‘
. -4 -8t
hy =S[kgcg &] S tEoe . dt - 3.2.10.
fxs o _
_ o : 1y :
- - .
" the integralf t H e 8t dt = [‘T_!] Dwight (17)
: o 155! :
. . '/2 ) :
Therefore hx = [krcp S] — 3.2.11.

The average coefficient over the whole surface Ao is

ho = 1 hy ., dA 3.2.12.
Ao .
Ao




PR ho [kfcp] L -« 8 'dA_ . 3.2,13.

Defining the area mean renewal coefficient over the area Ao
as

sof = . st

3.2.14.

1
Ao

Ao
The average heat transfer coefficient over the surface-is then

a

ho = [kfcp So] 3.2.15.

3.3. Assessment of the Assumptions in the Dénckwerts—Mickley Model

in the light of Experiments

The géneral concept of surface renewal -~ 1umps of bulk fluid
penetrating to the wall surface is consistent with the observations
of Fage and Townend (18), Harratty (19); Bakewell and Lﬁmiey (20),'
Sherwood et al (21) and Kline et al (22), All these workers have
studied the structure of the forced convective boundary layer on a
flat surface. Locke and Trotter (23) from their study of the
lstructure of the turbulent free convective boundary layer conclude
that the assumption of a laminar sublayer is not valid. Therefore,

adequate experimental evidence backs up thes concept of renewal in
the wall region. |

The assumption of a constant renewal rate § per unit area is

27.

' consistent with continuity since if for assumed steady state conditions

of flowbthe time averaged rate of fluid arrivals and departures from
the surface must be the same. This is in no way different to the
traditional approach to turbulent boundary layer problems discussed
in section 3.1. where it is assumed that thé time average of the
fluctuating comppnents is equal to zero,for example

t +%

1 vldt
T

-

-

o
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Thé assumption of constant‘renewai rafe 8 is also consistent with
‘the detailed observations of the boundary layer by Kline et al (22).
These studies have shown that in the region of the wall, relatively
" large elements of low velociéy fluid are violently ejected into the
bulk flow where they break up and- follow a pattern of debaylng
_turbulence, the reason for this eéjection is thought to be due to
instability in the region of the boundary layer close to the wall.
Highly energetic fluid from the turbulent bulk fluid moves towards
‘the wall surface to replace the ejectcd elements. It is thought
.that the eﬂergy supplied by these slements contribvute to the
: éjéction of the slower elements from the wall region.

_ Ruckenstein (24) in a study of the renewal model, states that
the model due to Danckwerts considers.the wall fluid elements to
be static during contact, and if the wall fluid elements are in
‘motion then consideration must be given to thelr deformatlon.
Ruckenstein then presents ‘a model whlch considers the bulk motion of
the fluid bringing elements into contact with the wall surface, which
then move in laminar flow over a short distance before moving into
~the bulk region. From this model, Ruckenstein concludes that for
heat transfer at high Prandtl number Pr the Nusselt number Nu as a

function of the Reynolds number Re and Pr for pipe flow is

'NuoC(Re)(,)'.Q (pry'/3 L T 3.3.1.

‘Equation 3.3.1. is ‘in good agreement with experimental data for heat
transfer at high Pr. (i.e.'Pr > 20) from the correlation of Kays (12).
That this_is so can be seen from the fact that at high Pr the
thermal . bhoundary layers is extremely thin, and the major part of
the _thermél gradient is confined to the viscous region near the
wall, This in no way invalidates Danckwerts' model. Danckwerts (13), (25)
_does not specifically mention that renewal elements at the wall are
static, But, he does state that the renewal or mixing coefficient &8 is
.a function 6f the fluid mechanics and geometry of the system under
study. If sufficient is known about the flow situation or can
" reasonably be assumed about it, the possibility exists of defining the
form of . S analytically, This is, in effect, what Ruckenstein has

done by confining attention to high Pr systems.
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" Toor and Marchello {(26) in the application of the

Danckwerts renewal model to the. problem of heat transfer in

- turbulent pipe flow show. that Sp is given by

Re0-8

-3,3.2.

2l

where ﬁ is the mean flow velocity of the fluid through the pipe.

In the problems undér study here, concern is focussed on the
mixing motion in the region of the wall. The friction velocity

‘ 48 .
vk = [39‘r6] is a measure of the intensity of turbulent eddying -

f)

and of the momentum transfer due to this in the region of the wall.

‘Because of the proportionality of wv¥ with the mean flow -

 velocity U y its use would give a better representation in 3.3.2.

than U.
0.8
Hence 52 oC 3% e 3.3.3.
‘ . '/z . ’
.. hool [kap vk Re® 8 - L 3.3.4.
D )

For turbulent pipe flow with Re < 100,000, v* can be obtained from

reference (11) in the fo:m.

vk = (0.0396)% vyt 3.3.5
| Ty .
_ D

V3
L o 3 - 0.838 :
. | thQ < {o%"—-] [Re] | 3.3.6.
' 0.838 - 0.5 -
o h""k_D T [Re] | [ pR] | ‘ 3.3.7.

C; is a constant to be determined from experimental results,

The McAdam correlation fc fuliy developed turbulent pipe
flow (27) is: _
hoD = 0.023 ReO8 py 0.4 3.3.8.
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20.

3.3.8. is valid in the range 10,000 < Re < 120,000
0.7 =< Py < 120

‘The results from 3.3.7. and 3.3.8. are shown in figure 3.2. for
"Pp'= 0.73 and C1 = 0.0162. Agreement of these results is to

‘within 6%, a slight devergence occuring at high Re.

FIGURE 3.2. CémpariSon between equation 3.3.7. and the

McAdams correlation equation 3,3.8.

_ Having established that the Danckwerts model can be applied '
to problems of_turbulent heat transfer in pipes with én accuracy
acceptable for most practical purposés, thé next section will-
indicate how the method can be éxtended to turbulent pipe flow

with superimposed combustion driven acoustiec oscillation.




3.4.

Application of thé:Danékwerts-Mickley-Model for Heat Transfor in

Fullv Developed Turbulent Plpe Flow 1n the Presence of Combustlon

Drlven Acoustlc Oqclllatlon

_ From the earlier discussion of the photographic studies of
Male et al (8) and Krieg (9), it was seen that the effect of
oscillation was to cause greater mixing in the region of the wall,

The problem here is to relate this increased mixing motion with

- recorded acoustic data.

_ From the discussions iﬁmediately préceeding this section,

it was noted that Kline et al (22) postulated that the m1x1ng action
in the region of the wall was caused by energy supply from the
bulk region fluid lumps. It was further noted in the 1ast‘se¢tion'
that %, the friction velocity, was important in characterising the
intensity of the turbulent eddying (mixing) in the vicinit&lof the
wall. Therefore £%r*2 ;should be of the order of magnitude of the

c

energy supply postulated by Kline et al, because the highly
energetic vl fluctuations give rise to a large momentum flux

which is equal to the opposing shear stress at the wall pto, and

we know that £ v v*2 To.
. jc

If from the experimental evidence of Male et zl and Xrieg,

.itéis considered that the effect of the combustion driven acoustic

oscillation is to supplement the turbulent mixing motion in the
wall region due to the bulk fléw.

Theﬁ if the acoustlc pressure is measured or can be.
calculated along the wall surface, the average energy density in

the acoustic wave is:- (?rom Morse Bibliography (li)

2
u® max .
= b 3.4.1.
/2 3c

Details of the derivation of 3.4.,1, are to be found in

|

Appendix I(a).

In terms of r.m.s., quantities, for an acoustic wave of-

sinusoidal form, equation 3.4.1. may be written as

_]_é _ ? [ar.m._s. CJ] .3..4'.2.




From the consideration that acoustic energy is supplementing the
turbulent mixing motion 1n the Wall region, and the hypoth931s of

Kllne et al we have

~

Total energy in wall region = o [ar_m.s_ w]z + OV 3.4.3.
. jc ) 30 .

N

ﬁ[(ar‘m_s.Cd) 2, ‘1*2]___“3.4-4_
Je |

A modified friction velocity vf* is now'defined_so_that‘

[(ar.m's‘w)z. . v*z]% 3.4.5.

Now the m1x1ng coefflclent for a turbulent bulk flow in the
presence of combustion driven acoustic oscillation Sv, by
analogy with equation 3.3.3. for So will be

a4 ke ReQ.B

3.4.6.

C ol

" .Therefore the average heat transfer coefficient hy in the presence

of combustion driven oscillations will bhe

D

' 2 0.8 . : ' .
bv o¢ [-kfcp T Re 1 - 3.4.7.

From equatiens 3.3.4. and 3.4.7. one obtains the ratio

he T %% %3. a 211
3 g B AR
ho v ‘ ¥ ) .

The constants of proportionality in equations 3.3.4. and 3.4.7.

must be the same and hence cancel out when 3.4.7. and 3.3.4.are

- ratioced. If this were not so, hy would not tend to ho as

(ar,m, g.00) became small compared with V*, which is observed

experimentally.



3.5. Comparison and Dlscu551on of Results predlcted by Equation 3.4.8.

“with the Experlments of Zartman.

" The experimental data oi Zartman (10) for a burning length
of 175 ins. was used for comparison with equation 3.4.8. The
reasons for this were: -

-{1) Zartman observed that the effects of chemlcal
-reactlon due tc combustion were effect;vely

'complete with the 174 in. burning length.

(2) The turbulent flow at this length was fully
developed.

(3) The microphone used by Zartman for recording
pressure was located just upstream of the flame
helder. 1In this position, the sound pressure
level recorded would have been approximately
the same as that at the 174 in. position.
The justification for the last statement is based on studies
of transverse mode combustion driven acoustic oscillations in a
6 in. burner tube carried out by the N. A. . C. A. Lewis
Laboratory (28); In this study the position of the flameholder was
--changed and the effect of this was noted on the pressure variation
along the wall of the chamber. The resuits of this study are shown

in figure 3.3.
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FIGURE.3;3. Variation of Acoustic Pressure along Combustion.

Chamber Wall. (Refefence 28)




It will bhe noted that with the microphone placed at a point

.ijust'upstream of the flame holder baffle, the acoustic pressure

at that point is.approximately the same as that about 17-18 ins.
downstream of the baffle,

A The.eValuation'of v* in equation 3.4.8. can be carfied

out by usiﬁg the éxpression for v*¥ for fully developsd turbulent

pipe flow, from Schlichting (11), this is

.5.1,
D 3.5

& = (0.0306)} U [z]it

~ From Morse(Bibliogréphy 1) (ay g, g &J) can be related to

the sound pressure level; this.derivation is shown in

Appendix I(b).

_Hence -

(ar.m.sfaj)_ = Poms. & 3.5.2.
F c
P. s, is ohtained from the definition of the (S8.P.L.) db. scale
relative to a reference pressure level Po.
| P |
Where (5.P.L..) db. = 20 log = —_ 3.5.3.
_ 10 ] Po} » m.s.

_ All properties were evaluated on an average mplal basis at
the mean of the gas and wall temperatures at the same location at
which heat transfer meashremeﬁts were made.

A sample calculation for Zartman's data run number 20 is
carried through in detail in Appendix II.
The comparison between Zartman's data and equation 3.4.8. is

shown in figure 3.4. below.
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FIGURE 3.4. Coﬁparison between Equation 3.4.8. and the

Experimental Data of Zartman. {Reference 10)

Discussion

" From figure 3.4. it is seen that equation 3.4.8, is a good
representafion of the experimental data points. The experimental.
data points are consistently above their'prédicted bositionsl* This
is most probably due to thelassﬁmption of sound pressurs level
being equal at the recording péint‘and that at 17} ins. from the
baffle, .the résults in figure 3.4. indicate that the recorded 3.P.L.
is slightly higher than at thet17% in. position,

The consistency of the dafa relativé.to equation 3.4.8.
indicates that the postulated model fof mixing and heat transfer in
the presence of combustion driven acoustic oscillations is a reasonable
one. However, the validity of equation 3.4.8. is expected.to break

'down'as-the-acoﬁsfid pressure‘waves steepen:into sﬁock fronts.
The model is expected to hold for weak shock fronts - finite pressure
waves - provided that in this case the pressure ratib across the

shock is not large. ' The criterion for acceptable pressure ratio




~

across the shock is that the wave propagation speed,'vt should not
differ appreciably from that of the sonic velocity in the
undisturbed gas Cl. Bannister (29) chtained the following
relation betﬁeen wave propagation speed, sonié velocity in the

undisturbed gas and the pressure ratio P/fl‘across the finite wave.
_ 1 k % 1
V‘C (k—l)

Pl is the pressure in the undisturbed gas. Note that when

p k -1 2
P\7or— _ '
(}J) - P 3.5.4.

-P/Pl ~l ‘as in acoustics then ‘Vz cl.

" C The method discussed here does not enable the prediction of

| . ‘ the critical sound pressure 1evel, below which the effect of :
acoustic oscillation on heat‘transfer is negligible. However, the.
low'iﬁcreases in heat tfansfer predicted by equation 3.4.8. in the
region of the observed critical sound pressure level, would fall
within the range of experimental error with normal.combUStion

systems.

Conclusions

- Using the Danckwerts-Mickley model for heat transfer in
| ' : fully developed turbuleht pipe flow, and interpreting the surface
renewal or mixing coefficient § in the light of the observations
! - and hypofheses of Kline et al, Male et al and Krieg, concerning the
‘ ' wall exchange process, a suitable ﬁodel has been set up for the
calculation of heat transfer coefficient in the presence of
‘ combuétion driven acoustic oscillation in a cylindrical gas air

burner. Ihis model shoWs gdod agreement with the experimental

"observations of Zartman.




4.0,

THE EFFECTS OF TRANSVERSE MECHANICAL

OSCILLATIONS OF HEATED VERTICAL PLANE

SURFACES IN FREE CONVECTION -IN . AIR.



4,1, Sﬁrveyrof ILiterature

.The literature surveyed in this section is that associated with
transverse mechanical oscillations of plane surfaces, because, this

mode of oscillation is usually found in practice on large panel and box

' structures.,

The open published literature on this subject is limited to three
papers, The firsf by-Shihe(BCD who conducted an experimental investigatiqn
on the effects of transverse mechanical oscillations on free convective
heat transfer from an eight inch ﬁertibal plate, The secénd and third

are those of Blankenship and Clark (31) (32) who carried out a combined

_anélyticél'and experimental study of free convection from a heated

vertical'transversely vibfating plate to air.

Shine (30) used a plételeight inches tall by ten inches wide.

" Instrumentation for flow visualisation and temperature measurement

included a Mach-Zender interferometer and an optical system for phase’
discriminationfby which the dependence of heat transfer ceoefficient on
the position of the plate in its oscillation cycle could be observed,
Heat transfer coefficients were determined at constant heat flux, for
wall temperatures rangiﬁg from 131° to 2790F, The amplitude and
frequency of oscillation of the plate varied from O to 0.61 ins. and 11
to 315 c¢/s. respectively, .

1t was observed that below a certain critical oscillation intensity -

- where intensity is the produ¢t of amplitude and freQuency - there was no

effect of oscillation on the boundary layer f£low oxr on the heat transfer

- coefficient. At a critical intensity instability was observed in the

-form of a wave motion in the outer region of the boundary layer. The

instability was observed to increase with increasing oscillation intensity

above the critical. The heat transfer coefficient was observed to

dncrease :.. . with v "h oscillation intenéity greater than the critical,

the maximum increase beihg about 40% above the value for the oscillation

free case, ‘ _
Indifference curves were‘plotted, these consisted of plots of

oséillation fréduency versus amplitude at the critical condition.

Curves were plotted for two differing criteria for the critical condition,

in the first case the data was plotted on the basis of the first
- observation:of wave motion in the boundary layer, in the second case the
data was plotted on the observation of the first increase in heat

_transisr coefficient above the oscillation free wvalue, Both these

methods yiélded a critical intensity of oscillation of approximately




1,0 ins c¢/s.
No observable relationship between heat transfer coefficient
and position of the plate in its oscillation cycle was noticed.

The only data presented in any detail for computational

purposes were those for the maximum plate temperature of approximately.

279°F (Gny, @ 60 x 106). see figure (4-1)

Q 1.0 2.0 - Xe) 4.0 5.0 €0

VIBRATION INTENSITY = yf = INCH ¢€Ps

'Fig. 4-1 Variation in Heat Transfer Coefficient with Intensity of

Oscillation Shine Ref, (30).

Blankenship and Clark (31) carried out a theoretical analysis
of:the above problem utilising a perturbation Solution. " The results

of this analysis indicated an infinitesimal decrease in the heat

" transfer coefficient in.the presence of oscillation, In an experimental

investigation Blankénship_and Clark (32) used a six inch square,
heated plate which was maiﬁtained at temperatures such that the
Grashof number varied between 8 x 106 and 21 x 106,  The vibration
Reynolds number defined as (ad}f/y ) was varied bétween zero and’
abcut 8000, ?low visualisation studies were carried out by means
of smoke filaments being iﬁtroduced into the boundary layer. Heat
transfer data was recorded at constant heat flux, Their results

are shown in figure {4-2)




~ AboVe the critical intensity the heat transfer coefficient was observed

in the outer region of the bbundary layer and was propagated towards the
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Fig. 4-2 Variation of‘Nussélf Number with Vibration Reyndlds Nunber

Blankenship & Clark Ref. (32)

_ The authors of this study observed that for intensities of
oscillation below a critical value the heat transfer coefficient decreased
by a negligible amount from the oscillation free case thé flow maiﬁtaining

its laminar character, this was in accord with the perturbation solution,

to increase rapidly-With intensity. Flow visualisation studies
indicated a transition to turbulence when oscillation intensity was

greater than the critical. It was noted that the instability originated

surface.. Instability was always observed to occur at the top of the
plate. . Smoke studies wepre used to experimentaily determine the conditions
under which transition occurred and from this an indiffereﬁce”curve was
plotted, The authors noted the difficulty in‘ascertaining transition
from heat transfer data alone, The increased heat transfer.coefficient
for intensities of oscillation greater than the critical were attributed
to the turbulencé and greater mixing observed in the boundary layer.

The findings of both groups of warkers appear to be substantially the

- same, the very important point being the cause of earlier transition to

) turbulénf flow brought about by the tranéverse oscillation of the plate

surface,

‘Because of the evidence of earlier transition to-turbulence_of the

laminar free convective boundary layer on a transversely vibrating plane




surface, it was decided to .survey the literature on experimental
investigétions of transition of laminar free convective boundary
layer's.' on vertical surfaces, with the object of setting up a suitable
physical model for-the mixing coefficient, so that use of the
Daﬁckwerts—Mickley model could be extended to problems of vibration

inQuced transition,.

41,




5.0 SﬁRVEY OF LITERATURE ON TRANSITION TO TURBULENCE OF FREE
CONVECTION BOUNDARY LAYERS ON VEETICAL SURFACES




B AN
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5.1, Survey of Literature

Farly analytical studies of the stability of laminar forced
convective flows indicated that the form of the velocity profile.had a
strong effect on the stability of the flow. Instability was associated
with points of inflexion in the-iaminaf boundary layer velocity profile.
The laminar free convective boundary layer. velocity profile shown in
figure (5-1) below has such a point of inflexion in the outer region of

the boundary layer, the velocity at this point is 0,683 o-VEax, (Ref,33)

v
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Fig. 5-1 Laminar Free Convective Boundary Layer Velocity Profile

.

Eckert and Soehnghen (35) conducted the first experiments to investigate
the stability'of the 1aminarlfree Qonvective_bOundary layer on a vertical
heated plate in air. The flow in the boundary layer was visualised by
- means of a Mach-Zender interferometer. The height of the plate was
36 ins and.its temperature was maintained at 15 to 40°F above ambient
before allowing it to cool slowly in air,

Af_a distance of 15 to 20 ins. from the leading edge occasional
- waves were observed in the outer region.of the boundery layer; the
occurrence of these waves indicated the boundéry layer flow had started
to become unstable, The wave length () of_these fluctuatioﬁs'was-
determined as A = 3.15 where 5 is the boundary layer thickness defined
in figure (5~1)‘abdve. " The wave velocity‘corre5§onded cldsely to that
in the laminar boundary layer at the point of inflexion. This is one
‘of the conditions for instability used in the mathematical fheory(il)JfIt
was observéd that the.disturbance within the boundary layer which started

.out with just one wave increased in duration as ‘it travelled down stream

by building more waves behind it, At the same time the amplitude of

the waves increased in their dovnstream path until they began to roll up.
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in the direction opposite'to the flow, The velocity‘and temperature

- profiles were observed tqﬁmaintain their laminayr characte5 however, the
average heat transfer coefficient was noted to be. about 25% higher than
‘for laminar flow, This being attributed to turbulent bursts.

To study,transition.near the fully develdped turbulent region,
Eckert and Soehnghen used an enclosed electrically heated plate 36 ins.

. high at a temperature approximately 50°F above the ambient gas which
was Freon, Turbulence fluctuations-at_high frequency were observed
(with magnification) right up to the wall in agreement with forced:
turbulent'flows. The scale of turbulence decreased towards the wall
sufface, in the inner region of the bbundary'layer the scale appeared
approximately the same as those observed in forced convecfive flows,

A later combined analytical ahd experimental study of the problen
of laminar free convection boundary laYer stability was carried out by
Szcwezyk (34). His experiments were conducted in water with a heated
plate 60 ins, high maintained at a temperature of about 740F. Flow
visualisation was carried out by means of dye injection in the water.

o The experimental obéervation$ revealed a double row vortex system.
Near the wall the dye streak was observed to roll up in a manner similar
to that with forcéd'coﬁvective-fldw ixe. inwards towarqs the wall.

Whéreas the dye streaks near the outer point of inflexion rolled ocutwards
in the manner observed by Eckert and Soehnghen, The following conclusions
were dramn by the author with regard to the experimental observations,

1. The instabiiity due to the outer critical layer - in the

region of the point of inflexion - is predominant and sets
in first, well in advance of the onset of instability due
to the inner layer near thé wall,

- 2, . The oﬁter layer vortices completely control the behaviour of
the flow development énd impress their effect onto the more
stable inner layer near fhé surface, provoking its instability;

The two papers discussed abéve show clearly that the instability
o:igihates in the regioh qf the oﬁter critical. layer and is propagzated
towards the wall surface, These observations agree closely with those
of Blankenship and Clark (32), however the critical Grashof number of
‘Eckert's experiment was. approximately 4 x 108 coﬁpared with Blankenship
and Clafk's'values of Grashdf.number of aboﬁi 1.5 x 107, _

In the discussion of combustion driven acoustic oscillations a

-model for the mixing coefficient was postuiated from experimental flow

visualisation and the resulting expressions for heat transfer tested
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against experiment, A similar method is to be developed in the
following section utilising the experimental heat transfer measurements
of Shine and Blankenship and Clark to test the postulated mixing

mechanism,



' 6.0

‘A]-?PLICATION OF THE DANCKWERTS-MICKLEY MODEL FOR- THE

COMPUTATION OF THE HEAT TRANSFER COEFFICIENT FOR PLANE

SURFACES IN FREE CONVECTION IN AIR UNDERGOING TRANSVERSE .

OSCILLATION
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47.

Application of the Danckwerts-Mickley Model to Free Convection

from a Plane Surface in Transverse Oscillation

From the foregoing discussion of the literature on plane surfaces
in air in free convection undergoing transverse oscillation, and of

the instability and transition 6f laminar free convective boundary

" layers on vertical surfaces, it is apparent that the outer critical

layer in the region of the point of inflexion of the laminar
velocity'profile is significant. From the earlier discussion in
connéétion.with the heat transfer in the presence of cdmbustibn
driven oscillations,iﬁzwas found that the postulated mechanism of
vibration energy supplementing the friction énergy in the turbulent
boundary layer, to cause better mixing, gave results which were in
accord with experiment, The problem under discussion here is the.
prediction of the heat transfer coefficient for a plane surface in

free convection in air undergeoing transverse oscillation with. an

,intensify greater than the critical, It is expected therefore that

the mixing coefficient in the presénce of oscillations Sy, will

" have the form

n

sy o€ ¥ By | - 6.0.L.

where Vy is a representative velocity, Gr, is the Grashof nurber
under oscillating conditions; and L is a characteristic length.

Here it is assumed that the oscillation ehérgy supplements the énergy
of the fluid in the criticai layer to promote instability and
transition to turbulence. Recall the hypothesis of Kline ot al (22)

in section 3.3. concerning energy supply to the wviscous wall region

' causing instability in the flow in that region.

Hence Vy = ((0.683 Vmax)z + (ar.m.s;w)z]% 6.0.2.

If it is assumed that; at the point of transition, oscillation does not
supplement the energy of the boundary layer in any way, then Vy = 0,683
Vpax- It is also known that at the point of transition hv.= hg.

Therefore from equation 3.2.15, 6.0.1. and 6.0.2. and the above argument

' ' s A2 t S .
by 1 +2.14 (2 s 6.0.3.
hg : Vmax S T

Vmax is the maximum velocity in the boundary layer and is evaluated
at the top of the plate because transition is first observed at that
point: From Schlicting (1l1). Vpay may be expressed in terms of the

Grashof number and the length of the plate as




Vmax = 0.55, 'GRV%)) , . 6.0.4.
=L I _ _

* From equations €(6,0,3.) apd-(6.0.4.) and defining a vibration Reynolds

number (Qy,m s I/yY ) = Re vib
hy | 2 3 ,
-I:I-oY- = [1 + 7-09 Re Vib ] - 6.005-
O

'Equation (6.0.5.) has been derived under the assumption that the
temperéture difference between the wall surface and the air are
identicél for oscillatory and non oscillatory conditions. The -
exporimental data of Shine (30:) and Blankenship and Clark (32) were
obtained under constant heat flux COnditions, Therefore equation
(6.0.5,) must be corrected for temperature difference before a.
- combariéon-is.made with the experimental data, Under constant heat
flux cbnditidns the temperature difference between the surface and air
falls with the increasing heat transfer coefficient due to oscillation;

‘therefore equation (6,0.5) is modified to

_ s 1% T 1
Ehi. = 1 + 7.09 Rewip - GRy 6.0.6.
ho ’ GRV GRo |

The édmparison between equation (6,0,6.) and the experimental data of
Shine and Blankenship and Clark is shown in figure (6-1). All

properties were evaluated at the mean of the surface and ai:r temperatures.
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Fig. 6"1. Comparison between Equation 6.0.6 and Data of Ref. (30), (32}

Discussion
From figure {6-1) agreément is seen to exist between prediction
and experimental results, though the range of Grashof number is seen

" to be sonmewhat Iimited,

The lower limit of validity of equation (6.0,6,) will depend
‘ on the Grashof number in the absence of oscillation and on the

’ . critical vibration Reynolds number. The variation of Rezvib/GRo
with GRO from the experimental observations of Shine and Blankenship

and Clark is shown plotted in figure (6-2).

. Blanasaship ond Clors bl (32)

e 0 (30)

Fig, 6-2 Lower Limit of Re?yib |
Gg critical




Thé upper limit of validity of equation 6.0.6. would occur when
vibration forced convection controls. The usual practice in
prbblems of mixed forced and free convection (Kreith 35) is to
assume that forced convection controls when the'céntribution of free
cbhvection is less than 10% of the totél heat transfer. In the
problem'hnder study here it is assumed that forced convection prevails
when the heat transfer coefficient due to free convection at the
' centre of the vertical plate is 10% of the combined totai‘heat
transfer coefficient due to forced and free convection at-the same
ﬁoint.

For free convection, the local coefficient of heat transfer

" at the centre of the plate hL/z: from Kfeith (35) is

by, 0.214 . Gp % 6.0.7.
. L/o ol ] Cro

For vibration. forced convection, assuming laminar flow conditions
hs at the staghation point at the centre of the plate, from '

. Eckert (36) is

. . %
hg o [?“)‘;’L} 6.0.8.
Now, for forced convection to control
hys, = 0.1(h,, + hg)
. hg : &'wL %
... ht = 9.0 = |—g— %
L/2 Y 3/0.214 g,
P
Hence (3r.m.s. WL ] o= (9x 0.214)4 x 0.5 = -—-—--—Re VI.B
Gro GRO_
. B VIB a7 6.0.9.
Gr,




" The rénge of experimental data,takeh'by Shine and Blankenship and

Clark, did not permit verification of equation 6,0.9,.

However, Lowe (37) has conducted experiments with a horizontal
cylinder in free convection in air carrying out largé amplitude
oscillations in a horizontal plane. These experiments on average

showed that forced convection occurred when. Ré2ViB -
. ' E ——rZ & 80.
GRO
Using arguments similar to those.above for the flat plate but

working with the horizontal cylinder geometry, the local free

convection heat transfer coefficient at 90° from the bottom of the

cylinder according to Hermann (38) is.

hgge o¢ 0.39 (c;RD)i 6.0.10.

The stagnation point heat transfer at 20° on the cylinder will

correspond to that for the flat plate as given by equation 6.0.8.

Therefore, for forced convective conditions to prevail,

Bevip - oy 76 | 6.0.11.
GRD .

In vieﬁ of the simplifying assumptions, including the neglect of

turbulence, the agreement between 6.0.11. and Lowe's data is
adequate. Hence the estimate obtained through 6.0.9. for

vibrational induced forced convection would appear reasonable.

The method of defining the mixing coefficient used here would
not be expected to hold for GRo ;; 1.5 x 108 as under these

conditions a turbulent boundary layer would exist on the stationary

plate. In this case, a method similar to that used for combustion

driven oscillations would be apﬁlicable.

P
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Conclusions

~ The Danckwerts-Mickley model has been extended to account for
vibrational induced turbulence in a free convective boundary layer
over a vertical laterally vibrating plane surface. From the

experimental observations of Eckert and Soehngheﬁ, Szewezyk,

- Blankenship and Clark, and Shine, a model for the mixing coefficient .

S was developed which considered fhe'Vibrational energy of the
plate to supplement the kinetic energy of the fluid in the oufer

critical region of the laminar velocity profile, thereby causing.

~transition to turbulence and increased fluid mixing.

'Agreement'of the developed model with the experimental data

of Shine and Blankenship and Clark is good.



7.0 THE EFFECTS. OF TRANSVERSE ACOUSTIC AND MECHANICAL

OSCILLATIONS ON FREE CONVECTIVE HEAT TRANSFER FROM

HEATED CYLINDERS TO AIR.
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.?;0. The Problem

' The transverse oscillation of a circular cylinder in still air,
or maintaining a stationary cylinder in a transverse acoustic field,
causes a steady isothermal streaming motion of the fluid to bes set up
about the bedy, termed Isothermal Streaming. The streaming motion has
been shown by Westervelt (32) to be identical for both types of
6s¢illation provided that for the adoustic oscillation the diameter
‘is small compared with the wavelength of sound, This streaming
motion results froﬁ the interaction between viscous forQeS'and forces
xesultiﬁg'from the Reynolds stresses set up'by the oscillations in the
fluid medium, '
' In free convection from a heated stationary cylinder to a quiescent‘
fluid medium, fhe convection flow is dependent on the interaction of
buoyancy and viscous forces within the £luid,

The problem under study here would therefore involve an inter-
.action befween_thé forces resulting in Isothermal Streaming and those;_
associated with Free Coﬁvection.

7.1. Isothermal Streaming

Schlichting (11) published the first mathematical solution to the
problem of isothermal streaming afound é circﬁlar cylinder, which was
in a trapsverse_mode_of oscillation in the horizonfal plane. Working
on the assumption.that the amplitudé to diameter ratio was much smaller
than unity, and that the Reynolds number of the streaming flow Clzﬂey))
was small, Schlichting used a method of succeésive‘approximafion to
solve the boundary layer equations for the.flow. His solution
predicted two regions of streaming in each quadrant, In a thin
layer - the D.C. boundary layer QSJD-C.'or inner layer -~ next to the
‘cylinder, the streaming motion is-along the horizontal diameter .

- towards the.cylinder, and away from it along the vertical diémeter.

ih the outer region the streaming flow is towards the cylinder along
tﬁe vértical diameter, and away from it along the horizontal

diameter. This outer vortex sjstem in the absence of confiniﬁg walls:
extends to infinity. Schlichfing carried out experiments to verify
_his theory. These experiments confirmed the theory qualitatively and
. showed that in the presence of the confining walls of the apparatus
the outer vortex system is finite in size. The results of
Schlichting's theory and experiments are shown in figures (7-1) and

(7-2) respectively.

N,
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F:‘fg. 7-1" Isothermal Streaming about Fig., 7-2 Expéerimental Stﬁudy of
an Oscillating Cylinder Ref, (11) Ref, (11) Indicating Streaming

Schl:.cht:.ng s analysis gives the follow:r_ng result for the steady

_ streamlng flow in the outer reglon.

v ‘X, y) = | 4 Q;_Q _. sin_(_;{g)--cos (?}_;') [?] Telo1,

where ? = % + i_ exp-[27] +.2 sin 7 éxp - [?]
| +1 co ? -[?] -1 exp - [7]{505 1 --sin?] 7.1.2.
where ? | '

)/

 West (40,) oscillated a cylinder of 0.077 cms diameter in air and
water. He found that for low frequencies (3-4 c¢/s) streaming flow

was very weak, With increase of amplitude or frequency the streaming

flow increased. At a frequency of 550 'c/s and amplitude < 0.04 cms,'

the eirculation around the cylinder was as shown in figure (7-3).

- However, an increase of amplitude to 0.045 cms. caused the sfreé.ming
-pattern to change to that 'shown in figure (7-4), with (tii;ze;zer region

' shrinklngto the vieinity of the wall of the cylinder, around it was a

vigorous circulation in the opposite sense. Further increase in the

‘amplit_ude of oscillation caused the inner layer to become even smaller,

Similar results were obtained by West for the case of a stationary
r ' o

\I .




| Schllchtlng s theory, which showed 6

cyllnder with acoustic osclllatlons set up in the fluid by use of a

Kundts tube arrangement.

- . fe350cps : omplntudezo 090 ¢cm
- litude< diometer o
@"L :l’:‘l:\-t:r'ofo‘o‘ocm ' ' ‘ cylinder s 0,.07Tcm -

~cylinders Q07T Tem

T T M EEEINC - —— e

" Sweaming oround u vibreting cylinder (after Wout)

Fig, 7-3 . S Fig. 7-4

Holismark et al (41) conducted an extensive theoretical and experi-

mental_investigatibn of the problem of streaming past a cylinder which

was located in an acoustic field. Their investipation involved the
solutiony of the Navier- Stokes equations for the flow, under the
assumption that the cylinder diaﬁeter was small in comparison with
the half wavelength of souhd. - The results obtained by these
workers also predicted an inner and outer streaming flow, but the

inner region thickness — p.C., — vas found to be dependent on the

' e¢ylinder diameter and th1cker than the D.C, layer predicted by

D.C. .to be independent of

dlameter. Fig. (_7 5) shows these results along with those from

experiment, - S .

i . Slrumlng wreynd & vibrating cylindar (ofver West)
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'It_will be noted that as the cylinder diameter increases the value
of 6D;c.
other*closely.

Raney et al (42) in a comhbined theoretical and experimental

from experiment and Schllchtlng theory approach each

study ‘'showed the dependence of (S D c, on the so called A,C, or
acoustlc boundzry layer thickness (S A.C. (The A.C. boundmry layer
thickness arlses in the study of unsteas.g boundary 1ayer problems,
it is defined as 5A Co [y/w]

‘The exper:unental plot of 5 p,c,/R versus R/ SA ¢, is shown in

Co figure- (7-6), which is valid for Q/R .6, 0.5, Under these

conditions 5 D C. is :‘Lndependeni: of QJ/R, At higher values of
O./R the inner. streaming motion shrinks (as observed by West),
was found that the region 5 £ R/cSA c. < < 12 was a transition

'reg:.me from inner streaming in the D,C. layer to outer sireaming,

It
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Fig. 7-6 Ref. (42)

From ' the foregoing discussion it is seen that West's resulty for -
oscillations with amplitude < 0,04 cm at 550 ¢/s is a case of
predominantly inner streaming. Increasing the dmplitude'so that

Q. /R ;> 0.5 caused a shrinkage of the inner streaming motion and a
ﬁrominent outer streaﬁing fiow.' Schlichting‘s results £all in the
outer streaming category. o

Stuart (43) in a wathematical study of the problem pointed out

that Schlichting®s theory was valid only for low streaming Reynolds
‘nﬁmbers. He suggested that when the streaﬁing Reynolds number is large
an outer boundary layer is formed over the D.C, layer. -  In this layer
'the_oufer streaming velocity gradually reduces to zero at the edge
furthermost from the cylinder, . This layef of.thickness o has fhe
magnitude D . S a.c., since the D,C. layer is thinner than ALCH
amel 5‘0 gpé D.c, but’ (S o < D. Stuart's analysis was based on

the assumption of small -C/D and small diameternto wavelength ratio.
The theory was considered to be in qualitative agreement with Schlichting's_

experimentg,
' r
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S
1. Acoustic and Mechanical oscillation produce the same streaming
flow provided the cylinder diameter is small compared with

the wavelength of sound, and & &£ 3 Stuart (43).
- 2. 0Oscillation produces streaming;in two regions a D.C. region

near the cylinder surface and counter yrotating outer stremming
further away from the cylinder,
3.~ For O-/R:"S: 0.5 small diamcter cylinders =~ such -as - wires give a
prédominantly inner streaming flow, as diameter increases
shift from inner to outer streaming flow, inner streaming
‘flow shrinks towards cylinder surfacé. o
4, Shrinkage of innér D.C, layer produces vigorous chaotic motion
near the wall region -.which has been likened by some to .
~turbulence, | _
5., For O-/R 2> 0.5 flow is predominately outer streaming.

7.2.. Free Convection from a heated horizontal cylinder to air

The first theoretical study of this problem was that of Hermann
{38) who studied the problenm of.fréé'cbnvection from horizontal
.dylinders to diatomic gases, Hermann applied bbundary layer theory
to the scolution of the problém to obtain an expression for the
éverage heat transfe'i' coefficient, Expressions v}ere also obtainéd
for local_details such as the temperaturé distribution and the velocity
distribution at any azimuthal position, Hermann also carried out an
extensive comparison of the theoretical results with experiment, the
égreement beihg good, The validity of the boun%%ﬁ%etgyer analysis was
“estimated by Hermann to hold for Grashof Number/10% and 108,

. The universal wvelocity profile for the cylindrical geometr& is
similar to that for the flat plate case discussed earlier, with the
pointnof inflexion in the outer region of the boundary layer occurring
at 0,683 Vmax. Hermann obtaineq the following expression Hr Vﬁ@x based

. on Grashof number evaluated with‘the ¢ylinder diameter,

| Vpax = 0.725  £(x)g(x) Gyt | 7.2.1.
where £(x)g(x) is the product of two azimuthal functions and is shown
plotted in figure (7-7). Zero being the lower and 180° the upper

stagnation points on the cylinder.
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7.3, Free Convection from heated horizontal cylinders in air in

the presence of acomstic or mechanical oscillation

In this section only thoée papers relating to free cohvection
from cylinders in air will be discussed, The problem of heat
transfer from Wires will not be discussed - i.e, problems where
the inner streaming is of importance.

- Kubanskii (44) appears to have been the first investigator to
study the effects of acoustic oscillation on free convection from
heated horizontal cylihders in air, In his experimental study,

he arranged for the sound field to be parallel tb the axis of the
cylindér which was 2.4 cm in diaméter._ In a subsequeht theofetical
study of this problem Kubanskii made the assumption that the effect
of sound and patural convection upon the Nusselt number were

additive, good agreement was obtained between theory and experiment.

'Kubanskiiverified the validity of his assumption by a flow

visualisation study which éhoweg that the free convective flow field
was distorted by the acoustic streaming flow. .

Fand and Kaye (45) carried out an extensive experimentél
inﬁestigation of the influence of transverse. acoustic oscillations
upon-ffee convection from a horizontal # ins, diameter éylinder in
air, . The sound field was in a horizontal plane, and the acoustic
system tuned to produce a stationary field, the cylinder was located
at a velocit& antinode, The ronge of experimental variables

covered were:




‘1100 % f& 6120 c/s; 0S 86 S 250F
0 < S.P.LG .S. 151 : db;

o

The experimental data showed that a critical sound pressure level
existed below which the influence of sound was negligible, and above
which the rate of heat transfer was incroased by sduhd (Critical
'S.P,L, & 140 db)., The data also showed that for sound waves with

. the ratio, half wavelength to cylinder diameter ;;.6.0 the heat
" transfer coefficient was a function of the temperature difference
- between the cylinder and the air, and of the intensity of oécillgtidn,
: where.the intensity of oéciliétion is defined as the product of
amplitude and frequency (af ), Tﬁeir experimental results are .-
shown in figure (7-8) for cases where the ratic half wavelength to
diameter 2 6,0. The form of the curves shown are -typical for
.all frequencies. It should be noted that extrapoiated-data to

'400°T are shown in this figure,

W0
Y 'f . ! .ﬂ'.
o ‘_GT. :-nouu :-uu:n
. ! 5;'82! D—.-uu .
#a} ol Froves Fa0970 . o0
i | tems +TO°F
o s 2 0 * M4nch . 3
. 4} ol
.‘.
H
2r ~
L L I S L ]
¢ i34 138 142 L1 T 130

LY
h, vs SPL AT CONSTANT At

Fig; 7-8 Tﬁe Influence of Sound on Free Convection Heat Transfer

| From a Horizontal Cylinder Fand and Kaye Ref., (45).

In prder'to gain an insight intQ the physical mechanism @f which
.cauSed the rate of heat transfer to increase in tﬁe presence of
sound Fand ahd Kaye (46) performed flow visualisation studies, using
smake as the indicating medium, These tests were carried out with
20£40 £ 250%F; 1100 £t < 4872 C/s; 0 £ 5.P.L. & 151 db,
Working.with constant frequencies and increasing the sound intensity,
a critical sound intensity was noted at which a—stfeaming motion .
beran to develop, this established itself at a higher intensity, and

. consisted of the periodic growth and collapse of two vortices centred

in the two quadrants above the cylinder. The growth and collapse
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of the vortices alternated between each quadrant, the sénse_of

rotation of the vortices being towards the cylinder along the vertical

diameter and away from_it along the horizontal diameter. Further

increases in intensity caused the vortices to ‘increase in size, but

the basic character of the flow remained unaltered, It was found
that with the ratio of half wavelength to diameter of cylinder

. 6.0 the development and size of the vortices were independent

of frequency of oscillation, for this ratio less than six and a

constant oscillation intensity, it was found that the vortices
decreased in size with increase in frequency. o

"~ The phhnomenoh of alternate growth and collapse of ﬁortices
was termed_"Ihérmo-écoustic Streaming" by the Authors.,

For the half wavelength to diameter ratio > 6.0 Fahd_and Kaye

. found that the oscillation, intensity for fully developed thermo-

acoustic streaming was af = 0.71 ft/sec (or S,P,L, = 146 db).
For af 3 0.71 ft/sec A8 < 400°F, Fand and Kaye found the .-

heat transfer coefficient to hawve the form

hy = 0,722 [Ae ( af )2F] 1/3 7.3.1,

‘where F is a geometrical weighting factor, such that the product

(af)2r.is probortional to the mean kinetic energy density in the
standing wave averaged over the diameter of the test ¢ylinder, for
1arge values of half wavelength to diameter ratio F — 1.0.

Fand et al (47) carried out a furthér experimental test for
conditions under which equation (7.3.1;) was valid; to determine
the variation of local heat transfer coefficient about the cyiindef.
Results were chtained for only a single set of conditioﬁs which
wereﬁ— Ae = 169°F; | f = 1500 c¢/s;  S.P.L. = 146 db, the

results of this test are shown in figure (7-9)
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o Figuré (7-9) shows that the effect of acoustic oscillation with
"thermoacoustié streaming” is to produce large increases on both
upper and lower surfaces of the c¢ylinder, . Free convective resul'ts
in absence of acoustic oscillation are shovm for the sake of
comparison, The increases on the upper surface are attributed to

| - "thermoacoustic streaming” while that on the lower surface is

| éttributed to changes in the laminar boundary layer 'temperéture
profile because of unsteadiness induced in the boundary layer.
- Fand and Peebles ((48) have shown by an experiment conducted
¥ with a  ins, diameter heated horizontal cylinder subjected to
mechanical oscilla‘tions_ in a horizontal plane, that equation (7,3.1,)
"is valid over a wide range of frequency.AThe results of these tests

are shown in figure (7-10).
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Flow visualisation sfudies carried out for this series of tests,
revealed a flow field é;bsely resembling thermoacoustic streaming.
These tests showed that with the effect of free convection
superimposed on thdt of streaming; the flow field and avérage heat
transfer for mechanical oscillations and acoustic oscillations in
whlch the halfwavelength to diameter ratio: | 29.'6.0 are the same
in either case. '
| The same apparatus as above was used by Fand and Kaye (48)
to study the effects of mechanical oscillations in the vertical plane
on free Qonvection_to_air. . The range of experimental-variables
covered in these tests were: 54 £ £ < 225 ofs. 25 £ A £185°m;
0 £a £ 0,16 ins; 0 £ af < 1,22ft/sec. | |
These experiments revealed that intensity and temperéture
difference were the two controlling variables, For intensities of
vibration less than 0.3 ft/sec, the influence of oscillation was
negligible. Above this "critical" intensity the effect of
oscillation was to increase the average heat transfer coefficient

significahtly. Experlmental results are shown in figure (7=11)
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Fig., 7-11 Effect of Mechanical 050111at10no 1n the Vertlcal Plane

on free Convection from a Cylinder Ref. (49).

Flow visualisation indicated that the flow mechanisﬁ which caused
the increases in average heat transfer coefficient was vibrationally
induced {urbulence. Hﬁwever, the authors are not explicit in
discussing the development of the turbulence with increasing_
~dintensity of oscillation above the critical intensity., This. type
of flow was considered to differ radically from“thermoacoustic
streaming". In the experimental region defined by A€ > 100°F
_ahd af ;; 0.9 ft/sec the following empirical equatioﬁ was '

developed for the heat transier cbefficient.

B




h, = 0.847 , Ap_]o'z af @320
D .

It was suggested that the vibration intensity af = 0,9 :E‘t/sec_
corresponded to fully developed turbulent flow in the neighbourhood
of the cylinder. -

Westervelt (50) put forward a suggestion that the effect of
acoustic oscillation on heat transfer was mainly the result of
modification of the D.C, 1ayef, which occurs when the amplitude of.

acoustic oscillation exceeds in magnitude éih(h Westervelt argued

" that the collapse of the inner layer and the vigorous and chaotic

motion close to the wall region causes the increase in the observed

heat transfer. By using _a o, 1 as the criterion for the
' A.C.

increase in heat transfer, Westervelt was able to obtain an expression
for critical acoustic intensity as a function of frequency. This
expression predicted values of eritical intensity close to those
obtained by Fand and Kaye (45) in their experiments. '

Lowe (37) in his thesis reviewed the work of Fand and his
co-workers, and extended the range of eéperimeﬁts with mechanical
oscillations by working in the frequency range of 27 to 54 ¢/s. wifh-
horizontal oscillations and at 29 and 46,8 ¢/s with vertical
oscillations, These experiments were conducted with a $/8 in, diameter
cylinder with vibration amplitude varying from 0-0,325 ins. for both

directions of oscillation and temperature differences in the range.

20 £ AO® £200°F, An interesting feature of this work was that the

author obtained a correlation for his data in terms of _a shown
‘ : _ _ : ©OA,C,
in figure (7-12), Lowe found that the effect of oscillation in either

- plane on heat transfer was negligible when a s - 10,0, His

A,C.

results also displayed an effect of frequency on the heat transfer

| coéfficient. The low frequencies producing larger values of heat

transfer coefficient for the same value of Vibration Reynolds number,

{where Vibration Reynolds number'is equal to f{a £D which for

Y

constant temperature difference is.proportional to the intensity of

oscillation), - . o
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Ref (37).

Horizontal Plane on Free Convection from a Cylinder,

Heat transfer rates with horizontal oscillations were slightly

higher than those with vertical oscillation at the same conditions of

temperature difference and oscillation intensity,

For horizontal oscillations a smoke study revealed a

system as with the experiments of Fand

1

Y

ing

"thermoacoustic stream

led .

illations revea

ical osc

The smoke study with vert

and Kaye.



"vibration induced turbulence”.,  Instability in the flow ﬁasf:
first observed at the top of the cylinder at the crifica; oscillation
intensity corresponding tb ':é. = 10. .With furthef increase

| | YW
of oscillation intensity the instability developed to turbulence
which moved upstream towards the boftom of the cylinder, until at
'high intensities of oscillation a fully turbulent field surrounded
-the ¢scillatihg cylindér. | For values of  __a& . just below the

| | Sa.c

critical value of 10; a slight decrease of the average heat.transfer
. coefficient compared with that for free'convection was noted, this
amounted to about 3 - 4 %.

For'_ &/(SA.VC. > 16 the author obtained the correlation

3. /9

Ny, = 0,146 a 7.3.3.

A.C
In the region where oscillation and free convective effects are
both significant - in the range 12 £ &/, £ 16,

A.C, ‘

Lowe obtained the correlation ,

- 3/2 D
—2 = 0,31 ‘Q/SA o l Te3e4de
ho : = ' ‘

" (g P} |

Richardson (:51) correlated‘the work of Fand and Kaye (45) in
the frequency range 1100 £ £ £ 3378 c/s with 50 £ A6 &£ 150°F,  The
results were correlated in terms of a Reynolds number baéed on the

" streaming velocity and the cylinder diamefer, a correction - on thé
' Nusselt number was incorporated to”éllow for 1ow.Grashof numbex,
The correlation had the form - '
Ne = __ Mu .-.0.372.[14-13362]% 7.3.5
; Gyt {1 + 1,62 'GR'&] - & J B

vhere B is a function of Gg and £
The final correlation had the form -
© Ng = 0,372 [1 +29 G (a f)4]3‘ _ . 7.3.6

. -+ 1/10
where G = [; + (49)10 (1 - F)lo] where F is the weighting

1 .

factor defined by Fand and Kaye (45).



in a later paper Lee and Richardson (52)‘discus$ed some
expériments with free convection from a heated 4 ins., dia;.horizontal
cylinder located at a velocity antinode of a transverse standing sound
_field in the horizontal plane. '.ihese experiments were conducted at
672 and 645 ¢/s and A © 7y 100°F, The object was to obtain

information at frequencies between the 104 and 110l c¢/s data of Fand

- and his co-workers, Iee and Richardson correlated their data with

that of Fand and Peebles (48) for 104 c/s mechanical oscillations, -
. using a correlation equation of the same form aé‘eqUation (7.3.5.)4
fiFlow visualiSatidn'studiés with a modified Schlieren system showed
that'ﬁéfore the critical intensity was reached an appreciable change
- in local effects occurred, 'Ihese cancelled edch other out so as to
give approximately:constant values of average heat transfer coefficient,
Their results showed that above 135 db sound intensity the convective
: plumé.above the cylinder was sﬁlit and moved progressively down towards
the horizontal diameter with increasing intensity. It was this
elimination of the regions of reduced heat transfer at the top of the
cylinder that contributed to increases in heat transfer along with
ina:eases-noted because of changeé in the boundary layer over the
lower portiqﬁ of the cylinder, which were discussed by Fand and Kaye
(46), The authors suggéSted_that the modification of the flow pattern
is qualitatively consistent with a éupérposition of the écoustic
streaming field and that due to free convéction.' '
_Richardson (53)'desctibed_some exploratory experiments
conducted with free convection from a heated 1.83 ins. diamefer'
- horizontal cylinderalodated in a standing sound field in the vertical:
plane, Flow visualisation_was condﬁcted with a modified Schlieren
system. The main conclusions of this paper are:- _
(1) Local changes in heat transfor were observed that were
about 5 times the éverage heat transfer; these local
changes occurred'at sound intensities bélow thoée af which
- any changes in average heat transfer were noted. = The nett
- effect of these local changes was to cancel each pthér out
and leave no change in the éverage heat transfer.
(2) When local effects developed initially, they had the
opposite directions at the same azimuthal positioné for

vertical and horizontal acoustic propagation.




-(3) With sufficiently intense vertical sound fields, the
‘boundary layer on the bottom of the cylinder thiclkens ,
becomes unstable and finally bubbles up repeatedly into'
the tép convective plume, The initial thickening of
the boundafy layer causes a decrease in the aﬁerage heat
transfer coefficient of about 3 - 20%.

w£4) ’The distribution of initial local effects is qualitatively

B _consistent'with the superposition of isothermal acoustic
Streamin%’on the free convective fldw.

o The interesting obsefvation here is the drop in average heat
transfer coefficient prior to the bubbling motion. This is in
accord with Lowe's observations. With the smoke visualisation

used by Lowe the bubbling motion into the convective plume appeared

-as an instability at the top of the cylinder,

 Richardson (54) carried out an extensive classification and

theoretical study of the problem of acoustic and mechanical oscillations

~on free convection from a heated horizontal cylinder., Figure

(7-13) is the classification accdrding to Richardson for experiments

with air; the area covered by Lowe's experimonts have been included

_in this diagram, This classification could be made from the work

of Raney et al (42);
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The theoretical study carried out by Richardson involved
obtaining asymptotib solutioné to the problem of free convection
from cylinders in the presence of transverse oscillations as the
Grashof Number Gp « O. | |
' The outer streaming flow case will be considered here since
it is the problem under study, - Richardson considered two cases of
outer streaming, The first with small streaming Reynolds number;
utilised the results of Schlichting®'s (11) boundary layer analysis
to describe the velocity field when Gg — 0. The second case was
that for large streaming Reynolds numbers, which utilised Stuarts
‘analysis (43) to describe the velocity field as G—» 0, To
account for thermal transport Richardson considered the two further
asymptotic solutions as-Prandtl.number Pp—>0 'and Pp —» 09;
from order. of magnitude considérations from the Energy BEauation and
the Navﬁn°- Stokes equations it may be shown that the ratio df the
thermal boundary 1ayer thickness 8 T to the hydrodynaznlc boundary
layer thickness is equal to/gR ’ it is expected that a similar
relationship between the hydrodynamic boundary layer and thermal
"bqundary_layer exists in sfreaming flow, The characteristic

hydrodynamic boundary layer thickness in an unsteady flow is S

A.C.
hence : :
. - ’ 8 - . 7.3.7.
Sz Ac, |
Ppt
In the limit as PR 0 we see that 1— >75 the above

equation (7,3.7.) is valid for the case of smzall streaming Reynolds
number, therefore Schlichting's results from boundary layer analysis
hold. Using techniques appropriate to PR = 0 for the conduct:.nn
thickness k/h and Schlichting®s results for the flow :Eleld
Richar&son obtained an expression for the local heat transfer
coefficient which gave a "figure of eight" distribution (recall
fiFure (7-f9)). This figure of eight is rotated through?ll/z‘ when
the direction of osciliation is chaﬁged from thé horizontal to the
'vertical plane, The.average.coefficient of heat transfer for |

either plane of oscillation was found to be

Nu

Res5 PR 3

[}

1.76 R 7.3.8.,

S T

W/



where Res is the strecaming Reynolds number .2 €O The analysis

)4 |

for outer streaming for P —» O neglects all details of the D.C.
boundary layer, However, as the streaming Reynolds number increases
and hfincreases the.conduction thickness is reduéed; énd more
resistancé to thermal transport is offered by the D.C. layer.
Richardéon corrected for this effect by considering the thermal
resistances of the D.C, layer and the conduction thickness to be in
series. He found that for cases where Py is small - as for air -
the correction factor would be small, _

For the cése of outer streaming at large Reynolds numbers
Richardson used the results of Stuart for the velocity field to obtain

the following expression as the upper limit for heat transfer when the

streaming Reynolds number is large and Pp = 0,72
D (8 ‘

Ty

Re-arranging (7.3.9.) in terms of the streaming Reynolds number Res.

Ny [__l 4 0,95 , -"f‘-]. = ‘1,185 : 7.3.10.
o D] . : )

Re% e PR%
s | | |
Richardson compared the available experimental results with prediction;

this was carried out by plotting the left hand side of equations

(7.3.8.) and (7.3.9.) against GR/p.2 and'extrapolating to a zero
‘ os¢ ,

value of GR/p.2 s to see if the intercept on the ordinate

. 0sc

éorresponded to the numerical value on the right hand side of these.
.equations, ' Good agreement was fpund for the'lbw streaming Réynolds
number case, but for the large Reynolds number case the'experimental
data extrapolated about 30 ~ 40% below the value of 0,484 predicted
by equation (7.3.9.), for oscillation frequencies of the order of 50 c/s.
To account for the effects of combined free convection and ' '
streamiﬁg Richardson assumed a simple.superposition to exist as'a"
first order initial influence effect, however,_comparison with
experiﬁent did not show closé.agréement.. The analysis showed that
at small values of the parameter €& = 4 Res/GRé " the heat transfer

is a linear function of _éf . The final tqpib of_importance

here which was discussed by Richardson concered separation.




73.

He found separation for the horizontal oscillation case to first
occur around 1359; this was obtained by matching the velocities frém
the acoustic field with those for the convective field at the same
distance from the cyiinder. The result of 135° has been observed
to be in approximate agreement with experiment, For the case of
vertical oscillation it was concluded thét a recirculating flow
between. 0% and 45¢ occurred this was deduced from experimental results.
Sumnazy |
An important feature of the work surveyed is the complementary

_nature of the results with acoustic and mechanical 050111at10n, for

| either plane of osclllatlon.

The results of Fand and Kaye (45) and Lee and Richardson .(52)
with horizontal acoustic oscillations and those of Fand and Peebles
(48) and Lowe (37) with horizontal mechanical oscillations all

displayed the same basic Flow mechanism above the critical intensity.

- Fand and Kaye's (45) experiments with acoustic oscillatiom; with the.

half wavelength to diameter ratio S 6 show a strong effect of

frequency (or wavelength). The effect of frequency was also noted

o in the low frequency oscillations of Lowe,

The visual observations of Richardson (83) and Lowe (37) for

‘acoustic and mechanical oscillations in the vertical plane, show

again the results being complementary as for the horizontal oscillations;

moye imporxtant, the results show that beyond the critical condition

“turbulence deﬁelops on the upper hali of the cylinder, If it is

recalled that for horizontal oscillations the large disturbance to

flow was initiated on the upper.half.of the cylinder, the possibility

. exists of setting up a common analysis to calculate average heat

transfer from a cyllnder in the presence of 030111at10n. Further
strength to this argument is given by Lowe's observations that there
was little difference in the average heat transfer coefficients when
.the.plane'of_oscillation was either vertical or horiZohtal. |
7.4. Discussion - .

In attempting the problem of predicting the heat transfer
from a heated cylindexr in free convection in the presence of acoustic
or mechaqical oscillation, where the plane of oscillation is eitherxr
horizontél or vertical, and the intensity such that conditions of
fully developed turbulence oy vortex streaming exist, A common

analysis cannot be made by trying to specify local conditions of'the




- temperature and flow fields and by integrating these obtain the

desired average effect. This fails because the details of the
flow vary for each case - other than for. the asymptotic case as

Gp=—» 0 discussed by Richardson (54), .

An anaiysis of local conditions for each plane of oscillation
could be attempted; but, as pointed out by Richardson (54), it is

unlikely that a satisfactory analysis can be made, other than in

_ the initial influence case.

Here the approach to be adopted is semi~empirical, in that

from observed facts certain parameters will be chosen to characterise

the flow, such as certain velocities and lengths, A mixing.

- mechanism will be postulatéd and, from this, an expression for average

heat transfer set up. The hypothesis will then be tested against

experiments discussed in this section.




8.0 -APPLiCATION OF THE .DANCKWERTS MICKLEY MODEL FOR THE
COMPUTATION OF HEAT  TRANSFER COEFFICIENT FOR HORIZONTAL

CYLINDERS IN FREE CONVECTION IN AIR IN THE DPRESENCE
OF ACOUSTIC OR MECHANICAL ' OSCILLATIONS




The Mixing Model

'The experimental ObservationS‘of Fand and his co-workers

'1(45-49) on free convection from heated horizontal cylinders in

. air, which are subjected to mechanical or acoustic oseillation in

a horizontal plane, show that, provided the ratio half wavelength
to_cylinder-diametér' z&_‘;;.G.O for acoustic waves, the average
' 2D

héat transfer coefficient and basic flow péttern - yortex érowth
and collapse - are dependent only on the intensity of the oscillation
for a given.temperaturé difference between the cylinder and air.
The basic flow pattern was further corroborated by the experimehfs
of Lowe (37). |

For the case of free comnvection in air from heated horizontal
cylinders, subjected to mechanical or acoustic oscillation in a
vertical plane, the observations of Richardson (53) and Lowe (37)
for average heat transfer coefficient and flow field are similar.

Richardson’s experiments were carried out in an acoustic field with

A 2> 6.0. The flow instability observed by Richardson and Lowe

2D

v

originated in the wake region on top of the cylinder. Lowe observed
that the disturbance moved upstream with increase in oscillation
intensity, and finally dévéloped to turbulence about the éylinder.
Lowe  (37) also found.that, despite the differing flow.fields, there
was little difference in the average heat transfer doefficient for

oscillation in either horizontal or vertical plane. It was seen

from the literature survey in the previous section, that it was

the destruction of the region of low heat transfer coefficient on

the top of the c¢ylinder that was the major contributor to the

.increased average heat transfer coefficient. Because for both

horizontal and vertical modes of oscillation, the increased mixing
in the region of the upper surface of the cylinder causes increased
heat transfer, and because Lowe's results. for average heat transfer

show little dependence on the plane of oscillation, the possibility

~exists of setting up a common method to calculate the averége heat.

transfer coefficient for either plane of oscillation. Further
support to this is given by the conclusions of Lee and Richardson (52)
and Richardson (53) drawn from flow visualisation. 'Théy conclude .

that, for horizontal and vertical modes of oscillation, the flow




L

fiéld is qualitatively consistent with a superposition of the
_ streaming and convective flows about the cylinder.

In attempting a common method of'caiculating the heat
transfer coefficient,an analysis cannot be made by specifying
local conditions of flow, and,by integratiﬁg these,_ébtain an
averaged effect, This is so because local conditions are
differenf for each plane of oscillation. However, a semi—émpirical
approach'can be adopted whereby, from observed data,.variables can
be chosen which characterise the flow and mixing behaviour in the
boundary layer. .A mixing'mechanism can be postulated to acCoﬁnt
for increased miXihg'in the boundary layer due to oscillation, and
from this the average heat transfer coefficient calculated and
checked agéinst experiment,

In the problem under study here, the mixing is induced Ly the
streaming flow interacting with the laminar free convective flow

. field, to produce transition type of instability.

In section 5.0, it was found that transition instability in
the laminar free convective boundary layer originated in the fegion
of the outer point of inflexion in the laminar velocity prdfile.

It would appear réésonablé therefore to expect the instability
arising from the interaction of the streaming and free convective
flow fields to occur in thié region, .

It was pointed out earlier that the greater part of the increased
mixing and heat transfef due to oscillation occﬁred on the upper
surface of the cylinder; From Hermann's analysis (38) of the laminar
}ree cbnvective flow of gases over a horizontal cylinder, it is
known that decceleration of the f£low commances at a point
approximately 135° from the lower stagnation point on the cylinder.

The tendency to separation and vortex formation in the deccelerating
flow over a cylinder, and the instability in the outer critical
.1ayer discussed above, make the choice of the point of interaction
_between the streaming and the free convective flow, at the outef
~inflexion point in the laminar velocity profile, 135° from the
lower stagnation point, appear quite reasonable.
| Because of the obserwved interacfioh between the streaming and
Ireé convective fields, it is assumed that the energy of the
streaming flow supplements the:enefgy of the free convective flow in

the critical region of the lam.nar velobity profile.




— = —-3— VzIN’FLEXION + VZSTREAMING 8.1.1.
2 ge . 2 ga | - - {@135°

From Hermann (38)

VinrLexioy . 0.345) or? 8.1.2.

1359
e D

The streaming velocity Vgrppaming 18 evaluated from
‘equation 7.1.1., the value of'? being that'cbrreSponding to the
outer critical layer of the laminar v91001ty proflle At this
value of ? the value of VSTREAMING 1is 51m113r to that at
?-p-oo, which is

VSTREAMING (x) = - 3 22¢3 sin x cos x 8.1.3.
R - R R
For g’ corresponding to 135°
"R
: o o 2 . .
VstREAMING = 3 2% | 8.1.4.

@ 135°

Thé_positive sign indicates direction of fluid motion for a
horizontal mode.of'oscillation and the negative sign, fluid motion
for a vertical oscillation mode.

Making appropriate substitutions from 8.1.2. and 8.1.4. in
8.1.1. results in .

2 o 271% |
+ g aw - - 8.1.5.

In the presence of oscillation'and'free convection, where there has

been a transition to vortex growth and collapse, or turbulence. in
the fluid flow, the mixing coefficient Sy might be expected to have

the form

Sv o¢c Yy O ' o | 8.1.6.



_Therefore

ho o | ¥ o ap™ 2 o9 ))GR (_) .-
T . |

- At the critical intensity of‘oscillatioﬁ, when the average heat

- transfer coefficient is first beginnihg to increase, the effect of

the streaming flow on the mixing coefficient,and therefore on

average heat transfer coefficient, is'negligible. Therefore

SCRITIGAL o [ 0. 119 (G 2 ' 8.1.8.
‘ - I RITICAL . 5

Hence hv _ PCRITtCAL 3l1 ¢ 75.5 ne2 | % 6. 1.9
RCRITICAL [’ _ ' - GR

In the study of unsteédy laminar boundary layer flows (11), the

region in the boundary layer over which unsteady effects are of

. 1 )
‘importance is found to be [?l&] 2, In the study of

w

turbulence (55}, [J{] % is found to be proporticnal to the scale

- . | _ L |
of turbulence. Therefore, putting FOC [_2_] 2 relates the scale
' A

of the mixing motion due to the'oscillation with the fréqﬁency.

In the case of mechanical oscillation of the heated cylinder
(frequencies «Jacoustic frequencies), in which the intensity of

oscillation is such that a fully developed vorfex systex or

turbulent mixing is created about the cylinder, it is expected

that an increase in the scale of the mixing process will be present

when compared w1th acoustlc oscillations for which ﬁb == 6.0.
2D

If it is assumed that, at the critical condition for both'mechanical

‘ and acoustlc 050111at10n the scale of m1x1ng is the same (bfovided

A 2 6. (D then evaluation' of [1 CRITICAL at 2- = 6.0 for an
2D ‘ 2D '

ambient temperature of 70°F and D = § in. yields| CRITI(:ALQC[ ] 5,

r% 3
Therefore CRITICAL = £ o

i 1256

1496




For acoustic oscillation for which A > 6.0, the effects of
2D

frequency on vortex size was negligible,(Fand and Kaye (46$,

therefore the effect of scale of mixing on Ei - will be
_ hCRITICAL
negligible, hence for acoustic oscillation.

_ - . | .
hy = [.1 * Zﬁ;iiﬁiéi] | 8.1.10.

hCRITICAL Gr

For mechanical oscillation where scale of mixing is of importance.

1496 8.1.11.

hv | _[ £ % [ 1+ 75.5 Re?g[?

hepITICAL G

Numerically hcpyprear, & o the heat transfer coefficient in the
absence of oscillation. Therefore, hv from equations 8.1.10.
heriticar

and 8.1.11, can be plotted against hv from experiment.
ho o

Before a comparison between equations 8.1.10, and 8.1.11l. and

experimental data is carried out, it would be desirable to

. establish the conditions of validity of these two equations. The

method put forward here considers a superposition of the energy in.

-the streaming flow with that of the critical ldyer in the laminar

bqﬁndary layer. The distabilising effect of the hot wall surface
has not been accounted for. Hermann (38) has found experimentally
that . the point.of transition to turbulence of a laminar free -
convective boundary layer on a horizontal cylinder moves

unstream with increase.in Grashof number,th€se¢results are shown

in Figure 8.1. below.

go.
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FIGUI}E 8.1. _Var_iation of point of transition on a heated
horizontal cylinder in air with Grashof number -

(Hermann (38) ).

It is expected, therefore, that the method developed here
would  be valid.for cases in which the temperature difference between
_the wall surface and air is small. Therefore, comparison with the
k experimental data ofzreferences (45), (48), {49) and (37) have
been considered at the lowest temperature differences at which
heat transfer data was obtained. ‘ ‘
From Lowe's experimental data (37), it is clear that an
upper limit to the wvalidity of equations 8.1.10. and'S.l.ll; occurs
when oscillation induced forced convection prevails. This will
occur when Rezs ™ 10. .The iower’iimit of validity would be at
. o ‘

conditions of oscillation which first produce a fully developed

condition of turbulence or vortex growth and collapSe'about the
cylinder. From the data of references (45), (49) ana (37), this
has been established in Figure 8.2. '
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FIGURE 8.2; Conditions for fully developed vortex flow or

turbulence. .

A plot of hv from the experimental data of references (45),
' ho

(48), (49) and (37) is shown égainst hv from equation 8.1.10.

. RCRITICAL
and 8.1.11. in Figure 8.3. below. It will be seen that the

" calculated results are in agreement with experimental data,

provided A6 £50F and Re?5 g 10,
| ol
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'FIGURE 8.3. Comparison ‘_between equations 8,1.10, and 8.1.11.

and experiment.

From the discussion in section 8.1, it was seen that
~equations 8.1.10. and 8.1.11, would be validlfor cases where the
temperature difference‘is small. The comparison with experimental
data showed that this temperature difference was ,6 SOOF. It is
of interest to compare equations 8.1.10. and 8‘ 1.11, with the
results of Richardon's asymptotlc analysis obtamed for GR--PO

which was discussed in sectlon 7 0

For the case of large streaming Reynolds nﬁmbers',-
Richardson (54),with the aid of Stuart's analysis (43), obtained
the follong expression relating Nusselt, Reynolds and Prandtl

numbers and the ratios a/D and (y/@)

a ' :
NuR["1+1;66(D).Pq%] ' 0.484 . g2l

Rdsc PR% [%—:’é




Large Streaming Reyholds Number experimental data was plotted as

function of the L.H.S, of 8.2.1.

and .GB by Richardson, this

Roszc

‘plot is shown in Figure 8.4.
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‘ FIGURE 8.4. Comparison between experimental data and’

Streaming Reynolds Numbers.

‘ ‘ - It will be seen from Figure 8.4, that only the high fregquency

| mechanical oscillation data of Fand and Kajeat frequencies of

Richardson.

119 and 225 C/s converge on to the asymptotic solution of

The variation between Richardson's solution and the

| . experimental data will be seen to increase as the frequency

becomes smaller. The 27.1 C/s frequency data of Lowe has been

plotted by the authdér on Richardson's co-ordinates to emphasise

this point.




Stuart's analysis on which Richardson's solution was based

is.valid up to(g) &~ 0.3, assuming Pp = 0.73 for air and
D .

reéasting 8.2,1, in terms of the streaming Reynolds number 2%l ’

y

‘remembering ‘that Repsc = armsﬁél) ‘results in

y

No = 0.713 Res® ' 8.2.2.

'8.2.2, is a limiting case of Richardson's analysis for a « 0.3.

As pqinted out earlier, Richardson's theory does not agree closely
with the low frequency oscillation data. This means that the
0,713 multiplier in equatioh 8.2.2. will not in fact be a constant,
but will vary with frequency. From the intercept of the various
experimental curves in Figure 8.4.,the constants for a given
frequency can be substituted in 8.2,1. for the value of 0.484 and
the following values obtained for the given frequencies, these

' constants will replace 0.713 in 8.2.2.

£ C/s. 225 119 97.5 76 54 27.1

- INTERCEPT _ |

of FIG. 8.4, 0-52 0.484  0.45 0.40 0.34 0.270
MULTIPLIER

FOR EQUATION

8.2.2. 0.763 0.713 - 0.662 0,590  0.501  0.398

to replace

0.713.

Now, from.equétiOn 8.1.11., we see that as Gy becomes small,

‘ ' SRR i ‘
Nuy L [ 296] . 2.95 Res 523,
‘Neprrrcarn, 14 GR :

For-f:ée convective flows over horizontal cylinders at low values

of Gp, EcKert and Drake (56) recommend for'gases

i

Nuo 0.40 oz 1 | - 8.2.4.
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Now Nuo & NeriTrcar- Hence from 8.2.3. and 8.2.4. we have

Nuy = 1.15 [;g;_]i : _Resé ‘ - ) : |

1496 8.2.5,

For the frequency range 27.1 to 225 C/s discussed above, the

. Mﬁltiplying‘constant for equation 8.2,5. for each frequency will.be

£ C/s. 225 119 97.5 = 76 54 - 27.1

MULTIPLIER IN. 0.736 0.630  0.600 0.560  0.515 0;433
8.25 to replace . '

1as{ ¢ 1% - .
1456 | - - |

It will be seen that over the whole frequency range from

_‘27.1 C/s to 225 C/s, equation 8.2.5. is in agreement with the
asymptotic values of the experimental data to within 15%, and is
in fact a better represenfation of the asymptotic.beha#iour

as Gp=#0 than Richardson's analysis. '

For the case of low streaﬁing Reynolds Numbers, Richardson B

obtained the asymptotic solution. a ) ‘

Nu R [i +1.66 (%) PR%]

Rosc PR% [ﬂ]%
| w|

= 0.718 - 8.2:6.

The results of this analysis were compared Ey Richardson with

experimental data, this is shown in Figure 8.5.



!
23> & JLEE & RICHARDSON HOt oY
5 |- 1496 + | . ]
- : _ 2415, & | FAND B KAYE
Sl o _ 33760
£5 a1 o x o 4872 x |
;; < O -]
oY £ n
A s L3 x .
Bl [ 9 ¥ )
bl T
bl By .
St 3 . [ -
[ . v
4 v =
L= N
o ] - 1 L 1 L L [}

: 5 10 15 20 5 30 35

FIGURE B8.5. Comparison between experimental data and
asymptotic solution of Richardson (54) for small

streaming Reynolds numbers.

Now for the case of low streaming Reynolds numbers and PR = 0.73

for gases,the term [1 + 1.66(%) pRéJx 1, hence 8.2.6. can be

recast in terms of the streaming Reynolds number Regs, so that,

for Pp = 0.73, we have.
Nu = 1.5 Regt ' 8.2.7.
(Recall equation 7.3.8.)

Now for the case when GR is small, 8.1.10. can be re-written as

..... %

Nuy - 2422559& ' 8.2.8.
NCRITICAL GR

' 2 9
(cr/Res xt0%)



. As before, NeoRITICAL ® Nug = 0.4;0_GRi

. Nuy,

There is a 27% variation in the value of Reg predicted by
8.2.9. and 8,2.7. due to Richardson. However, a closer look
at Richardson's comparison of his asymptotic solution with
experimental data{figure 8—5) will show that, because of tﬁe
large scale used, it is difficult to assess the accﬁracy of

his comparison. To assesy this, the present author has

‘replotted the data of Fand and Kaye (45) for low A€

Also shown on this Figure is the result from 8.2.9., this will

3

(i.e. low Gp) for frequencies of 2116; 1496 and 1100 C/s.

on a much larger scale. This plot is shown . in Figure 8.6.

yield a constant 27% smaller than the 0.718 constant of
Richardson. (i.e. 0.565),

[EFEE /by Be 121

FIGURE 8.6. Replot of data of Fand and Kaye (45) in the

-Region :ER : 0
' ' Reosc )

1,18 Resé : 8.2.9.



From the replotting of data in Figure 8.6, using a larger Scale,

‘it is seen that the experimental data shows a trend towards the
0.565 constant predicted through equation 8,2,9. rather than the

value 0.718 predicted by Richardson's analysis,

Conclusion

By considering the steady streaming flow set up by
acoustic or mechanical oscillations to interact at the outer
'ccritigal layer of the laminar velocity profile and so cause greater
mixing, the Danckwerts-Mickley model has been used to compute
‘the'average heat transfer coefficient in the presence of oscillations,
provided the temperature difference between the surface and '

air £50°F and that ReZ

ﬁ& 10

Gr

It has beeﬁ shown that the method developed hefe gives
closer agréement with experiment for the average heat transfer
coefficient, as GR —» O, than the asymptotic solutions of
Richardson (54), |



9,0 - CONDENSATION HEAT TRANSFER ON VERTICAL SURFACES AND

- HORIZONTAL  TUBES

9.
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9.1, Ceﬁdehsatioh Processes

VWhen a saturafed vapour comes in contact with a.surface at a
lower temperature, condensation occurs, the condensate flowing downwards
- off the surface under the action of gravity.  There are twoidietinctly
”.different'kinde of condensation process, and the type found in any
- particular situation depends primarily upon the behavioﬁr of the
condensate on the cooled eurface; If the eondensate wets the surface
“and forms a liquid film over it the process is ealied Filmwise _
Condensation. If on the other hand the condensate does not wet the
surface,.it collects in growing droplets.on the cooled.surfaCe.- These
1afge droplets cozlesce and roll off the surface under the action of |
gfavity.' This type of condensation is known as Dropwise condeneation.

In the case of Filmwise Condensation under normal conditions
and in the absence of non-condensable gases mixed with the vapour, a
continuous ££®w of liquid is formed over the surface Whlch flows
downwards under the action of gravity. Uhless the velocity of the
vapour is wvery high, or the liquid film oﬁer'the surface is very thick,
the motion of the condensate film is usually laminar, and heat is |
transferred from the vapour-iiquid interface to'fhe surfece'merely by
conduction. The rate of heat transfer depends, therefore, primarily
on the.thickness of the condensate film, which in turn depends on the
rate at which.vapour is condensed and the rate of remeval of the
condensate, On a vertical surface the film thickness irc reases
continuously from the top ﬁo the bettom-of the surface. On a
hori_zont;al tube the local componen_t'of the grevitational :_Eorce'along _
fhe surfece causing the liquid flow is reduced, and the Film becomes.
thicker, this effect is particuiarly noticeable on'the“underside of
the tube.surface, | |

In Dropwise—Cohdensation only a paft'of the surface is covered
l1with condensate droplets, Nucleation sites for the formation of

droplets are thought to be small surface 1ndentat10ns, on which

minute droplets may or may not establlsh themselves, dependlng on
_whether the droplet radius is greater or 1ess than a critical value
éstablished from the Kelvin Helmoltz equation,  The droplet grows
because of condensation on it, this-condensation releases the. enthalpy
of vapourisation at the.droplet surface, from where heat is conducted

through the droplet to the tube or wall surface. . 'The continuing

'growth of ne1ghbour1ng drops . cause these to coalesce, until they are




.swepf from the surface under the action of-grevity,-and the process
of droplet growth repeated at the free nucleation sites,

Jakob (57) noted that the rate of drainage of condensate from
a surface was more rapid with dropwise_condensation than with the
. filmwise mode, He alsornoted that the ratio of surface volume of
.drops to film was large, 'Theee-factors oontribﬂte:to the fact that .
heat . transfer coefficients as observed with dropwise condensation are
usually an order of magnitude larger than those obtained with the
fiimwise mode. Because of the dlfflculty in. malntalnlng dropwise
' condensatlon over very 1ong perlods with chemlcal promoters, it is
usually the practice in:equipment design, where condensation processes
are involved, to assume that filmwise condensation conditions apply,
though in fact‘a mixed mode often prevails.

In the following survey only that literature pertinent to
filmwise condensation will be considered.
9;2. The Nusselt Theory for Laminar Filmwise Condehsation on Vertical

Flat Plates and Horizontal Cylinders

‘Theoretical relations for calculating the heat transifer
'_ooefficiehts for filmwise'condeneation of pure vapoﬁrs'on vertical flat
'plates and horizontal tubes were first obtained by Nusselt in 1916,
These solutions are derived in almost all books on heat transfer e.g.
Jakob (57), Because certain aspects of Nusselt's olassical theory
.are to he used here, this theory and its comparison with experimental
observation will be discussed,

In considering the condensafion of a pure vapour by the laminar
filmwise mode, on a vertical flat plate, Nusselt made the following
_assumptions.. Constant vapour and surface tempefetures; negligible
vapour velocity. Heat transfer across the liquid film is solely by
conduotion,'the.interfaoial shear stress between liquid and‘vapour
was negligible. By setting.up a force balance on anhelement of the
__liouid £ilm which involved equating the gravitational forces on the
. element to the resisting viscous shear forces, and utilising the |
assumption of conductlon across the film , Nusselt obtained the
following express:.ons for; local thickness of the liquid :Ellmg %
1oca1've1001ty u(y) of the liquid in the fllm,-at any station x down
the plate and y in the fllm, and average condensation heat transfer

coeu fic1ent h for the plate.




Sx =; .‘U{i{x (6y - 85) : : o
| { ghi.g/oz } | | o s

u(y)=_'é§c_‘_‘ [ty - 1 y—z AR : 9.2.2,

h; = 0.943 p2 g hfgks | 1i o 902.3¢
' ML 8y - 85) '

[

Utiiising the same assumﬁtions and general.analysis Nusselt obtained
fheorétical'results for filmwise condensation on a horizontal tube.
Since this part of Nusselt!s theory is to be utilised extensively in
later discussions it.will be rederived here in more detail than is

generally found in the literature,

.— R SO VOV U W X SN & S

PFig, 9-1 Model. of Condensate film on a Horizontal Tube

Considering the element of fluid film shown in figure (9-1),
and equating viscous'forces to gravitational forces on the element

results in the following mathematical expression.x

. /_Z __g.-(r+y)dﬁ% (r+‘y)dﬂ(g-y) ﬁ-gsinﬂ' 9.2.4.

d
gc dy _ Bo

B



du = g'sma[smyl | | 9.2.5.
ady y _ _

and u = g sin 9 5 [(x : - é ¥ 2 14+ C 9.2.6,
Yy - W\é $ |
at Yy = 0) u=20 V Je C= Q.- ) |
" Mean velocity of condensate at g is

O -

3y |

Heat transfer over the arc length r.d@ by conduction is equal to

heat release by condensation, expressed mathematically this is

S

Substituting for (L from (9,2.8.) in (9.2.9.) and rearranging

ok (.. [ 6y - es] = f)hfg d[ L.9.1 9,2.9.

3 gk r . (8 - es) e d g = S d[83sin ﬂ] 9.2,10.
grhfg _ . ' ‘
For a given set of operating conditions and geometry 6y, 94 and r
are fixed hence 3Yk » [ 8y ~ es] is a constant B say.
' Ephty . : -

. Bdg = $a [3_3s:in¢] | . ezl

Now 8 d[é 3 s:ﬁp ﬂ] = & 4 cos B.ag.+ 3 § 3sing.a§

= § deos p.ag + § d (§% sin g o : 9.2.12,
Putting 8% = Y then (8% = ay _ 9.2.13.
B B S .

From (9.2.11.); (9.2,12) and (9.2.13)
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aY sin P + _54_=_.Y cos @ - _f}_ =0 9.2,14.

ap | 3 3

The solution of the above linear differential equation (9.2,14,) is

shown in appendix ‘ (m ) and isﬁ—

Y= 1 4 | sin 3 gag + c y 9.2.15.
sin4/3£) :

atﬂ:O);ég_:C. o - .

S from (9.2,14) ¥ = 1

and from (9.2.15) since § % sin @ for small angles.

1 4 f sinl/3 p.ag = 1, Therefore C = O
s:'m4/3¢ 3 '
Y= 438 __ . ﬂ sinl/3 g, ap : . 9.2.16,

5 in4/ Sﬂ O

" Eguation (9,2,16) was evaluated by graphical methods by Nusselt and is
tabulated in Jakob (379 and in ‘appendix'(!‘i"‘ ) fI‘Ol'I.ll this the local
variation of 5 with azimuth @, can be obtained and hence local and
average values of the heat frans'fer coefficient can be calculafed.

The variation of the film thickness 6 and heat transfer
coefficient @ are shown in figure 9-2, This information was .
computed by Nusselt for the condensation of steam at 100°C on a

surface at 90°C; the tube diameter being 2.6 cm,




" The average condensation heat transfer coefficient for a horizontal

tube of Diameter D was determined by‘Nusseit to be:-

h = 0.725 P 2 & By, K3 3 | . 9.2.17.

Ap @y - o9

. 2.3, The use of Reynolds number for the liquid £ilm

Equation (9.2.3.5 was derived on the assumption that fhe

liquid film was laminar. [However, as the rate of condensation

increasés and the height of the surface over which condensation is

occurring.is large, the condensate £ilm at the 1ower énd of the

surface becomes turbulent. Colburn (1934) {see McAdams (27) for
derivation) recast (9.2.3.) in a form which gave the average heat
transfer coefficient for the vertical surface as a function of ligquid

'Iilm properties and a Reynolds number for the film Ref = ;Lg where

G is the rate of condensation per unit wetted perimeter. . This

 enables the aﬁerage heat transfer coefficient of (9,2.3.) to be

expressed as

h = 1.46 [gzk 3g ] V3 pep "R - 9.3.1,

The critical Reg above which the film has been observed to become

~ turbulent is about 1200,McAdams (27),

Fig. 9-2 Local Condensate
f£film thickness and Heat
Transfer Coefficient around
a Horizontal tube computed

Joa :
- by Nusselt - Jakob Ref.(57)
E
O [0
587




Equations (9,2,3) and (9.3.1 ) will be valid for condensation
on vertical tubes also, provided these are of adequate diameter,
(i.e. not caplllary tubes).

9.4, Comparlson of Theory w1th Experlment

+ Since Nusselt's theory for laminar filmwise condensation was

. put forward, numerous workers have carried out experimental

investigations with vertical platés and tubes and horizontal tubes,

"and various condénsing vapours, to test the validity of equations
(9.2.3.) and (9,2,17,) | |

- In the cases where the theoretical assumptions have been
satisfied it has been shown experimentally that the average condensa-

tion heat transfer coefficient is proportional to (6, - 83) -4 and

 (Length) -1 for laminar f£low conditieons, However, the average values

of the heat transfer coefficient show considerable oeviation with
respect to Nusselt's predictions, For the case of the vertical
surface, McAdams (27) tabulates the results of several workers

studying condensation of steam on vertical plates and tubes, ranging

in length from 0,39 to 12 ft with (8y - @5) ranging from 50 - 83°F,

The average coofficient of heat transfer ranged from 1,1 to 1.5 of the
value predicted by (9.2,3.). '

For the case of the horizontal tube McAdams (27) quotes an
average result for the condensation heat transfer coefficient of steam
at atmoépherio pressure which is 1.23 times the value predicted by
Nusselts theory (9.2.17). The tube diameters in these experiments
ranged from 0,675 ins. to 2.0 ins.; with 6, - 65 covering the range

O - 430F, In the comparisons between Nusselt's theory &nd

experiment made by MbAdams, all the liquid properties were evaluated

at the mean of the vapour saturation temperature and average surface
tenmperature with the latent enthalpy belng evaluated at the saturation
temperature. _ _

therOUSp workers have tried to account for the varlatmon observed
between experiment and Nusselt's theory. Bromley et al (58) oarrled.
out a2 combined theoretical ond experimental investigation to_determine
the effect of non uniformity of surface temperature on the condensation

heat_transier coefficient on horizontal tubes, = These workers were

- particularly interested in the effect of the low thermal conductivity

of condenser tubes made from stainless steel. Their investigation

b b
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showed results that were in close agreement with Nusselt's theory
for_thé horizbntal tube, It is ekpécted that similar results would
be obtéined for the vertical tube case, McAdams (27) giﬁes a
correction factor for use with equation (9,2.3.) for condensation on
vertical tubes, which is based on the ratio of the overall temperature

difference at the bottom of the tube to that at the top of the tube.

For Ooverall  bottom/ Boverall fop of 0.5 the correction to
(9.2,3.) is 0,96 whereas for'this ratio equal to 2.0 the correction
is 1.06. '

_ Peck’ and Reddie (59) considered the effects of Inertia Forces
in the liquid film (which were meglected by Nusselt), in obtaining

a semi-empirical correction to Nusselt's theory for the horizontal

.tube case, They obtained b/hyysselt varying from 0.7 to 1.3 from

an empirical analysis.. o

Bromley (60) obtained a correction to Nusselt®s theory to-
account. for the eifects of fihite thermal capaéity of the condensate
and its contribution to the sensible heat transfer through the
condensate film, The effect of the finite heat capacity.is_to..
increase the temperature gradient at the tube wall end therefore

increase the heat transfer. Bromley =t sk obtained the fdllowing

correction,
hNusselt ‘
h
) | £z
For the condensation of steam C, {8y ~ 6g) is very small because

-of the large values of hfg’ therefore in the case of steam the

contribution from this source is very small, _

More recent tneoretical studies have consideréd the laminar
filmwise condensation problem as a problem in laminar poundary layer
theory. Sparrow and Gregg (Gll'éonsidered the problem of filmwise
condensation on a vertical surtace, In their solution the authors
cOnsideredrthe effects of inértié and thermal capacity of the
coﬁdensate rilm, bﬁt considered tne intertacial shear stress between

the liquid £ilm and the vapour t6 he =Zero, Their results show tnat

tor values of the liquid Prandtl number ;;-1 and Cp (6y - BS)/hfg &

0.4 the eftects of inertia are negligibie and thereiore Nusselt's theory:
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is applicable, In a later study Koh et al (62) considered the same
problem as Spafrow and Gregg ©1) but with the further refinement of
including the interfacial shear stress between the liquid and’ vapour
as a boundary condifion. By con31der1ng the interfacial shear stress,
the motlon of the liquid film is allowed to induce motion in the -
vapour, in the course of this process the liquid_film lcoses momentun,
So for é given condensate film thickness; the average condensate

velocity will be lower when interfacial shear is permitted, Since

:therheat transfer is roughly proportional to the mass flow times the

énthalpy of vapourisation, it is expected that the heat transfer will
decrease, However_from their computations the authors show that
for Py ;3,1.0 the interfacial shear stress is of little importénCe-

'The authors results are shown in figure (9~3) where it will be
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Fig, 9-3 Effect of Interfécial Shear Stress on Condensation Heat

¢

: Transfer on é Vertical Plate, Ref, (62).

nbfed'tﬁat for the small values of Cp(ey - BS)/hfg‘obtained with steam
the results for local heat transfer coefficient agree closely with those
of Nﬁséelt's'theofy. Chen (63) "in a later paper cOnsidered'the'same_
problem as Koh et al (62). Using a different analytical.approach, he
obtained results in agreement with thosé of Koh et al, _

Sparrow and Gregg (645 also carried out an analysis for laﬁinar
filmwise condensation heat trénsfer on a horizontal cylinder using
boundary layer theory. In this analysis the effect of interfacia1 

shear stress was neglected,  The results-obtained by the authors

are shown in Tigure (9-4) where it will be noted again that for low
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values of Cpl(eg'v 8g) there is close agreement with Nuselt's
: fg
theory. -

‘ Fig. 9-4 Heat
T e e e Teapnsfer Results
2 ' I for Laminar
L o preo~[ | |7 filmwise condensa~
S _ . -0 Y1 tion on a

[ L] : 141 horizontal Cylinder
o TSR ey ™
o.r_nl; ?:".3 _]m BP \\\\\ i
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From the foregoing survey on condensqtion of pure vapours on vertical
plates er tubes and on horizontal tubes, two points emerge clearly.
1, For the condensation of vapours such as steam which have
very high enthalpy of vapourisation,rthe parameter
_Cp(av - es}/hfg is small, Theoretical results from
. boundary layer analysis show that Nusselt's theory is
adéquate for theoretical prediction of condensation heat
transfer coefficient.’ _ ' |
2. Effects of non uniform surface temperature, thermal
capacity of the condensate film, inertia of the liquid
film and interfacial shear, collectively contribute little
to modifyiﬁg the results predicted by Nusselts theory
‘ for fluids with Pp >.1.0 and low C,(8, - esnyg,
~ Peck and Reddie’s empirical corrections (59) for inertia .
-effects in the liquid film, would in the light of the discussions on
boundary layer analysis of condensation heat transfer, appear to be
excessive.  Their method attributes all the variation between
' Nusselt's theory and experimenf to the effects of inertia in the
liquid £ilm. | | o
Grigull (6%) -considers that the-deviainn.betﬁeen experiment

and Nusseltis theory is due mainly to the effects of'ripple formation

in the liquid f£ilm, and the possibility of mixed {(filmwise and




dropwise) modes of condensation.

The formation of ripples has been observed by Dukler and Berglin - -

(66) in the study of thin:liquid films on an unheated vertical surface.-
Rippies were observed to occur in the liquid film at a film Reyndlds
number of about 8,0. Transition to turbulence was observed at a
£ilm Reynolds number of about 1406. The authors found that in thé
laminar region considered to be that with £ilm Reynolds number < 1400;
the avefage film thickness as measured,_agreédrclosely Wifh that of a
theory developed by Nusselt (see Jakob (57)) for the predidtion_of
£ilm thickness, for flow of a liquid down unheated surfaces, (The
aséumptions and developments in this theory are similar to.those of
Nusselt'®s condensation theory).

- Kapitsa developed a theoretical analysis for ripple motion of
the liquid film based on the Navier Stokés equations; which also
considered the effects of surface tension forces at the fluid . gas
interface, This theory is extensively discussed in Portalski's
thesis (87). Portalski has shown (68) that the formation of
ripples sets up a circulatory vortex motion in the troughs of the
.‘ripples,‘as shown in figufe (9-5) and postulates that this mechanism
causes greater mixing motion, and therefore accounts for the higher
heat_tranéfer aﬁd mass transfer coefficients that have been observed

in the presence of ripple motion of the film,

POSSIBLE ZERD VELQQITY CuUAVES. . POSSIDLE ZERO YELOCITY CURYVES
N X DIRELTION "IN X DIRECTIOR
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Fig, 9-5 Eddy Formation in wavy film flow Portalski 63

" Portalski (69); (70) also observed that a transition from the
"pseudo-laminar" flow with rippling motion , to:a "pseudo-turb.lent"

~motion of the film occurs at a film Reynolds number of about 400, In



._ the "pseudo-turbulent” mode of flow; the ripple formétion'has a’
réndom motion as compared with that in the pseudo-laminar case,
Portalskl (70) also concluded that Nusselts parabolic velocity proflle
was suitable for use up to the p01nt of tran51t10n to "pseudo-
turbulent" motion. - '

‘,Kapitsa's theory (67) reéults in an average film thickness
which is 8% smallef than that predicted by Nusselt (57).  Therefore,
_1t is quite likely that the reduction in thlckness of the 11qu1d '
film, plus the inner vortex motlon in the fllm is accounting for the
1ncreased heat transfer results as compared with Nusselt's theory for
filmwise condensation, | It should be recalled here that rather a
similar observation was made by Eckert and Sochnghen (33) in their
investigation of transition of the laminar free cqnvective‘boundary
dayer on a vertical plate; Wave motion was observed in the outer'
part of the.boundary layer; though the character of the boundary
layer as a whoie'was laminar; the average coefficients of heat transfer
-oﬁserved-were some 25% greater than those expected for laminar flow.
It is likely that Grigull's gomment on.ripple motion is correct. -

As to the effect of mixed condensation this is also likely to
be a contributory cause to the increased heat transfer results, since
'only sméil patches of dropwise-condensation can contribute a
substantial increase in the observed heat. transfer coefficient..

Ai
- Furthermore ‘Yo swe m&mégggﬁaua=g§ pure filmwise condensation on a

surface is difficult. {rmmebrixiwm for long periods..

While the foregoing discussion accounts for‘experiméhtal heat
transfer coefficients which have been observed to be in akcess of those
prédicted by Nusselt theory; another explanation has to be-éought for
those results which have been obsefved to be below the Nusselt theory.'

It has been known McAdams (27) that small traces of non-

condensable gases which might be present in the vapour; due to poor

_ de-aération of the boiler feed Water; or leakage into the condenser

" when the latter is operating at subatmospheric pressures causes a
‘reduction in the condenéation heat transfer coefficient, The reason
for this is that as condensation takes plgce on the-surface, a nigher
cbncenfration of air which is mixed with the vapour, is found in the
vicinity of the sﬁrface, With the result that the partial pressﬁre of

the vapour is reduced, At a distaﬁce from fhe surface, the vapour

concentration is greater, therefore mass transfer or difusion of the



vapdui through the air to the condensing surface oCcdrs.' The mass

tfansfer process is now the rate controlling process, and the rate of
condensation will be dependent on it, This is so because the rate
controlling process is one of difusion through a gas which is a

_slower process when compared with difusion (conduction)} through'e
liquid, Therefore the condensation rate and heat transfer coefficient

will be‘reduced wheﬁ non-condensable gases'are present with the vapour,

Exﬁeriments by Hampson (51) oh'the effects of non-condensable gases

on the condensation of steam by either the filmwise or dropwise ﬁode,

- on horizontal or vertical tubes, showed that the heat transfer
ooefficient for filmwise condensation was reduced to 75% of that
calculated from Nusselt's theory for filmwise condensation, when as
11tt1e as 0.2% by mass of non-condensables was pre;ent in the stean,

- Ik may be reasonably concluded that the main causes for
deviation between experiment and Nusselt's theory for filmwise
condensation have been accounted for. _

. In this thesis no discussion of turbulent filmwise condensation
is to be given; since this mode of condensation has been cbserved _'
only at the bottom of long vertical tubes - greater than about 8 ft.
'in’ length - McAdams (27).Whereas the concern here is with tubes of
about half this 1ength, with low vapour velccities along the tube
length so that the contribution from shear effects to transition will
be small. Vapour velocities of up to approximately 6 ft/sec have
been found by Kutateladze (72) to have little effect on the laminar
-fllmwmse coefficient of heat transfer, when the vapour and condensate
flow are in the same directinn. '

Summarx
For -the fllmw1se condensation of steam on short vertlcal surfaces
or tubes or on horlzontal tubes NuSselt's theory is adequate for .

_ comput1ng the heat tranefer coefficient from a theoretical standpoint.
Provided precautinns can be.taken.to exclude air and other non-—
condensables from theesystem and care taken to obtain'pure'filmwise
condensetion. It is expected that expeiimental reeults would be of
the order of 20%'gieater than that'predicted'by Nusselts theofy.

It apﬁears almost certain that to eCCOunt for the increased heat
tfansfer‘theoretically; the effects of ripple motion must be taken

into account including the inner vortex motion which was found to

exist by Portalski (68), however to account for ripple motion of the.



film involves the loss of the use of the very simple expressions of

Nusselt's theory. The possibility thérefore exists of using

Nusselt®’s simple theory in any analysis; and correcting for its

defects empirically.,
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' 10.0 THE EFFECT OF MECHANICAL OSCILLATIONS OF THE CONDENSING

SURFACE ON ~CONDENSATION  HFAT TRANSFER COEFFICIENT.




" Introduction

10.1, It has-long been known that tube vibration is present in
the underslung power plant condenser. "The usual pnadtice,has been
to minimise any transverse vibration of the tubes to reduce the
,pdssibiiity of fatigue failﬁre. 'However,‘from a heat'transfér
standpoint it is interesting to investigéte.fhe effect of transverse
osciilations of fhe condenser.tube on the condensation heat transfer
rate. . In this section a survey of any relevant literature on the
topic of surface oscillation effects on condonsation heat transfer

- wWill be made, -

10.2. f' ‘Survey of literature on the Effects of Mechanicalléééillé-

tiou of the condenser surface on condensation heat transfer

Work - was cafried out at the South West Research Institute, by
Raben et al (73) under a grant-frbm the U.5, Departiment of Interior,*
on oscillatory effects on heat transfer and scale formatioé?%ube
surfaces, 7 '

The object‘ofithe research program was to demonstrate the
: feasibiiitj of using vibrational energy to improve the economy of
saline-water evaporator“Systems. Improvements sought through .
transverse tube oscillations were§ The increased water side convective
" heat transfer coefficient. The increased steamside film condensation
.heat transfer coefficieht, With the ﬁossible promotion of dropwise
condensation. The reduction of scalelformation on the outside of
tubes. | o ‘
. ' The appafatus and methods used fér the transverse oscillation
of the condenser tube for the waterside and condensation studies will
be diséusséd at some length, as this review will be of use When
discussing later thg‘apparatus used for the experiments éarried_out

at the LoﬁghborOugh University of Technology by the author,

10,3. Water Side Heat Transfer Stugz
" fhe test section consisted of a 1 in, 0.D, x .035 in wall
vertical stainless steel tube 48 ins. long. The test section was
heated electrically through a 5 XVA transformer with input cqntrol '

which enabled the output current to be varied from O - 500 amps.

* 1 am indebted to the U,S. Depérfment of the Interior, Washington

D,C., for providing me with a copy of Report No, 49, (Ref,(73)).



The electricalienergy-input‘to the test section waé through
two aluminium strips attached to the tube.at iocétions 48 ins;'apaft.
An electro-magnetic vibrator was connected'thréugh a "tuning bar" |
to the centre of the'test'sectioh.,' Rubber hoses prbﬁided
.flekiblefinput and outpu: water connections to the test section.
Sixteen thermocouples were mounted in groups of four around the
_ tube at locations 3 ins. and 6 ins, on either side of the centre of
the test section,. Inlet and outlet water temperature were also
’ reéqrded’on thermocouples, The experiments covered a range of
Reynolds number from 1,117 to 24,000 with and without oscillation,
The frequency of oscillation was varied'irom:17 to 144 c¢/s with
amplitude varying from 0,375 ins. down to 0,009 ins, Tésts were
conducted with the temperatire difference between the wall and water
of from 15° to 309F, It was found that tests without oscillation
gave results which agreed well with standard correlations for pipe.
flow with the exception of results at a flow Reynolds number of
'1,117 which showed the presence:of strong free convective effects.

The tests with oscillation did not reveél any significént
increase in the heat transfer coefficient, over values obtained
in the absence of oscillation. A maximum increase of 4% was
bbsefved, the increase being indepehdent of flow Reynolds number,

10.4. Steam Condensation Study

A‘sdhematic diagram of the apparatﬁs used and tﬁe method of
~ tube support are shown in figure. (10-1) and (10-2).
- The test tube was of aluminium 1 in, 0.D. with 0,049 ins.
- wall thicﬁness and was 4l ins. long.  The tube was installed in a
3 ins. I.D, ﬁyrex tube 38 ins, long with a central T section as
shown in figure 10-1. The aluminium tube passed through end flanges
on the pyrei tube; the seal betweeﬁ.fhe aluminium ‘tube and the _
flange being made by means of an "0" ring seal.  This enabled the
aluminium tube to expdnd freely, and tb osgiliafe in a transverse
direction as a pivot'ended beam, The aluminium tube was comnected
to the vibrator, through a driving rod attached to it as shown in
. figure 10-2, Suitable precautidnslbeing'taken to seal the moving
joint at the outlet from the "I" section. '

Tests were carried out with a constant inlet steam flow rate
‘at atmospheric‘préssure which was sufficient to allow for. an

- uncondensed flow from the exhaust. -.Water rate was kept constant

and at the highest rate possible, but a temperature controllexr
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enabled the inlet water temperature to be méintained constant at
values of 1209; 150° and 180°F. | -
Experimental data were 6btained with and without oscillation
of the aluminium tube. The frequency. range of the oscillations
used_was from 22,5 ¢/s to 98 ¢/s. with a maximum amplitude of 0.5
ins, obtained at the resonant ffequency'of 38 c/s. For the
three inlet temperatures used above; the approximate overall steam-
water temperature differences were 90°; 60° and SOOF. respectively,

The steam side coefficient was obtained from the overall

‘heét transfer coefficient. The overall heat transfer coefficient

COnsisting of the ’inverse of the sum of the water side; tube wall
and condensation film resistances., 1The .tube wall resistance was

determined from the properties and measurements of the aluminium.

-tube, The average water side resistance was determined from an’

:‘empirical'relatioﬂship which accounted for the (L/p) ratio of the

tube, From accurate measurements of the water side temperature

rise and water flow rate the total heat transfer and average bulk

‘temperature of the water were obtained., Accurate measurements

‘were also made of_the steam temperature, From this information

tﬁe aﬁeragé‘ébndensation heat transfer coefficient waé computed,
The-éstimated error on the cnndensation heat transfer coefficient
was considered to be about + 4%.

. 'The authors obtained a correlation for the ratio of average

coefficients of heat transfer of the form;" :

=~ = 0.714 a £7*'7 10.4,1,
h, : | :

j=2

~which is valid for afl.2 > 4.0, The amplitude.a used in equation

(10,4.1,) is the maximum amplitude measured at the centre of the
tube.

The authors observations of the nature of the condensate

£film under condifions of oscillation is of interest. It was noted

that the condensate film was swept back and forth on the tube
towards the two stagnation points., (see figure 10-2). Very little
condensate was observed to be thrown free of the tube.

A few' testé were also conducted with non-condensable gas
irtroduced with the inlet Steam,‘and as was to be expected the

improvement in condensation heat transfer coefficient was reduced.
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10% air in the steam causing a 37% reduction of the heat transfer
coefficient, with maximum'amplitude oscillation of-Q.S:in. This
value still being about 10% greéter than the condensation heat.
transfer coefficient in the absence of oscillation and non condénsable
gases. . - | | )

10.5 : Condensatlon on a tube wzth longltudlnal 050111at10n of

the tube o

Haughey (74) COnducted an exper1menta1 1nvest1gat10n into the
effects of longitudinal osclllatlon of a condenser tube con the
condensation heat transfer coefficient. The tests were conductéd
with ethanol vapour condensing on a 0.9205 ins. 0.D, tube,'éscillating
with amplitude-up to 0.059 ins,  and frequencies up to 146 c/s.

Film Reynolds numbers varied from 30 - 50 based on laminar flow
‘conditions. A méximum increase of 20% was observed on both
condensation and water side heat transfér coefficients. The
increased condensation heat transfer coefficient was attributed to
the formation of standing waves occurring in the condensate film,:
which were thought to cause better convective mixing., These waves
were in the form of equi-spaced ridges around the circumference of
the tube, They were spaced about 0,18 in. épart,-the spacing being
1ndependent of 1nten51ty of oscillation.

An indifference curve of amplltude versus frequency was
plotted on the basis of first observation of wave formation. It was'
found that the critical intensity for wave fdrmation agreed with H
that obtained by Shine (3Q) in his experiments with free convection
i,e, af @ 1.0 in, c/s. It was noted thaf the indifference curve
based on first imc rease of heat transfer gave a result for critigal
intensity which was slightly less than that based on wave formation.

Condensate drainage was observed to take place predomlnantly
from the wave ridges,

The author obtalned the follow1ng correlatlon for his

éxperimental data within 1:5%

=

v = 14 0,0018 af | 10.5.1.
hg : , : .
10.6..  Summary

a From the foregoing discussion on mechanical oscillation of

‘condenser surfaces,'and its effi:>t on the condensation heat transfer

coefficient. ° The important observation was the fact that the




ligquid f£ilm on1he surface of the tube ie.nof ruptured in any way
but greater m1x1ng in the film does take place. For the case of
transverse osclllatlon of vertical tubes as studied by Raben et al
the oscillation of the tube causes the film to move in the manner

" shown in figure (10—3) below, There is a strong poss1b111ty of

Fig. 10-3 Movement of Condensate film on a transversely oscillating:

_ Vertical tube,
~vortex motion .in the region of accumulated condensate, this vortex

g motion could if sufficiently strong cause turbulence in the fllm.
This vortex motion along with the reduced f11m thickness on the
forward stagnation point of the cylinder accounts for the increase in
the observed heat transfer, A similar mechanism was postulated by
Haughey for the increased heet'transfer'with longitudinal oscillation.
Raben et al and Haughey found from empirical correlation that
the ratio hy/h, was a function of the amplitude and frequency of
oscillation only. These correlations do not allow for any
contrlbutlon to improved heat transfer from the motion of the film
-under grav1ty forces. In the case of Haughey's results with a
~horizontal tube of 0,905 ins. diameter this could possibly be
justified but in the case of Raben et al who were: working with a .
38 in, iohg vertieal tube the coutribution of the film motion due to
gravity forces could be quite significant particularly at low
intensities of oscillation. " |
Because of evidence of the strong conveetive effect caﬁsing
increasee in the condensation heat transfer ceefficient, with the
. possibility of promoting turbulence in the film - this is perticularly

so in the experiments of Raben et al, It would appear qulte
t

feasible that the Danckwerts-Mickley model could be effectlvely




applied here to predict the increase in the heat transfer

coefficient due to oscillation. The problem.is as before to
set up a suitable model for the mixing in the condensate film,

so that the mixing coefficient S can be defined.

_ Inlthe next section, the application of the Danckwerts—-Mickley
Model for condensation on a vertical-frénéversely oscillating tube

wili_bé discussed.-
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11.0 APPLICATION COF THE DANCEKWERTS-MICKLEY MODEL FOR 'THE
COMPUTATION OF THE CONDENSATION HEAT TRANSFER
COEFFICIENT ON ‘A VERTICAL TRANSVERSELY OSCILLATING TUBE

1z,
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1.

The Mixing Model .

In the study of the stability of iiquid films falling over

vertical or inclined surfaces.
Portalski (69)'and_Brooke-Benjamin {75) have found that
instability is initiated at the outer edge of the f£ilm where the

velocity is a maXimum. Atkinson and Carutheﬂs-(76) determined the

velocity profile for film flow over an unheated surface and found

it to be parabolic which is in accordance with Nusselt's theory.

In the discussion of vibration induced transition to

" turbulence of the laminar free cohvective bouﬁdary layer on a

vertical surface, it was found that_thelmixing coefficient 8

could be suitably described if the vibration energy of the surface

. could be considered to supplement the energy of the fluid in the

outer critical layer, in the regidn_éf the point of inflewion of

the laminar velocity profile.

If the same assumption is used here, i.e. vibration energy
of the surface supplementing the.energy of the liquid film at
its outer edge, to promote greater mixing, then, the mixing

coefficient Sv will be given by

sv o —L~ . Reg , . 11.1.1.

where r‘is a scale of mixing, and

' J 2 o, Ya. o

' ao J
= —_— 11.1.2.
o) i

- Uyax in 11.1.2. is the velocity at the outer edge of the parabolic

velocity profile, and is evaluated at the point of transition to

. 0
psuedo-turbulent motion. i.e. when Rey & 400. (ao (9% is
. : ' - av '

proportional to the mean kinetic energy of the vibrating tube,
assuming a sinusoidal flexure (Ref. 77) for the pi#ot ended tube.

(See Appendix V for derivatiom).

_Under critical conditions of vibration when the heat transfer

coefficient for the tube is. iust beginning to increase, the

mixing coefficient will be broportional to VQR!T;CAL ’ there

T



b s

-being no change in the order of magnitude of the scale of m1x1ng

wh1ch is proportional to the film thickness,

e . B 1/2

Therefore hv = | = : 21.1.3.

‘ hCRITICAL VCRITICAL
N At the critical- condltlon, it is assumed that v1brat10n does not

supplement mixing, so that under these condltlons

VCRITICAL #% Uyax. '
....... ' EEREEER 'é

Hence hhv = 1+ 32—~553— 11.1.4.
CRITICAL Uyax :

For the parabollc veloclty distribution in the condensate film
‘ whlch is valid to the point of transition to pseudo~turbulent
flow (70), Nusselt's theory (57) gives:~

Upax = /2*5_25‘(_ o : ML

) : 78
cand s - | k/‘(x (Osar - &) | 11.1.6.
¢ . f hf
Therefore . UﬁAx = jk = (GSAT ~ 6w) 11.1.7.

From equations 11.1.4. and 11.1.7.

hy o 14 C ) 11.1.8.

BeriTICAn | gk x (BgaT — 6W)

S Ptg

5

Now G = ru.d v - 11.1.9.

u. - E“Sy—z[(%) ) % (5)2 o 11.1.10.

: g
{ o .Therefore | q FL§7QT | . 11.1.11,

i




11.2.

Frbm equations 11.1,6. and 11.1.11.,

16

Reg can be written as

i 4k x (BSAT - GW) P 95‘2

_3 - //[ﬁ% .hfg'

11.1.12.

Ref =

© the value of x for which Reg =

~ FIGURE 11.1.

:Comparlson with Experlment

From the data for each test “run tabulated in reference (73)

400 was evaluated from

equation 11.1.12,, all.phy51ca1 propertles of the condensate being

evaluated at the film temperature with the exception of enthalpy

of vapOurisation, this was‘evaluated at the saturation temperature.

The value of x obtained in thls way was used in equation 11.1.8,

The comparlson betWeen hv from equation 11.1.8. and hv.
hCRITICAL - ho
obtained experimentally in reference (73) are shown in Flgure 11.1.

(It should be noted that hepyPICar ¥ ho.)
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Remembering that the static tube tests of reference: (73)

resulted in heat transfer‘coefficients which were about 10% in
excess of those predicted by Nusselt's theory, (57), it is’

estimated that the error introduced by use of Nusselt's theofy
in equatibn 11.,1,8. for calculation OfluMAX will result in an

‘error of about 5% in comparison with the expefimental‘data
for [?i] .

ho
| In the comparison of the experimental data of reference (73)
with equation 11;1;8., it will be seen that the resonant mode.
vibration at 38 C/s with gmplitudes 3;0.35 ins. are not in as'

close agreement with equation 11.1.8. as the other data. The

reasons for this are thought to be:;-~

(1} The mixing model put forward cohsidered'only
the energy associated with the tube vibration and
the liquid film to characterise the process. At
large amplitudes'bf vibration, adhesion forces in-
the liquid film will be of greater significance
in inhibiting the lateral mdtion of the ligquid -
film,-thus, the simple model would overpredict .

mixing and heat transfer in these situations.

(2) The possibility exists that at large ampiitudes
of vibration (2o ;?O.B.ins.). There is a'departure
from the assumption of the tube behaving as a pivot
ended beam, and the tendency to vibrate as a built-in
beam. This will reduce the energy of vibration (77)
iand agaiﬁ the specified mixihg model - would cause an

OVérprediction of the heat transfer coefficient.

For most situations that might arise in engineering practice,
#0 is likely to be less than' 0.3 ins..because of the possibility
of tube failufe due‘td metal fatigue over long periods of operation.
Therefore, the ﬁethod discussed here for computing condensation heat
transfer éoeffigieht in the presence of transverse vibration of

vertical condenser tubes would appeér adequate.
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Conclusions

Using the observations of Portalski and Brocke-Benjamin
concerning the inétability of liquid films, it has been possibie
to define the mixing coefficieqt 8 in the Danckwerts-Mickley ‘
model in a similar way to that for free convection from a

laterally vibrating pléné surface in air,

Comparison of the calculated heat transfer coefficient
ratio using the Danckwerts-Mickley model is found to be in
reasonable agreement with the experimental data of Raben et al,

provided the amplitude of oscillation is less than 0.3 ins.



12,0 CONDENSATION HEAT TRANSFER ON A HORIZONTAL TUEE IN
' THE PRESENCE OF MECHANICAL OSCILIATIONS IN A VERTICAL

PLANE
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12,1, Proﬁosed Study

In the literature survey conducted in section 10,2, to
determine what:work had been undertaken on the éfiects of mechanical
oscillations on condensation heat transfer, it was found that no
work has_been.carriedlout on condensation heat transfer on horizontal
_ tubes in the presence of mechanical oscillations in .the vertical |
plané,';_It was also pointed ouf in section '10,1,, that this mode
of osciliation'was thé most common in tﬁe normal underslung'power
’ plant steam condenser. It is proposed therefore to investigate the
- effect of mechanical oscillations in a vertical plane, of a horizontal
steam ccndenser tube;‘and‘determine its effects on the condensation
heat transier rate, It is proposed that this study include an
exploratory'experimentai investigation.foildwed by a theoretical
analysis to confirm the experimentai findings.,

12,2, Methods for producing‘Meéhanical oscillation and method adopted

There‘are two basic methods which can be used to produce large:
amplitude mechanical oscillations utilising the electromagnetic
vibrator as a driver, The simplest of these is to couple the
_-s&stém to he oscillated directly to the electro—magnetic vibrator. .

: The vibrator is fed'from.an osciilator through a power amplifier with
the appropriaté frpquency of oscillation,'the amplitude of oscilla-_ |
tion Being controlled by the outpﬁt-from the powér amplifier. This.
methdd suffers from thé disadvanfage that at high frequencies of
oscillation the bulk.of the'useful force output of the vibrator

is utilised in accelerating the moving parts of.the vibrator, hence
‘the maximum amplitudes that can be obtained in this way at high
frequencies are limited,

The second methbd employs the use of the douhle beam as

shown in figure 12-1,
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Fig., 12-1 The Double Beam Method of Producing large Amplitude
Mechanical Oscillations. S ' _

‘The vibration force from the electro-magnetic vibrator is fed at
iow amplitude ~ thence the bulk of the useful force output from thé
vibrator is availablé) - through the stiff béam to the supports of
" ‘a beam of much smaller stiffness, The large vibration forces
available cause the low stiffness beam to oscillate with large
amplitudes at its fundamental frequency, ' The fundamental frequency
of'oscillution of the beam of low stiffﬁesé can be altered by

- adjusting the length.£-between the supports. '.The vibrator is once
again fed through an oscillator and power amplifier, the 1nput |
frequency corresponding to the fundamental frequency of the beam of
" low stiffness, The fundumental frequency for the low stiffness
beam can bé readily calculated from vibration theory.

To utilise the double beam method just discussed, it is
necessary to couple the mid point of the low stiffness beam to the
tube to be oscillated by means of a yoke system. It is not possible
to use the tube as the low stiffness beam,'as this would produce an
unwieidy and expensive condensation chamber,

- For reasons to be discusséd later the test tube chosen was
- copper. This tube was approximatelyﬂls ins, long by 0.830Iin.

- outside diameter with 0.040 in will thickness; the tube was terminated
" by copper flanges and support 1ugs and the whole mounted through -

insulatlng Paxolin strips onto a T made from g in, 'stainless steel



tubing (see section (13) for details of tube and mounting), Tne
total mass of the tube and T assembly was 4% 1bs,

. It was decided to carry out an initial investigation into
tne double heam method for obtaining large amplitudes 6f oscillation
of the test cylinder discussed abéve.‘

For the stiff beam a 4" x 4" x 3" I beam 4 ft long was

used. The vibrator was a Type VP 5 made by Derritron Vibrators Ltd. | !
. with‘associatedAoscillator‘and power‘amplifier.‘ This vibrator was
- capable of producing a vibration torce of.40 1bf, the frequehcy
range of the vibrator was 10 to 16,000 c¢/s. The maximum amplitude-
possible was &f + 0.25 ins. For the low sfiffness beams a series
of'steel rods'of varying diameters were used, The T section of
the tube asSémbly being attached to low stiffness rods by means of
knife edged phospher bronze bushes of suitable diameter.

The tube was mounted in an available condenser shell with

the‘vertiéél leg of the T passiﬁg through a'phésphor bronze bush in
the bottom of the shell. . The condenser shell itself was mounted on o
the vibration béd by means of Dexion angle strip (see section (13)
for details). In this way the tube was free to move up and down
but was constrained from any side ways motion, Tests conducted in
' 'thé frequency range 20-60 c/s were not successful, because of the
low fatigue life of the low stiffness‘rods, and the large mass of
'the_tﬁbe assembly. Since.nothing could be done to effectively
reduce the mass of the tube assembly it was decided to carry out the
investigation-ﬁith‘the siﬁpler of the two methods discussed earlier
by connecting the ﬁertical leg of thé T to fhe vibrator with a
suitable link - a §" steel rod. With this arrangement the following
results of maximum amplitude with frequency were obtained,

Maximum amplitude a ins.- 0,17 0,077 0,035 0.025 0.02

frequency /s | 20 40 ~ 60 80 . 100
Having determihed how. the tesﬁ tube was to be bscillated,_the next
point'that needs to bg determined is the method'of evaluatiﬁg the
condensation heat transfer coefficient. |

12,3, Survey of Methods for mgasuring condensation heat transfer

Coefficient _
' In this section various me-hods of ‘determining the condensation
heat transfer coefficient will be examined, What is required is a

method based on direct measurement, where the accuracy of the final
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results can,bé assessed, Methods utilising empirical‘cbrrelations
should be avoided because of the uncertainty in the accuracy‘of “
these. The method used by Raben et al (73) could not be used here
for this reason, furthermore with:the short length of tubing used
here with hose connections at inlet'and'éutlet, there-would be
‘difficulty in finding existing correlations for water side heat
transfer data which would adequately cover this situation.

A method that has found wide use in the past has been the ’
"Wilson Plot" methdd, which is discussed below, -

The heat transfer from the condensing vapour to the water at

' average temperature O, is

and Ug = ) 1
he ZKm Di Dj hw

- For given steam side conditions h, % constant for changes

on the water side, Theréfore the term j 1 4+ Do loge Do‘llv
. — o
' : he 2Kkm - - Di 3

constant, h,, is propértional to the water side velocity'ﬁu raised:
to the 0.8 power, Therefore Do | 1 = & constant it being .

assumed , that the thermal properties controlling h, remain approximately

constant with temperature. Therefore 1 = constant + constant

Ub'may be readily evaluated from measured data from equation (12.3.1.)

and ?ﬁ, can be accurately determined. . Hence a plot of %_ versus
1l on cartesian co-ordinates should yield a linear plot..

v, 0-8 :

As V, —o= 00, 1 _, 1 . : hence from the

' Uo }_ + 22 10ge DO
he - 2km by o
intercept on the 1 ~axis hg may be obtained from a knqwledge of
Uy : '

the thermal properties of the tube. This nethod suffers from the
disadvantage that hc is determined by extrapolation; to conditions
- when the water velocity is infinite. This method would therefore

not be suitable for determining the small changes in hg that could



occur with increasing intensity of wvibration of the condenser tube,
'A further disadvantage of the method is the nec9551ty to maintain
conditions steady on the steam side for long periods while the water
side veloeity is varied, Obviously, the accuracy of the method
depends on the obtalnlng of a large number of data points, The
main advantage of the Wllson plot method has been its use on
1ndustr1a1 equipment in the field where a minimum of 1nstrumentat10n
is a distinct advantage.

Another method of determ1n1ng the condensation heat transfer
coefflclent is from a knowledge of the tube wall temperature. "~ The
total heat’ transfer Q can be accurately determlned from water side

-measurements, if the vapour temperature or saturatlon pressure are
f  known and the wall outside temperature is known then

he = Q

Ag (Oy — 63,) .

where é,o'is the mean temperature on the outside of the wall,

‘The usual method of determining wall temperature by laying
_thermocoubles-in filled grooves just under the surface of the tube
cannot be used in condensation work, Jeffery (78) has found that
even with the tube_carefully_lapped the preseneé of wires in the
material causes strong local effects to'occur in the'condeﬁsation
process. - This effect'was also noted by Hampson (79) in his study of
filmwise and dropwise condensatior on a short vertical surface.

Another method of measuring the average tube wall temperature
is to use the metal tube as the sensing element in a resistance

. thermometer circuit, Accurate determinations of average Semperature
can be obtained from measurements - of electrical resistance of the

tube’a measurement that can be made with geod precision with standard

electrical equipment, From this average tube temperature the outside -

surface temperature can be determined.
' In the next subsection the various methods available for_the-‘
measurement of the electrical resistance of the tube wall and choice

of the tube wall material will be discussed,

12,4, Methods of Determining the Electrical Resistance of the

’ Condenser tube

1) The d.c, Potentiometric Method - In this method the resistance

tube is placed in series with a known standard resistance of low

value and a limiting re51stance, which keeps the d.c. current through

the c1rcu1t at a practlcal level of between 10 - 30 A The potent1a1

Lo o

12



dxrop across the test section of the tube and across the standard
resisténce are measufed'in quick succession. - From-fhese_réadings
and the known value of the standard resisténce the unknown resistance
of the tube can be determined, The main precautions to be taken
with the method are the elimihatidn of the effects of thermal eﬁm.f.
by reversing the polarity of the pbwer'circuit.' The availability
of a ﬁighly stable d.c.-voltageasource-of high'amp hour rating,‘énd
a highly stable micro-volt potentiometer are essential,

Accuracy of this method depends on the accuracy of the
standard resistor and uﬁon its stability, and that of the limiting
current resistor, The stability of the potentidmetef between
successive readings is also essential, |

2. The Kelvin Double Bridge Method for the measurement of low.

values of Resistance,

_ The Kelvin double bridge method has the advantagé that at
balance it is independent of fluctuations in the applied potentials

to the bridge circuit. The Kelvin double bridge is a d.c. bridge

circuit, which, provided certain precautions are takén concerning the

leéd resistanceé connecting the unknown resistance to the bridge,
gives a direct reading of the unknown resistance to.a high degree of
accuracya Tiie Kelvin double bridge is shown schematically in

figure (12-2) below.

Fig, 12-2 Schematic Circuit Diagram of the Kelvin-Double Bridge

-
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The unknown re31stance X 1s determined in terms 0£ the standard
resistance S and the ratlo arms A' and B',

" A, B, a and b are the total resistances,in the designated
bridge arms including the lead and.contact résistanCe between the
bridge arms and the junction points on the resistors. _ If the

resistances between the galvanometer junction point and the resistance

binding posts are A', B', a' and b' then _
__A.=A.'+1‘]_ B=B"+1rg ‘ ) !
‘a=z=a' +r2 . b=b" +r3 |

Al énd a' are adjusted until the galvanometer G is balanced - i.e. .

zero current through the galvanometer. At balance the voltage drop
across A is equal to the sum of the voltage drops across X and a,
- while that across B is equal to the sum of the voltage drops aAcToss.

band So X " . ‘ s i

Therefore Iy A = IX + Ipa S 12.4.1.
“end 11 B= IS+ Isb o 12,4.2,
also (I-1I2)) =Iga+b) . 12.4.3.

from (12.4.3) Ip =1 . L : - 12,4.4,

o a+b +4 ' : :

substituting for I3 in (12.4. 1 ) and (12.4.2.)

IjA = I (x + a ﬂ ) T 12.4.5.
‘ _ a + Db + _
uB=36+ b ). 12.4.6.
a+ b+ 1. '

Dividing (12.4.5. ) by (12.4.6.) and" rearranglng

X=8S.A4 + » 4 A -a).  12.4.7.

B a+b+{ B b '

By ganging the varlable resistors so that Al /B = a /b' for all

" settings, and making the values A'; a'; B'; b' large while 1, 1s

. maintained at a low value,

X=8.4A i © 12,4.8.
B : o -

SA"Y (A +xy/ayy 12.4,9,
B' 1 + r4/B' ' R

Since A' and B' are large i.e. of order 100 ﬂ_ and r; and r, are small',‘
of order 0.1 %L o
X=5 A" o 12.4,10
B -
The Kelvin double bridge is also subjected to thermal e.m.f. problems;

this effect is reduced by taking readings with reversed polarity of



the voitage sourcé as for the potentiometric method,

| Because of the advantages of the Kelvin bridge mentioned
earl:l.er, and the avallablllty of such an 1nstrument, it was declded
to use this method for wall temperature measurement.

The 1nstrument‘ava11able was a Type K.W.l. bridge manufaqtﬁred

by-the Croyden Precision Insfruments Co. The bridge operated in !
conjunction with a Pye Scalamp Galvanometer and a Pye type 11330 |
Galvanometer preémplifier. This system was suitable for the .
détection of variations of resistance of‘O.ld/zgl. For the copper
tube used the resistance will be of the order of 100 - 200 f4L..
For the measurement of such. values of resistance the 109/?32internal
standard on‘the K.W.1l. bridge was used i.e. S in figure (12-2).
-The values of the B' and b' resistances are 100.fl ‘For the range
100 - 20q4$21n the unknown r331stance X; the varlable re51stances
A' and a' vary -between 100 and- 20071, From equat10n_(12.4.7)

X=5A"1+ T +b A, At f1 4718\~ at /1 4 T2/a
. B'[1 + r4/B' a+ b+l |B"\1 + rgz8 b' \ 1+ xrg/b'j|

12.4.11.

= %’ , and by using the internal standard r4/B' = rz/b'
.since ry = rg.. By using identical potential leads on X so that

ry = Tz, then ri/a* = rz/a', and [ ( v /A.) . 3:-(1} ”'2/5') B

1 4+ r4/B' b' \1 + rS/b'
Therefbrei X=8SA" |1+ ry/ar 3 ‘ - 12.4.12.
- BY |TF Ty -

By the choice of‘rl = ry the effect"of-ﬁ has been eliminated
_complétely. By using the internél standard; ry is very small
compared to rj the potential lead resistance. If.rl is'éuitably'_

chosen it is very much less than A'. Then

X =8 g:. . 12.4.13.
B 3 : ‘ .
= .0001L A'
100

X=a"x106 §) o 1204014,
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12.5, Selection of tube material and dimensions

The tube material and dimensions are obviously importanf:

when the tube is to be used as a'resistahce thermometer element,
" A parameter that allows for the assessment of sultablllty of tube
'materlal and dlmen51ons with regard to use as a resistance thermometer
element is the sensltlvity S. thae"he sen31t1v1ty is defined as
the change in temperature-of the tube causing a micro-chmchange in its
resistance. This is the inverse of /DI.qC , the re51stance change

of a tube of length L and wall cross*sectlonal area a for a degree
centlgrade change in temperature, The materlal of the .tube has a
specific re31stance /) and a temperature coefi’:r.cient of res:.stanceac

Therefore

_°.c//(_5)__ 12.5:1,

7

If a length of 1 foot is considered - this corresponds closely to the

length used in this application ~ and the tube 0.D, and wall" thlckness

" taken to correspond to nominal § in, diameter tube with 19 S.W.G.

wall thickness, which is the B.S. specification 659 for light gauge .
copper tubing. ' This gives the actual diameter of the tube as 0,83 ins.,
and the wall thickness as 0,040 ins, . The 0,D, of the tube corresponds
closely to that used in actual condenser applications, For these
dimensions S can be evaluated for various materials.

' | This tabulation is shown below, the electrical

.propertles being taken from Kaye and Laby (80),

Tube Material P x 10%tem  «°¢t s Cc/AR
at 200C 7 _ -
Aluminium . 2,82 0,003 2,07
Brass '-_6;60 0,0016 1,98
Copper . L72 0, 004 3.00
Nickel | 7.24 10,0054 5.40.
Stainless Steel | 78.0.' | 0.0010 0,270 -

From the tabulated information it would appear that stainless
steel would be the obvious ch01ce because of its high sen51t1v1ty.
However other factors have to be taken into account. Some' of these
associated with the electrical characterlstlcs of the'tube and
' others associated with the ability to maintain fllmW1se condensation
on’ the tube, this belng a nece551ty for compar1scn Wlth subsequent

analysis,



Ihe formlng processes used in the manufacture of tublng cause
-1t to work hardenuﬁ; n this condition the material is not stable and
the electrlcal properties are known to vary over long periods of
time, Tb_redpce the effects of work hardening it is uSualItb anneal
the material this results in better stability of the material
properties, The effects of work hardening aré ﬁost precnounced in-
alloy materiais, but are also present to a much lesser extent in
commercially_ﬁurg materials, due to the presence of impurities,

_ In using the tupe as a fesisfance thermometer, the géheration.

of thermal e.m.,f. due to the junction of differing materials at *
differing temperatures is to be avoided, This is particularly true
'in the fixing of potential and current leads to the tube wall, these.
‘should be madé from the same material as the tube,

) Finally the 2lectionof a particular tube material could be
influenced by the ability of thé material to sustain filmwise -
condensation. It has been found by Blackman (81) that stainless

‘steel would sustain prolonged filmwise condensation. Hampson (79)
has fqund that suitably prepared copper surfaces'ﬁould'maintain'
filmwiée condensation for periods up to 24 hours, -

| 'Finally the question of ready availability of the tube is of
importance. 7 '

' On - the basis of these con$1derat10ns, it was decided to use
commercially available copper tubing of the dimensions specified
_earlier, The main advantages being, the ready availability of 1eads,
tubing and copper strip for fabricafion of the. tube assembly.:

" Fabrication itself could easily be carried out using soldering -
technidues. The tubing consists of 99.85% Copper; up to 0.04%
ﬁaximum Phosphorbus with the remaining percentage beihg impurities,
The long term electrical stabiliff of the annealed tubing was found
to be very good.' The temperature coefficient_of resistance was
consistant at 0.0026°C-1 and the specific resistande at 200C was
2.65 x 10'6 ohm ch. . These changes in the values °fctf andIC’ from-
those quoted earlier for pure copper are qualltatlvely in agreement
with the observatlons of Powell (82) who found for a sample of
commercial purlty copper. tested that CK?" 0. 0‘.’.!!16(:'0'1 and
f) 4.1 x 1076 ohm cm, . _

This means that the senslt1v1ty s for the commer01a1 copper
tube used would be 3,049C/ 40, . = Recalling that the Kelvin double

‘bridge to be used is capable of detecting changes of 0,%/€ﬁ!; It is



found that with the. system used here, temperature'changes of tne‘tube
of about 0,300C can be detected, It is interesting to note that the
. sensitivity has.not differed from that of the h:l.gh purity copper.
Hav1ng decided upon the- tube material and dimensions it now
lbecoﬁes necessary to clear two points. - The first being to show
that 12R'heating effects of the tube'afe negligible compared with.
'~ the condensation heat load, and therefore its effect on wall
temperature will be negligible, _
_ . The second point oonoerns the resistance temﬁerature
callbratlon of the tube and its subsequent use to predict the: tube
jtemperature under conditions where condensation is present,

1246, 1°2R _Heating Effects in the Copper Tube

For a maximum tube resistance of about 200 /[,2 and a current
through the tube of about 20A (the actual current drawn by the
Kelvin bridge was somewhat 1ess— 9. 'SA) the IZR heating would be
about 0.3 Btu/hr._the condensation heat load would be of the order
of 10,000 Btu/hr which would be a falrly typ1ca1 value. Hence the
12R heating effect would be negllglble.- ‘

12. 7. The Tube Re51stance under Condensation Condxtlons

In the calibration of the re51stance tube, the method usually

adopted consists of immersing the tube in a thermostatically controlled

calibration tank filled with heated water or oil. Under these
conditions the temperature'resistance'characteristics_of the tube can
be plotted in the form of a calibration curve. Under these conditions
~there ie no temperature gradient across tﬁe-tube wall, there is no '
.variation of temperature around the circumference of -the tube, and
finélly there is no variation of temperature along the tube length.
However,-when the tube is installed as a condenser tube under test
conditions there will be.a gradient in'temperature across the.wall

of the tube because of the heat.flow due to condeneation,_because of
tﬁe variation in the condensate £ilm thickness round the tube there
will be a temperature variation around the tube and finally because

of the cooliﬂg water flow through the tube there will be an éxial
gradient in tempereture elong_the_tube.- It is proposed here to see
what effects these.variations have on the reeistance of-the.tube, and-
to rbtain corrections for these effects so that a correction may be
: outside
applied to the. callbrated re31stance and hence the average/tube surface

temperature obtalned

SN
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Two studies bﬁ_this problem have been made the first by
Jeffrey (78) and the éegond by Watson and Clark (83);

In tﬁe study of the temperature gradient across the condenser
wall Jeffrey assumed a linear temperature profile for a thin walléd
.tube, whereas Watson and Clark did not. In the study here with a
tube wall thickness of 0.040 ins, the‘aésumptibn of a linear
temperature profile would appear feasonable. This can be shown in
a much simpler manner than that adopted by Jeffrey as follows. . ‘
The heat Qonducted through a hollow cjlﬁnder is given by |

Q=2WkL (6 - 8;) ' 12,7.1.

10g'° To/r;

where k is the thermal qonductivity of the material, L is the tube

" length and 6, and ©; are the temperatures at radii rg and rj from
' the axis of the tube. At steady state conditions it is also known
that . . '
Q=27 kL (0~ 6) - o 12.7.2.

1ogea r/ri

where © is the temperature in the wall at radius'r from the axis.
Equating 12.7.1. and 12,7.2, and re-arranging
0~ 0
80— 64

= loge /ri) _ S 12.7.3.

logg (ro/ri)

Now ry = rj + t and r = ry + y where t is the thickness of the tube
wall and y is some distance into the wall from rj but less than t,
then g . g = 1oge [1+ ¥/ri) | 12,7.4.

using the fact that 1ogé(1‘+-x) =X = 53‘+_x3-=Pr~--* it can be seen

that when t/ri is small,

eo"' 81 . ) : !

In fact for the tube used in this study the second term of the log,
_(X#x) expaﬁsion is about 6% of the value 6f the first term, so the
.'assumpfion.of a linear temperature profile across the tube wall.is

© justified,

© Using the assumption of a linear temperature profile Jeffrey



obtained R =C o 12.7.6.

. Em .
where R is the resistance of the tube at @ with no temperature.
gradient acfoss_it, and Rp is the resistance of the tube under
conditions of heat flow across the wall;lits value being determined
at €y, the meaﬁ of 8,5 and ©;,
Now C‘ . '

= 1
2(ro/ry - 1) + D) - 12.7.7.
olm (B = 01)(xo + 1)
ri
and P =

loge[ 2 -o{m (8 - ei)x ‘ | 12.;?.8.

2 + 0<m (90 - 85)
‘O(m(eo = ei)

Jeffrey calculated the value of C for various values of (8 =~ 62
. and (ro/ri)‘making the erroneous assumption that o = 0, 0023%F 1

for all metals., However by chance the value of a(fﬁchosen by
Jeffrey is numerically close to the value of o obtained in the
experlments discussed by the author on a commercial grade copper tube,
and 31ncao{om(eo 8;) appears in 12.7.7, and 12.7.8. and is a pure.
number, use of Jeffrey's results for C may be used with llutle error

el
here. These results for ro/r17hre shown plotted in figure (12-3)

132,
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Fig., 12-3 The Ratio of tube Resistance under Isothermal Conditions to

to Mean temperature conditions versus temperature difference.

across the tube after Jeffrey Ref. (78)
From figure (12- 3) it is clearly seen that the effect of temperature

gradient across the tube wall is Quite negligible. At high values

of (90-; @i) i.e, greater than 300C, the value of C continues to
decrease attaining values that are only véry slightly smaller than

unity.
Again in the case of temperature variation around the tube

" Jeffrey and Watson and Clark differ in their approach. Jeffrey

working from experimental measurements of tube wall temﬁerature
variation, found that these could be suitably appfoxiﬁated by a -
cosine wave. On this basis Jeffrey found that there was a negligible
correction for R required, the errdr resulting from negleéting the
'correctibﬁ being of the order of 0.01%. Watson and Clark ¢eterﬁined
the femperature distribution around the circﬁmference of the tube wall
with the aid of Nusselts condensation theory for the horizontal tube,

thej.found that a slight correction had to be made which effectively

faised the temperature of the tube surface by about 1°C., However in

the light of the earlier discussion on the Nusselt theory and its



tendency to underestimate the condensation heat transfer coeffi¢ient,
it would appear that the correction would be smaller if not negligible
if this fact were taken into account. Sincé the higher heat transfer
coefficient would result in increased condenser tube surface
temperature. Therefore Jeffrey s finding would appear more probable.

Finally Jeffrey shows that the measured resistance of the.
tube will be the average value for a giéen temperafuré.variation along
the tube.
o From the foreg01ng discussion it can be concluded that when
‘the r951stance tube is operating. in the condenser, its resistance will
correspond to the mean wall temperature Op; this température can be
readily obtained from the tank calibration curve of resistance versus
temperaturé. . The average outer surface temperétureleo is_obtained
from - o _ . -

= 8p + (65 - 8;) ' . 12.7.9.

2

where from équafion (12.7.1.)

& - € =Q/Ao « Dy loge [ro/rs) 12,710
2 k '

Q iS'bbtained from the heat tiansfer on the waterside measurenment,
and k is computed from a knowledge of }he'electrical‘resistivity of
the tube. Powell (82) obtained the following-empiricai relation
relating the thermal conductivity to the résistivity.

k = 57.7 [2'.39':: 108 T 4 .0.075] Btu/hr £t OF 12.7.11.

where T is in 9K and.lo is in ohm cm, - ,
For the value of f7h 2.65 x 107 ohm cm. obtained by the author
k = 157 Btu/hr It °F this compares qualltatlvely with the value of
115 Btu/hr it 9F obtained by Powell.

" Having discussed the two major points of how the hor1zonta1
tube is to be osclllated and hov the condensation heat transfer.

coefficient is to be determined, the next sectioﬁ will_deal with the

details of the experimental rig and some of the other instrumentation

used,

B YR
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13.0

DESIGN AND CALIBRATION OF THE EXPERIMENTAL, RIG AND

' INSTRUMENTATION FOR THE STUDY OF CONDENSATION ON A

HORIZONTAL TUBE IN A VERTICAL, MODE OF OSCILLATION



13-1 The Condenser Shell.

A condenser shell from a previous projeét was found to be
available, - This'shell.which_is shown in a sectionﬁl view in figure
13-1 and in fhe photographs figure 13-2, consisted of a 6 in internal
diameter cylindrical steel tube &"‘thick'onto which was brazed a brass
hood section of é" plate with .a copper steam inlet pipe 3 ins,. in
diameter. (The reason for the brass hood section was that in the
_pievious project‘thé condenser was filled with a tube bundle, and
deposits from a corroded hood on the tube bundle were to.be avoided -
hence the choice of brass). The holes in the steam delivery pipe were
drilled at an angle to the vertical to avoid sieam Jjets impinging -

-directly onto the heat transfer surface. The brass hood cohtained
‘three windows 3% x 2 ins.,; two located at the centre of the condenser,
on either side of the hood, and the third located to one side as

shown in the figure. The cylindrical section contained six eircular
perts 1 in, diameter for instrumentation (or observation). The |
botfom.of the c¢ylinder had three flanged drainage pipes as shown in-.
figure 13-1. The condenser shell was closed with steel end plates

as shown in the photbgraphs, the end-plétés carrying a single
cylindrical opening pipe through which a rubber cooling water tube was
fed. ' _ |

| This condenser shell appeared to be suitable for the study
.projected here,.sihce thg yoke assembly cafrying the'copper tube could
be arranged to lie so that the tube was in view of the windoWws in the
hood; The éoupling link between the yoke and the vibrator could pass
through a suitable bush located in the central draiﬁ in the condepser
 botfom. By suitably‘arranging a tray between the condenser -tube apd
the T section of thg yoke! the condensate could be drained from either
of the other drains located in the bottom of the shell,

A simple Dexion frame could locate the condenser shell in a

convenient position above the anti-vibration bed carrying the vibrator.

In fact the shell frame could be fastened fo the anti-vibration bed,
The above ideas were adopted, the anti-vibration bed consisted
of a 4ft 6in. 6 in. by § ins, thick I girder 16 in. deep placed on.
the concieté floor of the laboratorj, the Dexion frame carrying the
condenser shell being bolted_to the-I beam. This is shown in figure

13-3, where the position of the vibrator will also be noted.
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FIGURE 13.1, ~ Sectional Drawing of Condensef Shell Showing Tube

{ and Yoke in Position.
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Fig. 13-2 (a) View of Condenser Shell Showing End Cover Plate in Place

Fig. 13-2 (h) View into Condenser Shell with End Cover Plate Removed
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Fig, 13-3 Method of Mounting Condenser Shell on Anti-Vibration Bed

13.2, The Steam Supply

The steam supply to the Condenser shell through the copper
steam inlet pipe was from a Stone Vapour Generator which was used
for general project work in the laboratory. This boiler was
capable of delivery up to 1000 1lbm/hr of saturated steam at preset
pressures from 40 to 150 p.s.i.g. The boiler was fully automatic
and could maintain the delivery pressure to within + 1 p.s.i.g.
Because of the delivery of saturated steam from the boiler, the boiler
was operated at pressures of between 80 - 100 p.s.i.g. the steam
being throttled down through a safety value followed by a needle
control valve in the line to a pressure which was about 1 to 2

inches of mercury above atmospheric pressure in the condenser snell.




40.

Because the steam line to the condenser was unlagged the steam reached
the condenser shell superheated by about 2° - 3°F, A steam strainer
was fitted in the main st¥eam line to trap foreign matter from the
line. A blowdown system was incorporated in the steam line just
ahead of the condenser inlet, this enabled condensed steam and
corrosion accumulation in the line between experimental runs, to be
cleared before testing was started.

The boiler could not operate on the fully automatic mode at
loads below 100 lbm/hr; to overcome this difficulty a second condenser
rig on the same line was run so that the minimum load cculd be
achieved for automatic operation.

133 The Water Supply

Because of regulations made by the local Water Board, it was
not possible to contemplate an experiment in which the cooling water
was passed through the condenser tube, weighed and then discharged
to waste.

In the system employed in this study the water was circulated
by a pump through the condenser tube and then to the laboratory codling
tower, the pump inlet being connected to the cocling tower sump.
Downstream of the condenser tube a two way cock was placed in the
water line, this enabled a weigh tank to be brought into operation for
calibration runs. The water flow was measured upstream of the cond-
enser by means of a venturi tube in the % in. bore water line, the
venturi operated in conjunction with a compressed air manometer
described later under instrumentation.

A line diagram showing the water and steam circuits to the

condenser shell is shown in figure (13-4).
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Fig., 13-4 Water and Steam Circuits to Condenser Rig.

13.4. The Condenser Tube and Yoke Assembly

As mentioned earlier, the condenser tube was of commercial
copper 0.75 ins. I.D. and 0.83 ins. 0.D. The copper tube was 13} ins
long and mounted between two copper end lugs as shown in figure 13-5.
The two end lugs were to be connected to the current carrying leads
by means of two 2 B.A. screws located near the bottom of the lug.

The potential leads on the tube were located 12 ins. apart and were
soldered onto the tube surface. These leads consisted of pure
copper braid which when flattened had a rectangular section of 4 ins.
x 1/16 ins., each lead was 8 ft long and had a resistance af 0.026.51

Each end of the tube was closed with a flange held to the end
lug by six 4 B.A. screws. The end flanges carried % ins. copper
tube stubfNs 2 in. long for inlet and outlet hose connections; the
outlet water tube connection was set very close to the top of the
condenser tube I.D. this ensured that the condenser tube would be

full of water during operation.

The overall length of 134 ins of the tube assembly left

4/
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Fig. 13-7 Exploded Assembly of Copper tube and Yoke and Photograph of

Condenser tube



approximately six inches on either end of the tube when it was in its
assembled position in the shell, this gave good flexibhility to the
assembly and allowed adequate vibrational displacement of the tube,
without severe stress on the rubber hose,

Tke yoke assembly is shown in figure 13-6;This was constructed
from § in. stainless steel tubing in the form of a T as shown. The
steel end plates with Paxolin inner. facings gave a dimension of
134 ins. between the inner facings, a further build up of § in, of
Paxolin sheet on either face followed by a further 1/16 ins. brought
the dimension between the inner facings to 13% ins. which agreed with
the dimension between the outsides of each copper lug. (The reason
for the crude build up with successive layers cof Paxolin was that
originally it was thought that 3/16 in. Paxolin sheet would be
available, however, this size was not available from stock), By using
the Paxolin strips to connect the copper lugs on either end of the
condenser tube to the T section, the tube assembly was electrically
isolated from the rest of the yoke assembly.

A % inch steel rod connected the bottom of the T section to
the vibratar ; this rodca&mried an aluminium condenéate catchpot and
drain which ensured that condensate did not run down the connecting
link onto the vibrator below.

A photograph of the full assembly is shown in figure 13-7.

It should be pointed out here that the heavy current leads attached
to the lugs were made from braded copper which when flattened was

% ins. x § ins. these leads were each 7 ft long and had an electrical
resistance of 0,002751

The potential and current leads were encased in insulated
sleeving and run through suitably sealed flanges covering the 1 inch
openings in the condenser shell.

13.5. Measurements and Instrumentation

In this section the various measurements that need to be
taken and the associated instrumentation will be discussed.

Temperature of Steam and Cooling water

The temperature of the steam and cooling water were measured
by means of 26 S.W.G. Copper Constantan thermocouples, The Steam
temperature measurements were taken with two independent thermocouples
mounted in the shell in the vicinity of the condenser tube. The

ther..ocouples were located at the end of an L shaped pocket made from

& in, O0.D. copper tubing, the thermometer pockets were electrically
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insulated from the condenser shell, and had an overall length of 6 ins.
The cooling water inlet and outlet temperatures were each measured
with a single thermocouple. The inlet thermocouple was wound in the
form of a spring which fitted inside the rubber hose the hot junction
end was located so that it was almost at the edge of the inlet water
stub pipey. There was no possibility of the hot junction touching
the copper stub pipe as it was turned into the spring see figure

(13-8a)

S5Tul
BIPE.

RUBBER

I\.v'\- .
! :
Hose B %

Fig. 13-8a 1Inlet water Fig. 13-8b Outlet water
temperature thermocouple temperature thermocouple
arrangement . arrangement

The outlet water thermocouple was held by a stiff brass bracket so
that the hot junction coincided with the outlet plane of the tube, this
is shown in figure(13-8b) the thermocouple was thermaﬂj insulated from
the bracket with Araldite. The thermocouple leads were taken out of
the water line at points where the rubber hoses were connected with a
copper jointing tube.

The thermocouples were all operated with their own cold
Jjunctions. These were sealed in individual glass tubes which were
immersed in a thermos flask of ice,

Temperature measurements at steady state conditions were
recorded on a Pye Precision Vernier Potentiometer operating in
conjunction with a Pye Scalamp Galvanometer, This system was operated
on a sensitivity scale which enabled e.m.f., changes down to 1/{v to be
determined. For the samples of copper—constantan used here the
sensitivity in ©°C/mv was 22.8. ' Therefore the potentiometer system
used here could detect changes of temperature of 0.0238°C (0.0428°F).
To assist in determining the attainment of steady state conditions
a multi channel Kent self balancing and recording potentiometer was
used for the initial stages of each test run for recording steam and
water side temperatures. When the chart record on the Kent indicated
steady conditions, the thermocouple connections were transferred to

the Pye Vernier potentiometer and final readings taken.
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The thermocouples were calibrated in batches in a thermostatic-
ally controlled heated water bath, against N.P.L. calibrated
thermometers graduated in 0.1°C increments. These calibrations were
observed to be uniform for the whole batch of thermocouples, the e.m.f.
versus temperature graph for the batch is shown in Appendix (Ei ) fig. 1.

Water Flow Measurement

This was carried out with a venturi tube fitted in the % ins.
I.D. water line. The venturi tube had a throat to pipe I.D. ratio
of 0.75 the diffuser angle on the venturi being 5°
Undisturbed lengths of greater than 80 times the pipe I.D. were
maintained upstream and downstream of the venturi. The pressure taps
on the venturi tube were connected by polythene piping to a compressed
air manometer. This simply consisted of two glass manometer tubes
36 ins. long by 5/16 ins. 0.D., the lower end of each tube was
connected to one of the pressure lines from the venturi tube. The
upper ends of the two tubes were each connected to one branch of a Y
connector made from copper tubing. These two branches of the Y
terminated in a common leg which was brazed to a small air tight
cylinder which had a bicycle tyre valve assembly attached to it.

Operation simply consisted in unscrewing the bicycle valve and
lowering the manometer below thie level of the water line - this was
done by laying the manometer board horizontal. This caused the water
from the line to flood through the system. The bicycle wvalve was
screwed into place and air pumped into the system slowly. This forced
the water down into the limbs of the manometer to a common height.

Any pressure differential recorded with water flow through the venturi
was simply recorded as a difierence in head of water on the manometer.
" Precautions had to be taken to see that air bubbles were not left
trapped in the polythene pressure lines after the pumping operation.
The system is not sensitive to changes in ambient temperature or small
air leakage from the system, since both these effects cause identical
air pressure changes on each limb of the manometer.

The venturi was calibrated directly against a weigh tank this
calibration being shown in Appendix ( SE') i 2y LA From the calibration
it can be seen that the water flow rate through the condenser tube can
be determined with an accuracy of + 3% at the outside, this allows for
the possible error on the weigh scale which was calibrated itself with

standard weights.
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Amplitude and Frequency Measurement

The amplitude of oscillation was measured with a type
585 DT - 500 Differential Transformer in association with a type
592 - 300 Transducer Converter. This equipment is produced by the
Sanborn Corp., Mass., U.S.A,

The transducer is of the linear differential transformer
type, a schematic diagram of the transducer and converter being

shown in figure (13-9).

3INE - | die
! : SIGNAL
5 Ef CONVERTER

_ i MAINS
TRANSDU € & R EXCITATION] I PoweER

Fig, 13-9 Schematic Circuit Diagram of Sanborn Displacement

Transducer

A cylindrical barrel with a central bore houses three windings. A
primary coil which is fed from an external a-c exitation (the carrier
wave generated in the converter unit) and two secondary coil windings
which are connected series opposing. A soft iron core is free to
move up and down in the central bore,

When the soft iron core is at the centre of the barrel equal
voltages are induced in each sgcondary winding, hence there is zero
output from the secondary circuit. When the soft iron core is moved
away from the centre of the barrel a greater voltage is induczd in
one secondary compared with the other and there is an output voltage
from the secondary, which represents the core displacement and its
direction. The output from the secondary winding is fed back into
the converter unit from which the output is a d.c. signal which is
linearly dependent on the core displacement. The transducer was

capable of measuring maximum displacements of + 0.500 ins.; the
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frequency response of the instrument being limited by the carrier
wave frequency of 2,4 Kc/s.

The iron core had screwed into each of its ends a 3/32 in.
dia, brass rod. The free end of one of these rods was screwed into
the driving head of the vibrator adjacent to the driving link which
oscillated the yoke assembly; the free end of the second rod was
passed through a bush supported from a pillar on the vibrator.

This enabled the core movement to correspond to that of the oscillating
tube, while it was kept central in the bore of the transducer barrel,
The transducer barrel was held in a clamp fixed to a pillar located

on the vibrator. This enabled the barrel position to be adjusted
for the zero reading, when there was no motion of the vibrator.

See figure (13-10) which shows the transducer in position,
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Fig. 13-10 Displacement Transducer Mounted on Vibrator
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The d.c. output from the transducer was fed to an oscilloscope. A
calibration had to be carried out to relate displacement of the scope
trace with displacement of the core, this was simply done by unscrewing
the rod on the driving head, adjusting the barrel for zero output, and
then obtaining set displacements of the core with slip gauges placed
between the driving head and the unscrewed rod, the corresponding
displacement of the trace on the oscilloscope being noted. Before
the calibration run the oscilloscope itself was calibrated against its
own calibration waveform, The accuracy to which measurements of
amplitude could be made was estimated at + 0.002 ins. During test
runs, the peak to peak value of the displacement waveforms were noted,
half this value being used as the peak amplitude of oscillation. The
voltage displacement characteristics of the transducer obtained with
the oscilloscope are shown in Appendié&%igure (3 D

Frequency of oscillation was noted directly from the frequency
setting on the oscillator . This was found to agree with the frequency
of the vibratar output in the range 20 - 100 c/s. This was verified
by feeding a tapping from the output of the oscillator to the x plates
of an oscilloscope, and feeding the transducer output to the Y plates.
The results in all cases was a circular trace on the scope this
according to Van Santen (84) is the path traced by a point common to
two sinusoidal oscillations of identical frequency travelling at right
angles to each other with a phase angle of 900 between them. This
phase difference is to be expected, there is a negligible phase shift
in the oscillation signal in its passage through the power amplifier
and a 90° phase shift between the mechanical output from the vibrator
and the input current. This effect is due to the characteristics
of the electro-magnetic vibrator. This device produces a force F
which is proportional to the input current i. The applied voltage e
must then be proportional to dxX /dt the velocity of vibration. This
must be so since i-e must be equai to the mechanical power output from
the system times an efficiency of conversion, therefore i+e is

proportional to F.dx . Now since e = constant gg'}then x the vibration
dt dt

displacement is .[e.dt/constant. For a sinusoidal variation of e with
time it is seen that x is 90° out of phase with e because of the
integration. Hence the output waveform from the transducer will be

90° out of phase with the oscillator output. The important fact

here is that the frequency of vibrator output is consistent with that
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indicated on the oscillator setting dial.

Trigger circuit for Flash Photography

It was decided that photographs of the condensate film could
be informative, particularly when the oscillating tube was at points
of maximum positive and negative displacement. To do this some form
of trigger circuit appeared to be necessary to enable a camera flash
gun to be fired when the oscillation amplitude was at a positive or
negative peak. The technique adopted here was to black out the area
around the condenser and use the camera with the shutter open, and use
the trigger circuit to fire an electronic flash unit operated off the
mains.

The trigger circuit was constructed in the following way.
The incoming a.c. signal from the amplitude transducer was amplified
and passed through a selector switch through a variable resistor to
the grid of a Thyratron valve. The Thyratron valve is a gas filled
Triode, and is a discharge tube, Positive potential,applied to the
grid of the Thyratron causesrapid electrical breakdown and ionisation
of the gas in the tube, this results in a heavy flow of electrons from
the cathode to the anode, and a rapid increase in the anode current.
The rapid increase in the anode current can be used to trigger a relay
system thus firing the flash gun. The electron flow from cathode to
anode is stopped by utilising a secondary relay circuit to break the
anode circuit, A manual operation being necessary to reset the system.
This system enables the positive peak amplitude to trigger the circuit,
the negative peak amplitude is made to trigger the circuit by switching
the selector so that the output from the first amplifier I passes
through a second amplifier II and then to the variable resistor and
Thyratron grid. The second amplifier simply acts as a sign changer
so that the negative peak is now able to trigger the circuit. The
above discussion is summarised in the schematic diagram shown in

figure (13-11)
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Fig, 13-11 Trigger Circuit.or Flash Photography

At the commencement of operation the relays A;B and C are
de-energised. Pressing the manual reset button causes A to be
energised and the anode circuit closed. The system is now ready for
operation. With the selector switch in the position shown the
circuit will trigger from the positive (upward displacement of the

tub.). The amplified signal out of I passes through the variable

resistor R to the grid of the Thyratron, a heavy current flows to the



anode energising B, this closes the flash gun circuit causing the
gun to fire and also energisesrelay C which causes the anode circuit
to open.

To synchronise the flash gun firiﬁg with the maximum
displacement postions, a stroboscope was used to locate the maximum
displacement positions in the oscillation cycle. The grid voltage
to the Thyratron was altered by means of the variable resistor R,
until the observed maximum position and the flash gun firing
coincided.

Tube resistance measurement

This was discussed at some length earlier, here the emphasis
will be placed'on the calibration of the tube. With the low
resistance potential and current leads used here, the effects of
lead resistance will be completely negligible, The Kelvin double
bridge was operated in conjunction with a reversing switch which
enabled the polarity of the e.m.f. from the 2 volt cell to the bridge
to be reversed. The tube with attached end lugs and the operaticnal
leads was calibrated in a heated thermostatically controlled water
tank. The copper lugs being placed on Paxolin sheets to avoid shorting
through the metal floor of the tank.

The calibration of the tube resistance with temperature is
shown in Appendix ( gﬁ ) figure 4.

Figures 13-12 and 13-13 show the condenser and associated

measuring equipment.
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Fig. 13-12 Vibrator Power Amplifier (1) Oscillator (2) Trigger

Circuit and Oscilloscope (3) and Flash Gun (4)

Fig. 13-13 Kelvin Double Bridge (1) Pye Vernier Potentiometer (2)

Kent Multi-Channel Recorder (3) Compressed Air Manometer (4)
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14,0 ASSESSMENT OF EFFECT OF POSSIBLE EXPERIMENTAL ERROR

ON ACCURACY OF DETERMINATION OF CONDENSATION FEAT
TRANSFER COEFFICIENT




/56

14.1. Assessment of Overall Accuracy

The condensation heat transfer coefficient is to be computed

from

h=Q 14.1.1.
A, (6 - 9{0 )

where Q = my, Cpy (Bwg - 6y;)

It has been shown that the capability of the temperature
measuring system using the Pye Vernier Potentiometer could detect
down to 0,043 OF, However the calibration standard could be read
to the nearest 0.05°C (0,090F). Hence + 0,09 OF is the limit of
accuracy of the recording on temperature, If the minimum temperature
difference between outlet and inlet cooling water is to be about 4 °F,
the maximum possible error in temperature difference would be 0.18 °OF
this would be approximately a 5% error on temperature.difference.

The maximum error in determining the water flow rate/ﬁgggh tank and
stop watch has been found to be about 3%. The determination of
surface area on the outside of the tube could be carried out with an
accuracy of about 2%. The temperature difference (8y - 6g,) will be
controlled mainly by the error in determining 6g4, the temperature of
the tube wall surface. The error in determining 6g, was found to be
about + 0.6 op. If temperature differences of the order of 15 OF
are obtained the possible error in (8y - 9’0) will be 4%.

To determine the effects of the individual errors on the error
in the heat transfer coefficient use is made of the theory of errors.
Schenck (85) shows that if R is a result which is some function of
measured variables, say, W; X; Y and Z

then
R = f (W,X,Y,Z) 14.1.2.

If w;x;y;2z; are the errors in the determination of the variables then

W=W +w
X =Xec + x
Y=Y +y 14.1.3.
Z =12, + z

(LY

where Wo, Xz, Yo, Zc are the correct values of the variables. The
error in the derived result is r; therefore R = R¢ + r and from
equation (14.1.2.)

(Re + 1) =£f (Wg +w, Xg +X%, Yo +¥; Zc + 2) 1l4.1.4.



If £ is asssumed to be continually differentiable, it can be expanded
in a Taylor's series. Using the first two terms of the expansion

and re-arranging results in

{gn} ; g_i_ : @le [;Q_R] TS

Since the errors w, x, y, Z can be+wor—ve 14,1,5, is squared. The

sum of the terms containing cross products will tend to zero since

any cross product is as likely to be+ve as ~ve.
Hence

[ Gl By Pl

14.1.6.

The overall % error in the final result becomes

b7
4

» % 100 = 100 2 2 9 2
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14—.1.7!

Applying (14.1.7.) to the problem under study using the errors in
accuracy for the individual measurements obtained above, and the
following "correct" measurements,

Water flow rate 1440 lbm/hr

Water side temperature rise 4°9F

Tube outside surface area 0,232 ft2

Difference between vapour and wall temperature 15°F

An overall error in the condensation heat transfei coefficient
of approximately + 7% is obtained. This error is of the order of
normal expected error in experimental observations with condensation
heat transfer. Here this represents/ggter limit in experimental error,
this is so because severe conditions on the water side and steam side
temperature differences were used. Operating the condenser tube with
a larger temperature rise in the cooling water and a larger vapour -
wall temperature difference should help to keep the experimental
error within the + 7% limit quoted, This may appear to be a serious
disadvantage, since at low intensities of oscillation the change in
heat transfer coefficient with oscillation would be of the same order

as the experimental error. To overcome this difficulty it is hoped

that by grouping a large amount of data in the low intensity region

e e w0 e R R e
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trends will be observed in the results. A further method of
reducing the effects of experimental error is to utilise the ratio
hy/ho in any comparison with theory; this will in general cause some

cancellation of errors due to experimental method.



15.0

OPERATING PROCEDURE DURING TEST RUNS SPECIAL

PROBLEMS ENCOUNTERED, AND THE METHOD OF

EVALUATING THE TEST DATA

e
)
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Ldels Start up and Attainment of Steady State Conditions

Prior to each test the condenser tube was thoroughly cleaned
before installation in the condenser shell. This cleaning procedure
was similar to that used by Hampson (79) to ensure filmwise condensa-
tion on copper surfaces. This was carried out in the following
manner, The tube surface was given a light polishing with emery
cloth, followed by a wash and soaking in Trichlorethylene to degrease
the surface, the tube was then rinsed in water and rubbed with emery
flour to remove any deposit from the trichlorethylene, the surface
was finally given a thorough wash in water before immediate
installation in the shell.

Piior to the commencement of each test run the instrumentation
was given a check for normal function, and thermocouples tested for
continuity and level of signal.

The water flow through the tube was set at the appropriate
level; this was varied between about 22 and 24 lbm/min, with a few
runs at flows up to about 28 lbm/min, to check the effect of water
side flow velocity, In general it was found that with water flows
between 22 and 24 1bm/min. a differential temperature of the water of
between 6 and 8 °F could be maintained, The high water flow rates
were not measured with the aid of the calibrated venturi, but directly
in the weigh tank, Thermocouple: function on the water side was
checked by ensuring similar recordings for inlet and outlet
temperature.

Having set the boiler pressure at 80 p.s.i.g. the steam line
was "blown down'", the load on the dump condenser was adjusted so that
stable boiler operation was achieved, before the needle valve to the
test condenser was opened. The steam pressure in the condenser shell
was adjusted through use of the needle control valve at inlet so
that it was 1.4" Hg. above atmospheric (a few tests were carried out
with the shell pressure at 0.7" Hg because of a steam leak at the
outlet cérrying the current leaas; however this was soon rectified,)

The system was allowed to reach a steady state before final
readings were taken, In doing this a compromise had to be reached,
the inlet water temperature was subjected to some fluctuations at
times depending on the atmospheric conditions prevailing (as these

affect the cooling tower performance), However it was found that

after about an hour at a given set of conditions the readings were




quite steady. At steady state conditions readings of the inlet
and outlet water temperatures were noted along with the steam
temperature and the tube resistance along with measurements of water
flow and shell pressure, A visual observation of the condenser
tube was also carried out at each test point to check the condensate
film for traces of breakdown to dropwise condensation.

In test runs with oscillation, the vibrator was set to
give the appropriate frequency and amplitude of oscillation prior to
the admnission of steam to the condenser shell. The same general
procedure was adopted for taking of readings and the period for the
attainment of the steady state was as for the non oscillatory case.

In carrying out vibration runs two basic methods were used
for obtaining data. In the first case the vibrator was operated
at frequencies in the range 20 to 80 c¢/s going up in 10 c¢/s increments,
the maximum current being supplied to the vibrator in each case (i.e.
maximum amplitude of oscillation in each case). Whereas in the
second case the vibrataor was operated at a constant frequency and
the amplitude of oscillation varied from zero to a maximum in three
or four steps.

Because of the time taken to obtain steady state conditions
it was found that test runs consisted of a set of three or four points
per run,

15.2. Special Problems Encountered

Early in the test programme it was discovered that air in
the system presented a problem; this was found because the values of
heat transfer coefficient in the absence of oscillation were well
below the value predicted by Nusselt's theory. To overcome this a
pair of 4" copper vent pipes drilled with a number of 1/16" holes
were placed about %" away from the condenser tube and parallel to it.
These pipes were connected to rubber hose which was led from the
condenser shell through the 1" ports provided for instrumentation.
This was found to cure the problem of air in the condenser; values
of the heat transfer coefficient were observed to be greater than
those predicted by Nusselt's theory based on the appropriate operating
conditions.

lIt was found that no trouble was experienced from dropwise

ccndensation initially. Readings were taken over a two week period

with no sign of dropwise condensation. At this stage as a part of

routine servicing in the laboratory the main steam valve in the steam
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line was serviced and packed with graphite grease, this was nol found
out till much later, when persistant dropwise condensation over a
period of about two months led to an exhaustive check on boiler water
preparation and servicing of the plant. To counteract the effects of
grease in the system the steam line and condenser shell was operated
with quantities of a strong industrial detergent - Quadraline - being
uséd in the boiler feed water. However, extended periods of filmwise
condensation greater than about twenty fourlours were never again
attained.

At this point it would be appropriate to mention that
thermocouples and the condenser tube were recalibrated at regular
intervals between runs. The tube resistance did show an increase
with time, as was to be expected from the metal removal during
polishing and cleaning. However, the temperature coefficient was
observed to be completely stable.

To improve the setting of the trigger circuit so that the
flash gun could be fired with certainty at the peaks of the
oscillation cycle, a simple pulse circuit was used, operating from
a photoelectric cell, which was energised by the light flash. A
double channel Tektronix storage oscilloscope was used to store the
input wave form from the displacement transducer on one channel, and
store the pulse mark on the other. This enabled a better adjustment
of the sensitivity control on the trigger circuit than could be
obtained using the stroboscope method, which relied heavily on personal
accuracy.

15.3. The Evaluation of Test Data - a Sample Calculation

A sample calculation will be carried out in detail to
indicate the method used for the evaluation of the test data. This
calculation will be carried through for the case of a static tube
condition so that comparison can be made with Nusselt's theory for
a horizontal tube. Exactly the same procedure is utilised in the
evaluation of the data for the oscillating tube case.

Test No. 1.
Static tube
26.7 lbm/min.

Mass flow rate of water ﬁw

Inlet water temperature 6yj = 15,40°C
Outlet water temperature 6ywg = 22,.80°C
Steam Condenser Shell Temperature = 102,0°C
Steam Pressure in Condenser Shell = 1.4 ins Hg

above atmospheric Pressure
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Tube wall resistance = 136,4{32.
Mean Tube wall temperature corresponding

to 1361231, obtained from tank calibration ©m = 77.200C

Heat Load Q = my *Cpy, (Bwe - 6y =11,850 CHU/HR

Difference between outside and inside tube wall temperature is

€ - 81 = Q/Ap Do loge Do/Di
' 2k

0.232 ft2;

=
(o]
H
gz
1]

Dy = 0.830 ins,

=
|
1

= 0,750 ins.

k = 157 CHU/hr ft €.

6 - 6 = 1,164 oC

6o = 6p + (6o - 65)
2

]

77.20 + 0,58 °C
T7.78°0

I

Saturation temperature 6gat corresponding to a shell pressure 1,4" Hg
above atmospheric pressure is 101.1 °cC.

©sat - 8 = 23.32 °C, Since 1 CHU/OC = 1 Btu/OF

h =Q 2190 Btu/hr ft2 OF

Ao (esat £ eo)

Check against Nusselt's equation h = 0,72 /lzg hig k3

AD (ey - 6,)

For a film temperature of 65 + (855t — 6p) = 90.2 °C
2

Now (8, - 6s) = (85t — 65) = 23.32 °C

Evaluating the properties in Nusselt's equation at the film temperature

of 90.2 9c.
'hyusselt = 1850 Btu/hr £t2 OF
Therefore h, & 1.20 hnusselt which is of the right order of

difference between experiment and Nusselt's theory.




The complete set of data obtained in this investigation

are shown in Table I of Appendix ( \73:\ Yia
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16.0 A THEORETICAL ANALYSIS OF THE EFFECT OF MECHANICAL

OSCILLATION OF A HORIZONTAL CONDENSER TUBE IN THE

VERTICAL PLANE ON CONDENSATION HEAT TRANSFER
COEFFICIENT
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16.1. Proposed Method of Analysis !

From the experimental results obtained as outlined in section
15.1 and presented in Table I of Appendix VII, it is seen that the
effect of mechanical oscillation of the condenser tube, causes small
increases in the average condensation heat transfer coefficient with
increasing oscillation intensity. Because the increases in heat
transfer coefficient are small, it would appear thaf a perturbation
method of analysis would be appropriate, This method of analysis
would give an indication of the initial effects of oscillation on
condensation heat transfer.

16.2, The Perturbation Solution

Because of the small observed increases in the condensation
heat transfer coefficient with oscillation the rate of condensate
drainage from the tube must increase slightly, hence the average
condensate film velocity at any azimuthal position on the tube: must
also increase by a small amount. Similarly because of the increased
heat transfer there must be a slight decrease in the average condensate
film thickness, this assumes that the predominant mode of heat transfer
through the film is by conduction,

If it is assumed that at any azimuthal position the mean
velocity of the film under conditions of oscillation W' is composed of
the sum of the mean velocity due to gravitational forces U and a small
perturbation (&) uj velocity due to the averaged effects of
oscillation of the tube surface,

Therefore W =T+ (&) Ty (16.2.1.)

The mean velocity due to gravitational forces u; for an assumed
parabolic velocity profile according to Nusselt's theory (Figure 9=1

and equation 9.2.8.) is

u = g53 sin @ (16.2.2,)
3V

where 3‘,is the local film thickness of the film under oscillatory
conditions, §; is the average velocity due to oscillation and is

considered to be equal to 2 . (apax@) sin @, (2/f)apax is the

average amplitude of oscillation over a half cycle and &) is the
circular frequency of oscillation. ( €) is the perturbation parameter

which is considered to be small and dimensionless,
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If the discussion on streaming from a horizontal cylinder
undergoing transverse mechanical oscillations is recalled, it will be
noted that a condition for analysis was that apgy/D should be small.
If therefore the perturbation parameter (€) is set equal to

amax/D then

(E) T = 2 (a2 xW) . sing 16.2.3.
| D
and u' = géi +_2 (azmaxt.-(_)) sin @ 16.2.4.
w MR —

3y D

The advantage of using the averaged effect of oscillation as carried
out above is that the time dependence of u' is eliminated. This means
that provided the heat transfer is predominantly by conduction, an
analysis can be set up in which the resulting differential equations
will be ordinary rather than partial, and therefore solution easier,
This means that details of the velocity distribution across the film
at any @ cannot be determined as a function of time. However, the
main interest here is to see whether the prediction of average heat
transfer coefficient is consistent with experimental findings.

Because changes in the average heat transfer coefficient with
oscillation are small it is reasonable to assume that at low
intensities of oscillation, heat transfer across the condensate film
will be primarily due to conduction. It is now possible to equate
the heat release due to condensation at the vapour-liquid interface of
the condensate film to the heat transfer by conduction through the
film to the tube wall, This is similar to Nusselt's assumption.

From figure (9-1) it is seen that the heat conducted through
the element of condensate r.d@ which is of unit length and thickness
CSV is _}_c___x;_[ Oy - es]- d @. This conduction heat transfer is

v

equal to the heat release due to condensation, which from equation

(9.2.9.) is IOhfg - d [ ﬁ'.é'v- 1]

Therefore - 2
ﬂ [ev o BS ]'d ﬁ = Fhfg- d[u‘gv‘ 1] 1602.50
&y

Substituting from 16,2,4. for U' in 16.2.5. and re-arranging results in
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3)!kr[ev-es]-dg =
gthg

I
o
o
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o
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The right hand side of 16.2.6. when expanded is

SV[B‘SE sin @ . dSv -}-53 cos §.d @ + i(L)(azmaxU){Sin 1) dsv +

T\s -
8‘, cos @ .-d ﬂ}] 16::2.74
Putting 3 Yk r {6‘, = 65] = B = Constant as for the Nusselt
&p hto
i i 2 s
solution and putting 6 [V )\ [a2 . w = Y
'lT g D

Equation 16.2,6, with expansion 16.2.7. becomes

d 8 = [3 83 +3’Sv .sin @ dSV +[63 +3'53J.cosfidﬂ

B B
16.2.8.
Putting M = 1 and ¥ = N,16.2.8. becomes
B B
3 2
4 o
(3 .M Sv +N§ )a§, + §3 +N §) cot § = cosec ¢ 16.2.9.
dag
3 4 2
Putting 3 . M§ O = Z
a ¥ B o
16.2,10.
then dz = GMg3 +N§) df,
d ¢ ¥ d g
Now equation 16.2,.9, can be writtén as
A% 4 4 % 3 N 6 i] cot @ = cosec @ 16.2.11,
ag 3 3

In the absence of oscillation N = O and Z = Zo and 16.2,11. becomes

dzd + 4 Zo cot P = cosec [] 16.2.12,
dg &

Subtracting 16.2.12, from 16.2,11.




QLZ—ZO]-&-E[Z—Zolcotﬁ-&l\léicotﬁ:O 16.2.13
dg 3 3 _

Now Z = Zy + P, where P is the perturbation to Z,; therefore

(Z - Zp) = P and 16.2.13 becomes

dP +4.Pcot f+N§2cot p=0 16.2.14.
g 3 3

Now P should be small if N&z is small.
v

3
From the discussion of Nusselt's theory, the solution of eguations
of the type given by (16.2,14) was carried out in appendix Im.
Using the same method as in Appendix I the following expression is
obtained for P,

P= 1 ~ N 83 cos @ sinl/3 @ dp + ¢y 16.2.15
4/3g4 3

sin

By the same reasoning as for the Nuss&lt solution the constant ¢, = o

Therefore  p _ _ y/3 fﬂ 83 cos ¥ sin2/3 @ -dp  16.2.16.
sin4/3ﬂ °
and Z = Z4 =~ N/3 J‘ﬂ 83 cos @ sinl/3 g ap 16:2.17.
sin4/3 ] fo}

The solution of (16.2.12.) according to the method of Appendix IIL

‘Igives
7 j’a sint/3 g ap 16.2.18.
sin4/3£) e

but from Nusselts theory (equation 9.2.13)

4 il
& = w=a 1 [ sin’/3 g a 9 16.2.19
B 3 sin%/3 p 0
Therefore Z, = 3 | & =:3.. % 16,2,20.
4 B 4

where 8 is the condensate film thickness according to Nusselt.




Therefore VA

il

. Y- N/3 jgéi cos @ sinl/3 g d @
sin?/3p Jo

16.2.21

To solve 16.2.21 for Z it is necessary to know é‘ras a function of
@. As this is not known, @n iterative procedure is adopted to
determine (S ve
To start the iteration it is assumed that ‘Sv —~ 5; where from

]
Nusselts theory 65 = ¥ -B)&. Therefore the first iteration

gives Zjy, where

Z =

S v - w3 {B" 2 3 cos g sinl/3 g dgf  16.2.22

3
4 sin4/3 @ o]

It is known from 16.2.10 that

4 2
Z= 3. 83, + B &5 16.2.23
4 2
2 -\
Therefore Sv = {— N o+ N_)z +4 Z 3 16.2.24
3M 3M 3 M
Hence using Z; from (16.2,22) a better approximation to & v 18

obtained from (16.2.24). This value of S vy is then used in
(16.2.21) to generate Zy which gives a better approximation to S %
from (16,2.24). Because the difference between Sand & y 1s small
. convergence of the iteration is rapid. The computation outlined
above was programmed for & digital computer,the computatioﬁ flow
diagram being shown below: 2 The value of Y from Nusselt's
theory was re-evaluated from (16.2.19), Simpsons rule was used for
all the numerical itegration, results for Y and 8 v Were calculated
for 2° intervals from 0° to 1749, In the computation of o ¢ the
value of B was taken as 4,35 x ].0-]'6 £t4 this value was a
representative mean for the experiments reported here, The
experimental value of B did not vary significantly because of the
small variations in temperature difference between the vapour and
the tube wall. This was a consequence of the small range in water

velocities used for the experiments. N was increased in steps of
3
1 x 106 from 1 x 106 to 10 x 106 £t™2, With values of 5v of the
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@ from 00-174°

in 29 increments

Evaluation
of Y
from 16.2,19

Y

N/3

Evaluation
of Z,

from 16.2,22

o

Evaluation

of Z,+1
:Eorn——-l’ 2’3--..
from 16.2.21

-

Zy Zn+l
M Evaluation
of S ¥y

N/3

for n = 1,2,3.30

from 16.2.24

Hmtém

S

Computational Flow Diagram for Evaluation of 8 v




2
order of 2 x 1074 ft. the value of N § for N = 10 x 10°% will be
3 3

0.40. Z will be of the order of 2.76 from (16.2.10), but from

(16.2.11,) it is seen that N 8 2 must be small in comparison
2 v

2

, is approximately 11% of 4 Z

with 4 .Z, For N =10x106, N §
3 3 3

w

this would represent an upper limit to the validity of the method
presented here, since it is based on the assumption that the
perturbations are small.

The average condensation heat transfer coefficient between any

angle @; and ﬂz is defined as

h= k 22 d @ 16.2.25

9, -0 )8 (S

Do

hence from the computed values of év the term 1 ag

92"!351 ﬂl 8

in 16,2.25 was evaluated between 0° and 174° for each value of

N = For the case of the Nusselt solution the term

2

()
i . dd was evaluated between 0° and 174°,
o 92

1

Therefore h, = B#[ ag 16.2.26.,

h g v

o
ﬁl b &

The computed values of hv according to 16.2.26 between the limits

ho

: . 2
02 and 174@ are shown plotted in figure 16-1 against N D° . The

3
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parameter gg? can be cast into a more meaningful form as shown
3

below.

'NTDZ- i 2—2 [G/ﬁ ()E) )(amgx) (amax ‘J)] 16.2.27

~

[3 Yk .D. (6y -8)

2

h
8/9 2y

Forming the Vibration Reynolds Number

o

Rev|5_ = Amax [‘3 D
ND2 = 4 ., (ag.x Reyig. 16.2.28
3 3%
D
k (ev = 65)

S nz,

With the exception of the ratio (émax ) which is the perturbation
D

parameter here, the parameters occurring in 16.2.28 are similar to
those obtained in the discussion of the vertical tube subjected to
transverse oscillation in the presence of condensation. It is seen
that the ratio of the average heat transfer coefficients with and
without oscillation is dependent on the ratio of perturbation
oscillatory forces to momentum forces in the liquid film represented
by the parameter | k (8y - 8g) ] obtained by Chen (63).
Experimental data points from Appendix VII are also shown in

figure 16-1.
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Fig. 16-1 Comparison between Perturbation Theory and Experiment for

Condensation Heat Transfer on an Oscillating tube.

Computer read out of Yé is given in Tabe I1I of Appendix VII for
a comparison with Nusselt's values tabulated in Appendix {¥).

Computer read out for values of the local condensate thickne55¢s v
under oscillatory conditions, have also been tabulated in Appendix VII,
in Table III. These values have been taken from the final iteration of

the computer solution and have been tabulated for values of Nof 1x 106
3

4 x 106; 7 x 10% £t=2 and 10 x 106 only. It should be pointed out here
that the final values of 8 vy Were obtained with two iterations for low
values of N but with three iterations for values of N .. greater than 7
3 3
A comparison of the variation of local condensate film thickness

according to Nusselt's theory and the Perturbation theory developed here is
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shown in figure (16-2). A value of B = 4,35 x 10716 £¢4 being used for

both computations, while = 10 x 10% £t~2 was used for the perturbation

)
3

solution,

|
|
B } ;
aassies? set
[ 5 S 7 |
'i{‘— ..x ¢ Fap \
=t o 11L p X 2, |
EE = ]
|
! X »
£ N (4 !
e (4
2 |
5 < 4 o i
: . - = 0O 4 :
~ ¢
- e RIS X XL 2

Fig. 16-2 Variation of film thickness of condensate according to Nusselt's

Theory and Perturbation theory.

16.3, Discussion of Results and Conclusions

From figure 16-1 agreement hetween the Perturbation analysis and

\
|
|
| experiment is seen to exist. Both indicate initial increases of heat
transfer of the same order with increasing oscillation intensity of the
| conden-er tube. Despite the method of plotting the experimental data in
\

the form hy/h, some scatter in the results is apparent, however, this

scatter is well within the error tolerance specified in section ( 14,1 )
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and in accord with the scatter of results obtained by other workers
in the field of condensation heat transfer.

At high intensities of oscillation i.e. N » 10 x 108
3

4—“‘ Bmax | ReyiB /(hfg > 0.5 x 10°

& D k (85at-60)

the perturbation analysis is not expected to hold, Beyond this point
the experimental results show a continued gradual increase in heat
transfer coefficient with increasing oscillation intensity. The
probable reason for the very gradual increase in heat transfer coefficient
with increasing high intensity oscillations is the movement of the
condensate film back and forth due to the oscillation of the condenser
tube. Figures 16-4 and 16-6 obtained with the aid of the flash gun
trigger circuit described earlier show the effect of oscillation on

the condensate film, when compared with the condensate film on the tube
in the absence of oscillations as shown in figure (16-3). These
photographs show that when the condenser tube was at its maximum
positive (upward) displacement, the liquid in the condensate film
accumulated on the bottom side of the tube. It can be assumed therefore
that the condensate film thickness was reduced on the upper half of the
cylindef. When the condenser tube: was at its maximum negative (down-
ward) displacement the photographs show the reduced accumulation on the
lower side of the tube. Since the amount of condensate leaving the
surface was not observed to increase very significantly over the
oscillation free case it appears reasonable to conclude that at this
lower pesition of tube displacement the condensate film is caused to
"pbunch up' towards the upper part of the tube, thisresults in a drop

in the condensation heat transfer coefficient. The nett result is a

‘ small increase in the average coefficient of heat transfer for the whole

surface, over a complete cycle of oscillation. It is interesting to
note that at the highest intensities of oscillation studied here

(f =20c¢/s a = 0,177 ins) there was no break up of the condensate
film and "throwing off" of droplets from the surface, which might have
been expebted. In fact the behaviour of the film on the tube was very
similar to that observed by Raben et al (73). For the intensities used

here the ratios hy/hy are similar in value to those obtained by Raben

et al for the same intensities of oscillation. Due to equipment
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limitations it was not possible to observe the effect of higher
intensities of oscillation, however it would appear from the
photographic evidence provided here that the condensate film would
remain in-tact and that the increase in heat transfer would continue
but now a greater proportion of it would be due to convective mixing
in condensate f£ilm, Very high intensities of oscillation would be
required to rupture the liquid f£ilm,

From the practical standpoint there appears to be no advantage to
be gained in utilising vibration of horizontal tubes to cause increases
in heat transfer, the increases being too small to warrent additional

cost due to tube fatigue failure and special design considerations.

Fig. 16-3 Filmwise Condensation on a Horizontal Tube in the Absence of

Oscillation




Fig.

16-4 Filmwise Condensation on a Horizontal Tube in the presence
of Mechanical Oscillation (20 ¢/s, a = 0.17 ins) Tube at

Maximum Positive Displacement

— - —

s

16-5 Waveform from Displacement transducer and Pulse Mark for

Conditions of Fig. (16-4)
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Fig.

16-6

16-7

Filmwise Condensation on a Horizontal Tube in the Presence
of Mechanical Oscillation (20 c¢/s a = 0.17 ins) Tube at

Maximum Negative Displacement

Waveform from Displacement Transducer and Pulse Mark for

Conditions of Fig. (16-6)



17.0  OVERALL CONCLUSIONS




Overall Conclusions .

of the model and experimental error.

- In this thesis, the Danekwerts—Mickley'surfaee renewel concept

‘has been extended to account for the enhanced mixing in forced

convection, -free convection and condensation over surfaces, in the

presence of acoustic oscillation in the fluid nedium or mechanieal

oscillations of the heat transfer surface.

 Utilising the surface renewal concept, the ratio of the
average heat transfer cocfficient in the presence of oscillation to
that iﬁ the absence of oscillation has been calculated and found to

be in good agreement with experiment, in all cases, within the limits .

oo

_ In the case of acoustic and mechanical 050111at10n effects on -
free convectlon from heated cylinders in air, it has been shown in
this the51s that the method developed using the Danckwerts-Mickley

model could be extended to the case of Grashof Number—e=Q, and the .

_results obtained for average Nusselt Number are in better agreement

with experlmental data than the asymptotlc solutions of Richardson.

Flnally, experlments carried out by. the duthor on the effects
of mechanlcal oscillation in a vertical plane, on_condensat1on heat
transfer on a herizontal tube show.that the effects of oscillation on
everage heat transfer afe‘small, and of no praetical signifieance.
The experimental findings are corroborated by a first order perturbation
analysis around Nusselts classical theory for laminar filmwise

condensation on a horizontal cylinder.
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Futufe Work

In the course of the work carrled out and reported in this

the51s a number of pr&iems have come to light which need

r,1nvest1gat10n.

oo
In the combustion driven acoustlc oscillation problem, work

can be attempied to Verlfy the hypothesis of Kline et al Whlch

was used by the present author to account for mixing in the

boundary ‘layer, viz. the superposition of the acoquic énefgy and

the shear energy in the boundary layer. This would necessitate'the

direct meiéurement of shear stress in the Wali region by méﬂns.of the

Preston tube techniqué (86), (87), (88) - this would appear to be

the only technique which would be suitable uﬁder the arduous

conditions of operation of a combustion chamber, The'measurement

" of the acouétic'pressure at the wall will have to be carried out at

the same  location as the Preston tﬁbe measUrements, and would
therefore necessitétera crystal pfeSSure transducer suitable for
operation at high working températures. As far as can be
ascertained from the literature (86- 88) the Preston tube technlque
has not' been utilised under the type of cond1t10ns-env1saged here.
S0, a very thorough investigation of -this method of_measurement
under the conditions discussed here would be of great practical

value,

Arising from the ahove work, an attempt could be made at
defihing a model to predict the pressure forces on the wall arising
from the interaction of acoustic pressuré and combustion heat

release in the wall region.

In the free convectivé field, there appeafs to be scope for:
at least two investigations,.. The first.involves the interaction
between the convective piume above the cylin&er and an acoustic
field, because, it is this interaction whiéh appears.toléause‘
instability in the wake region. - There is a possibility‘that this
problem could be related to the instability of fiuid jets in
acoustic fields, some work in this area has been carried out by

Sato and Sakao (89).

Secohdly, thEre'is the problem of considering the effects of

acoustic fields on free convection when free convective forces are

large.
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In fhe field of condensation, a worthwhile theoretical
investigation would be td inclpde Kapitza's wave motion equatioﬁs
in a study of pseudo-laminar condensate flow over short vertical
‘surfaces and horizontal tubes, and to check for closer égreement
with the observed data on condensation heat_transfer'coéfficient

in the absence of non-condensable gases.

! In the area of more direct industrial applicatioh,“there

- would appear to be possibilities in utilising osc¢illatory effects
: in heat tfansfér in the convective drying of fabric passing

thréugh oven driers. | ' '

Inlthe process of fabric cleaning, the use of oscillation
(flapping) of the fabric has been fbund to'be‘advantageous to the
cleaning process. The oscillétion of the fabric sheet is achieved
by usiﬁg the fabric as an interface between jets of water and
steam pafallel to the surface of fabric, because of Helmholtz
type instability (90) caused by.the differing densities of the.
fluids, the fabric‘fiaps,causing efficient cleaning of the fabric.

A more thorough study of this process might be worthwhile.
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Aﬁpendix ‘T (a) and'(b)_
If an el’ementary parrallelpiped of fluid of side & X,
[3y and Az is considereq’through which an aéoﬁstic pressure
pulsation is assumed to pass in the x direction only. - The propagation
 speed of the disturbance will be the sonic velocity ¢ in the fluid.
If a sinusoidal pulsation in pressure is assumed thén the instantaneous - -
pressure P can be expressed in terms of a mean pressure Py as.

o 1Mt - %) @)

P = Py
The force exerted on the plane through x of the parallelpiped by the

pressure will be

B, = Ay-8z | | @

The pressure on the plane through x + Ax , by use of Taylor's Theorem
will be

Py (x+ Ax) Ay Az = ‘Px,Ay'Az-f-DPx.A:'xAyAz, (3

The mass of fluid in the parallelpiped is /0 Ax . Ay. & z and it will

be &dccelerated by the pressure pulsatioﬁ by _Dvx " in the x direction,
31

Equating' Inertia forces and Nett pressure forces on the element

Ax, Ay, & z results in

O vk = - IPy I (@
- 7E 9t  3x : o .
The velocity vx will also vary in the manner Sl
' o LDt - x ) R S (5)

Vx = Vg

Now. vy

2t - | @

_and-ai’ =_'+i_Q.P
o 9x ¢

Hence from (4) and (6)'

P Vx .'-'-"Px-g,_:.'_ | o ' : )



The sound itensity I of an acoustic wave is defined as the power

transmitted per unit area in the direction of wave propagation.

Therefore 1, = .Px Vx.

H]

% Pnax Vmax

From (7)) and (8)

. ’ -2 o
X = %f) Vmax.
¢ P : T
but Vmaxr .= (a ma_x' w)

=
"
n

1, = }. . (a max ¢)?
= i

) 2
or’ Ix = - (a rms €3.)
< fec

From (7)

Prms - Ec.

L

. (2 yms W) =

(8)

(9)

(10 1 (a)
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Appendix Il

' ﬁartman Data Ruh ﬁo; 20

Air_Massivélocity GA - _ = 4810_1bmkhr £t2
Combustion Gas Temperature o | =.-- 2350 d:_E' '
Chamber Wall Temperature © = 209 °F
. Chamber Pressure ‘ = 20 1bf/in®
'Equivalence Ratio @ | . . = 0,814
$.P.L. | I = 150,5 db
S o | = 4125 ¢/s
. hy/ho . . . | _ = 1,63

" For Stoichiometric Combustion 'of Propane CjHjQ.

G4 Hjo +6.50; + 6.5x3.76 Np | -
| . 5Hy0 + 400 + 6.5x 3.76 Ny

The equivalence ratio 9 = Actual Propane Air ratio

Stoichiometric Propane Air ratio

‘ince B < 1.0 there is an excess of air in the products of

combustion.  The products of combustion are now.

HpO = 0.814 x 5.0 = 4,070

00y = 0.814 x 4,0 = 3,256

Free O = 6,5 - 4,070 - 3,256. = .1.209
o -T2 S

Hende Moles of Products are:-
oo + nNggy * Pog * Dy, = Mpotal

32.955 Moies

4,070 + 3.256 + 1,209 + 24,400

The absolute viscosity of the mixture can be obtained at the film

‘temperature ( Mean between gas and wall temperature)

from . Z
C = : n ‘M
‘ /[mix -J o 'JJ{J
1280 °F
- | %;f ng \’MJ-

where J is the J th component of the mixture and M is the molecular

weight.

' /I{mix = 2,767 x 1075 1bm/ft sec. _
1280 °F B o




Now  RBpjx. = %XJ Ry

where lex is the gas conatant for the mlxture and xJ and RJ the mole

'fractlon and gas constant for the J th component respect1vely.

- Hence//?mlx' = P = 0.0292 1bm/£t3
‘ Bnix Teilm - '

= 9.46 x 104 £t2/sec.

- mix
(S.P.L.,) db = 20 logjq [& ] o
‘ : Py J r.m.s.
_where P, = 0.0002 dyne/cm® = 0.418 x 1076 1bf/£t2
[p 1 - 16(8.P.L./20) © _ 1o7.525
Py ] r.m.s,
Hence P p . = 14.1 1bz/Pt2
‘Now (appstd) = Pr,m,s., B¢
| -——-—————/a .
Hence (apndd) = 7.55 ft/sec.

Evaluatlon of v:-

vk = (0, o33t ¥ s [—)—)-]é

R
6= [4810 ] = 1.339 lbm/sec.ft2
3600 . .
. /Omix @ Tyyx = .0292 x 1740 = L0181 . lbm/ft
. : 2810 o
' ; ‘=- = T4 :ft/sec.

G
v = (03303 . (70)7/8 . |9.46 x 24 B

102 x 5

4.05 ft/sec.




Now hv =

This is 10%

1 s+ (apim.s.i0)? ]3‘

-

v*
1 (7;55)2 ]é
' 4,05
1,48

less than the value of hy . obtained experimentally.

hg

- & ékML
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The solution of Nusselts equation.
_c_l_?_sinﬂ+£1_Ycosﬂ'-£.=0 : - )
a@p 3 3. :
which is a linear first order dif:ﬁex_'eni:ial equation was carried out
by multiplying (1) by a factor F (Y,d) and then determining the fquﬂ
which F had to take to make (1) an Exact Differential Equation.
(1) 'can'be_ written as

0 | @)

fl

sin®.dY+4 Ycos ®-1 df.
. "3

On multiplying through by F , the resulting equation will be exact

if | , | , - o
_a_ sin ﬂ] = _@__ | . .4 (cos § - l)l (3
.Bﬂ[F_ | X F 3 |

~ Therefore

Fcosﬂ-r'sinﬁ.af_' = E:l_.'cos¢+&(cos¢-'1)9f_ .(4)‘
_ LY 3 3 : 2y
I it is assumed that § = F (9
then : S . ‘ :
sing 9F = FE cosp - (5)
o9 3
Solution of (3) results in 7 _
 F= sinl/3 g S (6)
Therefore Equétion (2) multiplied through iay F = sinl/3g is
= 0 7

. sin 4/3 p av + 4 Ydosﬁ-l]sin1/3¢ ag
2 : - . _ .
The above differential equation is exact and may be written as

du =0, or u = constant c..

~ Since (7) is exact, then

'u. =.9ul" ‘ o o
2] -[“a’é o @

and du = O = ‘a_g_].dy + gglda' . | (9)
oY 28 3.

Therefore {}_g: = sin¥/3 @ : S (10)
' >Y | | |




. Qob.

| - and | 22 = i[Y cpsvﬂ-l] sin /3 ¢ ' Q) )
127 3 L | - _
From (100 u=vsin %3 5 4+ 2@ Caz)

where £ (@) is a function of @

b

Therefore __B_ Y sin 43 8 + £ () ] = [Y cos @ - 1]sih 1/3 .ﬂ
. 28 - ' '

3
(13)
and 4 Ysin /3 gcos g+ Jf (9 =4 Yocos P sinl/3p-4sinl3g
3 T : 2 0 3 3
hence 02 (9) = - 4 sinl/3 g
' o0 3
and £ (#) = -g[sinl/S.ﬁ-dﬂ - _ (14) -
u = Y sin 4/3 g -4 sin 1/3 g 498 =c (constant)
Therefore. Y = _1 | 4 [sin 1/3 g a8 + C} {15)
' . s'in4/3 P ﬂ, 3 : : :



Appendix IV

Results of Numerical Integration of Equation (9.2,16) according

to Nusselt - Jakob (57).

10
20
30
40
50
60
70
80
90

100
110
120
130
140
150
160
170
175
180

v=§°
B

1,000
0.963
0.991
1.013
1,049
1,097
1.156
1,247
1.359
1.513
1.714
1.985
2.365
2,905
3.733
5,081
7.588

13,317

34.385
87.733
L

1.000
0.991
0.998
1.003
1.012
1.023
1,037
1,057

1.080

1,109

1.144
1,187

1,240
1,306
1,390
1,501

" 1.660

1,910
2,422

3,061
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Appendlx v

zZ = Z, singit-

Y
and z, = a5, sin u‘f
K.E. of vibration at x for deflection of z at time t is

= % = (Uz)z

Using the r.m.s. value of z at =x

K.E. of vibration is LWz’

1
4g¢

The mean deflection of the Beam at maximum amplitude is

Z, = ag I‘ sinff x dx = 2 a4
L b t &
~ “Therefore K.E. for mean deflection of the beam is .

- . 9
1 aow

. K.E, =
g | M
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Fig. 3 Sanborn Displacement Transducer Calibration
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2
A
P

(1)

(@)

(3)
(4)
(3)
(6)
{(7)
(8)

(9)

(10)

(11)

o (12)

(13)

(14)

“(15)

(16)
(17)
(18}
(19)
{20)

22,2
23.1

22,95
22,88

23,33
23,2
23.2

22,65
23,9
23,9
23.9
22,1
22,1
22,1

" 15,9

Bwi,

"

“0g

15,40
15.5
14,2
14,3
14,3

18.0
18.2
18,75

.19.0
20.48
21.0

15.5

16.5

16.5
17.0
15.1
15,1

.oc

23,9

9We Q . ’
chu/hr ©C
22,80 11,850
22,5 10,310
21.8 11,200
21,8 11,000
21.8 10,000

77.2
78.6
78.4
78.4
78.4
12,950 82.79
12,500
13,700

27,75
27,30
28,8 84.19
11,550
12,200

27.5
29,0

81.00
82.50

81,00
82,00
81.50

12,330
12,500
12,280

27.8
29,49
29.8

10, 200

9,625
11,030
10, 600
10,490

10,350 79.4
10,600 79.2

. Bggt = 101.1 °C

23,0
23.2
24,2
24,4
23,0
23,4

79.6
72.4
78,6
80.2

83.50

82,60

0085
S0 8

og

0,58
0.51
0.55
0.54
0.54

N

°c

77.78
79.11
78.95
78.94
78.94
83.47
84,01
84.86

81,57
83.15

81,61

82,62

82,09

83,10

80,07

79.94

79,12
80,72
79.91
79,72

Appendix VIX

63 a_t," ev h
°c Btu/
hr £t2°F
23,32 2190
22,0 2020
22,15 2180
22,16 2140
22,16 2140
17.63 3160
16,09 3360
16,24 3640
18.53 2550
17,95 2930
19,49 2720
18,48 2920
19,01 2780
18,0 2440
21,03 1970
21,16 2260
21,98 2080
20,38 2220
21,19 2110
2140

21,38

Table I

a
¢/s ins
20 0.165
20 0.110
20 . 0,055
80 0,025
20 0,155
60 0.032

.40 0,055
40 0.038
20 0.166
30 0.110
40 0.055
50 0,040

0.028

fe -

1073 33,700
10-3 22,450
1073 11,225

x 10-3 20,840
1073, 32,400

10 x 103 20,100

10 x 1073 22,800
10 x 10-3 15,710

11.8 x 107334,200
12,2 x 107333,600
11,3 x 107922,600
11.8 x 107320, 500
11.9 x 108 17,200

Rev‘)!hfg )
k(6541-60)

D

4. 2

3 p
hNusselt
Btu/hr £t2 OF

2

- . 1550

- 1870
2,32 x 109 -
1.03 x 105 - -
0.2575 x 109 -

: . 2300
0.279 x 105 -
2,86 x 105 -

- 2240 -

0,329 x 105 -

- 2240
10,621 x 10° -
0,288 x 105 -

- 2180

- 1890
2,45 x 109 -
1,55 x 10° -

0.561 ¥ 105 - =
0,355 x 105 = ~
0,208 x 10° -
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SUMMARY

In this paper a method is presented for the computatlon of the heat transfer
coefflc1ent in a Gas-Air burner in the presence of combust1on driven transverse
mode oscillations. _ '

By considering the oscillations in pressure within the chamber to be small
compared with the mean chamber pressnre, and_to be known, methods of acouétiés may
be used to determine the average energy density of the acoustic waves at the wall,
Considering this acoustic energy to create greater miking in the boundary'iayer
enahles the heaf-transfer problem to be considered by the Dankwerts-Mickiey Model
for turbulent heat exchange. With suitable definition of a friction velocity in
terms of the friction velocity Av\aw for fully developed turbulent pipe flow and
the root mean square particle velocity of the acoustic wave ( Cl.r m.S. CA) }, it is
found that ‘agreement exists between the computed ratio of heat transfer coefflclents,
with and without combustion driven oscillations and the experiments of Zartman(lo),
Which appear to-be the'enly experimental'&ata for transverse oscillations in a

gas-air burner,




HE, CALCULATION OF JIEAT TRANSFER COEFFICIENT FOR COMBUSTION DRIVEN
RANSVERSE OSCILLATIONS IN A GAS-AIR  BURNER

J. C. Dent
Department of Mechanical Engineering,
' Loughborough University of Technology,
Loughborough, o ‘ o
Leicestershire,

- The occurrence of oscillations in combustion systems under certain

conditions of operation was_observed as far back-as-1777,(1) but with the

advent of jet and rocket propulsion'systems a'systemafic study of this
phehomenon has been undertaken. _ ;

. The types of oscillation to be considered here are those associated with
the aerothermbchemistry and aCouéticé of the combustion‘system, in which the
frequencj of the oscillatioﬁ_correspondS'to one or more of the'résonant
acoustic ﬁodes pertineﬁt to the geometry of the combustion chamber.

The acoustic modes in their pure form for a cylindrical geometry are:-

(1) Longitudinal
. {11) Transverse
(111) Radial.
The transverse mode can be of either a “Sloshing " or a "Spinning" form.

' The above designétion describes the motion of the fluid in the chamber.
Figure (1) illustrates the various forms of oscillation in the absence of bulk
flow of gas through the chamber, . 7

In rocket motors (2),(7) where high energf.fuéls are used at high
‘combustion chamber pressures, combustion driven oscillations are possible.
These oscillatibns result in largé.fIUCtudtions'of-pressure and velocity and
increased heat tran@fer to the chamber walls, which,can destroy the chamber in
a very short period of time.  However, Reynst(3), Francis et al (4) and
others_(l)_working with commercial‘hydrocarbons;and'pulvefised Solid fﬁels and
-air,at moderate combustipn chamber pressures, have endeayoured-to iﬁvestigate
. controlled cqmbustion driven oscillations with the view to their ap§1ication
in reducing the size of industrial boiler plant, '

The theoretical and experimental work reported in the undlaésified

(1},(5),(8),(7),(8)

literature has been associated in the main with rocket,
‘jet afterburners and ramjet systemé, where the main concern has been the
suppression of combustion driven oscillations of all types. Therefore, the

aim of much of this work has been in determining the Chemical, Geometric and

Aerodynamic factors giving rise to combustion oscillation; and to set up

England. : ' :
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sultable limits w1th1n which stable operat1on of the system is possible.
Since the transverse modes of 050111at10n have been found to give the largest
‘increases in heat transfer, it is thlS mode which will receive attention here.

Any attempt at calculating the convective heat transfer coefflclent between
. the combustion gases and the chamber wall by a consideration of the detalled
fluid motion w1th1n thexchamberWDuld,be extremely difficult. Therefore,a semi-
'emplrlcal dpproach to the problem would appear more probable. ' )

‘The frequency of fluctuatlons in pressure and veloc1ty during combustlon
“driven oscillations can be readily calculated from acoustic theory, and the
results have been found to be in good agreement with exper1ment (2) %), (10
.However, the magnitude of the pressure and velocity fluctuations cannot be
prédicted, because in the case of the rocket motors the wave phenomena caused
by the coupling of the combustion heat release and the acoustic waves in the
chamber are outside the scope of acoustics, which is based on the assumption of
- small perturbations. In rocket motors the transverse mode is usually of the
"Spinning". variety, whereas for the lower combustion intensity afterburner
.and ramjet the mode is likely to be of the "Sloshing" type. Otie can therefore
' think of the "spinning' mode as an overdriven "sloshing" mode, . '
In the combustionchamber studied by Zartman(10)
'at ﬁoderate combustion chamber pressure,the level of the combustion driven
oscillations.were such that acoustic theory would be applicable. Before the
~magn1tude of the pressure fluctuations in the combustion chamber can be
calculated by acoustic methods,the phasing of heat release to the acoustic
disturbances in the chamber due to flow and geometric considerations must be
known., This type of 1niOrmat10n is not generally avallaule, and can only be
obtained from experimental data. Zartman(lo) did not obtain data of this type,
but measured the pressure fluctuations at the wall, If it is assumed then that
from semi-empirical data the fluctuations in pressure at the chamber wall are 7
known for a given geometry, fuel and flow condition, this paperleresents a
method by whiich the computation of the convective heat transfer coefficient
‘from the hot gases to the chamber wall may be carried out. The results
obtalned by the method of this paper are compared with the experlmental data
1o

of Zartman .who was concerned solely W1th the. measurement of heat transfer

coefficients durlng combustlon driven 0501llat10ns.

‘using a Propane—-Air mixture.

222,



In the study of interphase mass transfer Dankrerts(il): (12) put forward the
cenetration model for the processm This model was'leter incorporated into a more:
bneral discussion by Toor and Marchello,(ls)_who applied it to the case of heat or

fss transfer in_turbulent pipe flow. = In essence the heet_exchange model of ref,

3) censiders the laminar sub layer adjacent to the pipe wall'to.be benetrated by
lumps" of fluid from tﬁe turbﬁlent'core and to exchange heat with the wall in a _
ansient manner before being dlsplaced into the core by fresh fluid lumps from that
gion; the whole process taklng place randomly and at high frequency. A 51m11ar_
del was put forward by Mickley and Fairbanks{14) for the transfer of heat in
uidised beds., Here aggregates of particles are considered to randomly more to
e_containing wall, exchange heat with it in a .transient‘manner and then be replaced
fresh-aggregates from the core of the hed, These models have bheen put forward
r eomplex mixing preocesses hecause detailed-mathematical description of the fluid
tion is ﬁot possible. |
Male et al (2) from a photogrephie study of the "Spinning" mode of transverse
cillations in a roeket motor conclude that it is possible that the high rateslof,
at transfer were due to turbulence,.wﬁich caﬁsed ﬁacroscopic traﬁsfer\of the gas
the chamber wall. Similar gas motion was observed in the photographic studies of
1eg (15) on a’ rocket motor in which the "Spinning' transverse mode was present. |
is reasonable to assume that a 51m11ar gas motion would be observed with the
.loshlng transverse mode of gas osclllat1one; but with the absence of the
avelling detonation front' which is present in high intensity combustion rocket
ystems Whlch are in a "Spinning” transverse mode'of oscillatior . |
If one considers the effect of combustion driven oscillations in the transverse
}oshlng mode to promote high frequency mixing in the laminar sub layer at the wall,
hien it is possible to apply the Dankwerts- Mickley model to the calculation of the
Fat transfer coefficient’ between the gas and chamber wall.
From the Dankwerts Mlckley Model the heat transfer coefficient between the f1u1d

edlum and the containing wall is given bY- ‘ ‘ o .
“l'——\'/k/ocrs'- .
=y e D)

he details of the derivation of equation (1) are to be found in references {13) and

14). The important quantity in equation (1) is the mixing coefficient S8, which is

ontrolled by the fluid dynamics and geometry of the particular situation.
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(13) : : . \ . .
Toor and Marc‘nello show that for turbulent pipe flow Sy is proportional to
—-— N o-8 : i
V. Nee |
(16) i . v\* .
In the theory of turbulent boundary layers the friction veloeity is

used as a measure of turbulent eddy:mg, and of the transfer of momentum due to these

-

*
eddies, and it is known (16) 1:hatB ' is proporticnal to V ' therefore if Sq
. [« 1 S
is set proportional to V‘ Re then-_

"/Lf’cl’ﬁ _\I,_;-_“ NR:'S_‘_.: o '.-tz)

It is shown in the Appendix that the value of I"l., computed from .equation (2) with
the selection of a suitable value of the propoftionality constant - ﬁ , will be
in substantial agreement with the value of h computed from the McAdam
Correlation an N .= ©0235 N Npr with ‘ Nf’r = O T3
and 10,000 £ Ngeélzo 000 | | o
The next step is to set up a form for the m1x1ng coefficient Sv when a

- turbulent bulk flow with simultaneous transverse acoustic gas osclllatlons ex15ts,

ow’ ¥ 2
" .ﬁr. ._='hcw°"

3 (3)
Due to the gas oscillation the average energy density (18) in the acoustic
wave 1is.
_ I a 2
- L max.
C - ] 29. . B o - ‘
A = p LLr.m.s,. _ ' for a wave of sinusoidal form \
' ' ' "\
- 3e
2 _ . |
= 49- [arms o] - @ w\
Je | - | _‘

If one considers that because of acoustic oscillations which are superimposed
on the bulk :Elow, the average energy dens:.tzy of the acoustic wave at the wall
supplements the frictional energy E 'V‘* ;| then the wall shearing stress We 1S

_ modifled to. ‘twv where : [

'I’..,v 7,3_‘_«»*‘% (amsw) | @




¥ :
If a friction velocity /V\ is defined, and the mixing coefficient Sv is
: ap# 2
et proportional to NR; where ‘V‘* * " ,\qu 4-(0.,-.« Sw) then: -

D

'he proportionality'cons'tant must remain as /9 ; if this were not.so then with

- o, (Qems @
= '—i—(g—,\—;-;%m

7

CompafiSon with Experimental Data’

- =%
For fully developed pipe £1ow(16) TWO = 0'0333110 V __Z

Substitut,ing for _Tm; in equation (3) and rearranging _
, K Ve _ .
* /8 |
Y (o 0333) ['l)__:\ o (8)

where y in equation (8) is evaluéted on a 'molal average basis at themean of the
gas anu wall temperatures. ' ”_ o '

' ' In the evaluatlon of (Orms (\-’) from the measured acoustlo intensity, the f0110w1ng
ass:umptlon was made. . The measured Sound Pressure Level at a point just upstream of '
the flameholder is the same as that at the point at which heat transfer measurements

were made. Th:.-a assumption appears reasonable in the light of experimental evidence

on a burner with flameholder in wu1ch ‘a small peak pressure was observed just
downstream of the flameholder; but over the remainder of the downstream length and
part of the length 'upstream from the flameholder the pressure amplitude level was
approx1mate1y constant, The f0110w1ng conversions were used in determing (Cl.r_..,g 60

from the measured sound intensity in dec:tbels(zo)

18)'
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ound Pressure Level (S.P.L.) db = 20 logjq

k)

r.m.s.

here'Po = Reference Pressure Level = f0002 dynes/cm?

((l'r m.S5. C&)) ‘¥2~vns
/OC
Only transverse osc111at10n data for the lT% inch burnlng length were taken frdm
referenoe (10), all property values being evaluated on an average molal basis at
the avefage of gas and wall temperature. The reasons for using the 17} inch data‘
were fl) the effects of the combustion reaction at the point at which the heat
transfer measurements were being made would be minimal, (2) the flow at that point
corresponded closely to the fully developed condition on which the method presehted-
in this paper is based. _
Equation (7) is olotted in Figure (2}, with the experimental data of reference

(10) shown., A least squares plot of the data assumlng a slope of é for a 11near
law is also shown. The standard dev1at10n betWeen the experimental data p01nts
and equat1on (7) is 0.11. _ '

A method has been- presented by thch_the heat transfer ooefficient'betweeﬂ the
gases and the wall of a combustion chamber may be computed, when the gases are in a

transverse mode of oscillation in which the pressure fluctuations are small compared

to the mean'pfessﬁre_in the chamber, and provided that the pressure fluctuations at
the wall are known. The method indicates a continuous chahge in the heat transfer
coefficient with intensity of oscillation, whereas Zartmanaobserved incfeases'in ‘
heat transfer occurred, only when the S.P.L. exceeded 130 db. However,'at 130 db
the increase predicted by the method here would fall within the range of normal
experimental error for heat transfer durlng osclllatlon free combustion. At the
high'infensities, greater than 140 db.,aagreement'exists between the method presented
here and experiment. Hoﬁever, further experiménts'are required fo coﬁpletely _
verify the method but forward here.' Experlments are also required to attempt to
obtain a relation between burner geometry, operatlng condltlons and Air-fuel Ratlo,
with §,P.L. within the chamber.,  If this can be done; then all the information
lnecessary for predlctlng the performance of complete burners employing combustion.

drlven transverse osc111at10ns w111 be available,




~ APPENDTIX
‘jo'::jk/oCP
For fully developed turbuclent flow 1n a pipe

Soproport_:ional to V\ NR¢

D

La -.-.fkpcy[ﬁv**t\l:;aj .

where = constant of proportlonallty

hﬁ; FFN

For fullykdeyeloped turbulent'pipe flow from réference (16)

Ya

2 i S
wi. o 0‘596 VA Y
| DA

, (o .]j B . 04 - —-bi~.  . ,_‘ . o k4
l’\o kfc? = C_l‘ Ngn _...‘%_,‘./l‘.. wher% | C| ;, J-ﬁ\(o-osq‘)
. RC ‘ : :

o : 0.838  0-5
2 ‘1E;I) = (: hdge PJ1;

McAdam_Corfelation reference (17)

(A1)

k;}) . O 023 NRC NP" | (A2)
va11d in range 10,000 4= Nge £ 120,000 |
0.7 £ Ne, £ - 120

The results. from (Al) and (A2) agree to within 6% ‘when C

<= 120,000,a slight divergence in

Np, = 0.73 for the range 10,000 & Np =

1= 0.0162 and

results occurs with increasing Np
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NOTATION

Particle Amplitude (L)
Sonic Velocity ' (L/t)
-A Constant - {(Dimensionless)

Constant Pressure Thermal Capacity (Lz/ +2¢)
Combustion Chamber Inner Diameter: ()

Frequency of oscillation  (1/¢)

Gravitational Constant (Dimensionless)

Convective heat transfer coefficient (M/th)
Intensity of Acoustic Wave (M/L t2)
Thermal Conductivity (ML/t3T)

Nusselt Number (Dimensionless)

" Reynolds Number( ")
Prandtl Number ( . " )
' Pressure (M/tzL)

Inner Radlus of Combustion Chamber (L)
Mixing Coefficient (1/¢)

Particle veloc1ty (L/t)

¥*  Friction velocities (L/t)
Mean Free Stream velocity (L/t)

A Constant (Dimensioﬁless) N
Kinematic Viscosity (L2/t)

Den51ty (M/L3) .

Shear Stress at wall (M/Lt2)

‘Circular Frequency = 2 F}J;F (ljt)

Subscripts

Conditions of fully developed pipe flow and no oscillations

Conditions of fully developed_pipe flow . with oscillations present.

Other subscripts. defined in text. -
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"HEAT TRANSFER FROM A VERTICAL TRANSVERSELY VIDRATING PLANE SURFACE
T0 AIR BY FREE CONVECTION

' J. C. Dent, ‘ ‘ -
- Department of Mechanical Engineering,
Loughborough University of Technology.




NOTATION

Primary Dimensions

Mass (M), Length (L), Time (t), Temperature (8)

(0N
G
3
Ga
h
kR
L
Re.,
s’
V
7
L

V

Vb
Q.

Amplitude of v1brat10n (L)

Constant Pressure Thermal Capacity (12/t2 e)
Vibration frequency (l/t) ' _
Grashof Number based on Length of Plate (Dzmens;onless)
Average Convective Heat Transfer Coefficient (M/t )
Thermal Conductivity (ML/t a)

Length of Vertical Plate or plane surface (L) .
Dimensionless Constant

Vlbratlon Reynolds Number (Dlmen51on1ess) Cths(AJ L_
M1x1ng Coeff1c1ent (I/t) : : JL’
Fluid Veloecity (L/y)

K1nemat1c V150051ty (Lz/t)
Density (M/y3)
Circular frequency (1/¢)

SUBSCRIPTS
'
Pertaining to condltlons with oscillation present
Pertaining to conditions at the cr1t1ca1 vibration 1nten51ty
Pertaining to conditions in absence of osclllatlon
R.M,S. Root Mean Square

Other subscripts defined in text
i
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Heat Transfer From a Vertical-Transyersely Vibrating Plane Surface to Air by

Free Convection

J. C. Dent,
Department of Mechanical Engineering,

Loughborough University of Technology.

The objecf of.this‘communication is to show how the Danckﬁerts-MickLey
.Model-for turbulent exchange ma& be applied to the above problem under
~conditions of transition to turbulence in the boundary layer. '
Experlments [i] [?] with 6 and 8 inch plates respectively, showed

that at low intensities of vibration (intensity = Cl:f ) there are small

~decreases in heat transfer coefficient compared with the stationary plate, the

boundary layer was observed to remain laminar, With increasing inténsity a
critical condition was observed at which transition occurred at the top of the
plate, the. turbulence being generate& in the outer region 6f the boundary layer
- and propagating towards the surface, Intensities above the critical pfoduced
' ilarge increases in the heat transfer coefficient. ‘
| Expe}iments [Q] ' [4] on transition in free convective boundary
. layers on stationary plates, showad”;hat_turbulence 6riginated in the region
- of the point of inflexion in the laminar velocity profile,'and propagated towards.
the surface. The fluid veloc1ty at this point being O. 683 \ﬁnAx . for air;
"vgn“belng the maximum veloclty in the laminar boundary layer at the point
of transition. . _ . , _

.From the Danckwerfs-mickley Model [5] for the turbulent heat_éxchange

between a forced fluid flow and a stationary surface.’

| | }1= fl‘(lo _Cp's" o ) .'-.(1)

The mixing coefficient S depends on a characteristic velocity and iength of the

system and the Reynolds number. For the problem under discussion_here,"with
intensity | greater than the critical, S will depend on a characterisﬁic veloéity R
vz the 1ength of the surface and the Grashof number. It has been found '[6]
for the case of superlmposed acoustic vibration on turbulent flow, that S could
"be defined when the acoustlc energy supplements the kinetic energy due to '
turbulence. Here it may be assumed that the vibration kinetic energy supplements

the kinetlc energy of the fluid in the cr1t1ca1 1ayer 'so that

\7\,? [(0 683 m...u) (O-w, CO}} . (;).
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In a manner similar to [5:]'but replacing the ﬁeynolds number with Grashof

number., _ .

S oc.y_L.{va:‘ , (3
1f it is assumed that at the poéint of transitlon vibration does not supplement

. the energy of the boundary layer, then O. , 683 \A“Aﬂ- is substltuted for \/L in

(3).  Also, at transition we know that ‘1 \ﬂ.o ; hence from (1), (2)
~and (3) and the foregoing - argument '
e 4214 (G

(a)

AR,
o h»h

- If " \C'.NK. is expressed in terms of the Grashof number ‘_7-_\ and- transifion

is con51dered to take plate at x L then

_ B, S |
mei = 0‘55 __G_S_V_l/ : o D S (5}
t XYW L . ' . , o
In the derivation of the foregoing equ'ations it has been assumed that A8y ""Aea,
for comparison with experimental data [1] [?] obta;ned at constant heat.
flux, it is necessary to correct for this.

‘Substituting (5) 1n (4); correctlng for temperature and defining a

Vlbratlon Reynolds Number we have

R L {G..

Equation: (6) with experimental data [}1 [21 are shown in figure Q3.

llv ' l + '[0‘1 REVIB LGRV ' | (6)

The eritical Vibration Reynolds number w111 depend on the Grashof number for

. the statm-plate; the variation of Rewa ] . with GK from data [11;,
o - <
SRITICAL .

Ge.

[2] is shown in figure (2). Th1s'g1ves the lower limit of validity of'(6).

3,

The upper limit of validity of (6) would occur when vibration forced
- convection controls; this can be said to occur-when the heat transfer cocificient

for free convection at the centre of the plate is 10% of that due to vibration,
For free convectlon the local coesficient at the centre of the plate
[8} is . '

Vs
h, oc o214 G,
W (7)




For vibration forced convection, assuming laminar flow conditions , 'Lls- at

stagnation point at centre of'plateJ [9]

23.

‘ 7 L i ‘ -f‘ . B .  : |
"\soc'[o‘-wL]z- e

P

Hence - Rewa R n | l ' | _ - (9)

| Gro o
The range of data in [}] and [?] did not permit verification of -

" (9). However, using arguments elmllar to above but modifying the equations

for'geometry {}01 , the date. of [éil for free convection from horizontal

cylinders executlng large amplitude transverse v1brat10ns gave an average:

value of Faev, ' o~ EBC) whereas pred1ct1on gave approxzmately 120, the

GRO FORCED

discrepancy is to be expected because of the simplifying assumptions made -

including neglect of turbﬁlepce. This indicates that the right hand side of

‘.,(9) should be approximately 7. The method discussed here would not be -

applicable for (;R 1.5 x 108 as - a turbulent boundary layer would exist
on the stationary plate. : ' ' _
Using the Danckwerts-Mlckley Model for turbulent heat exchanve a

'method has been developed for the calculation of heat transfer from a

‘ transversely v1brat1ng plane surface to air by free convection, under conditions

"of early transition to turbulence caused by the vibration. . Aoreement has been

- shown between prediction and available experimental data, and a tentatlve ‘upper

iimit of [ R‘wa] 7 has been set above which the convective process

iS'Vibration forced,
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THE EFFECT OF VIBRATION ON

CONDENSATION HEAT TRANSFER

TO A HORIZONTAL TUBE

By

J. C. Dent

- Loughborough University of Technology

Department of Mechanical Engineering




Summary

An exploratory study was carried out on the condensation of air free

steam at a presshre slightly above atmospheric, on a horizontal condenser
tube vibratxng in the plane of the grav1tational fleld.

Experiments conducted in the frequency range 20 - 80 c/s with
maximum amplitudes up to 0.17 ins, showed that the condensat1on heat
: tranSfer_coefficient increased with increasing intensity {a*f) of vibration,
up to a maximum of about 15%, above the vibration free value. A '
lperturbatlon analysis verified the expcr1menta1 findings,

Because of the small observed increases in heat transfer, it can
be concluded that tube vibration effects on condensatlon heat transfer 1n

Power Plant condensers will be negligible,
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 Notation

" Fundamental Dimensions M, L, T, t

a. - Amplitude (L)

A Outside Surface Area of Condenser tube (L)zll-'
Cp' ‘ Thermal Capacity (Lz/t2 ™ |
' ~ Outside Diameter of tube (L)
£ N Vibration‘frequencey (1/t)
g " Acceleration due to gravity (L}t?)
h Condensation heat transfer coefficient (M/f2 T)
_hfg Enthalpy of Vapuourisation (Lz/tzj
k ' Thermgl Conductivity.(ML/t3T)
W __ _ Water mass flow rate (M/t) - =
o Condenéer tﬁbe radius. (L)-
T ou . Velocity of Condensate film (L/t)
y Co-ordinate Normal to Surface 6f tube (L)
| S Local Condensate film thickness Ly
€ . Perturbation Parameter (Dimensionless).
] Angular Position on tube ( © or radian)
A Absolute Viscosity (M/L t)
Yy Kinematic Viscosity (Lz/t)
/o“ Density (W/L3)
L:) Temperature (T)
@ Circular frequency {rads/t)
Suffices
o in absence of vibration
v in presence of vibration
L/ water outlet |
7O water inlet
Sat. Pertaining to'conditions at saturated vapour state
sﬁr. Pertaining to surface '

Other notation and suffices defined in text.
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The Effect of Vibration on Condensation Heat Transfer to a Horizontal Tube

It is known that a certain amount of tube vibration in the plane of
| the gravitational force is5. present in the normal'underslung power plaht
eondeheer.. It is possible that the_forces'dpe.te vibration acting on the
condensate film will supplement the forces due to gravity and cause
increasedldrainage of- the cbndensate_from the tube surface. The purpose
of this paper is to describe an exploratory experimental and theoretical
study of this problem. S

Raben et al (1) carried out experiments'with steam condensing-at
atmospheric pressure on a transversely vibrating‘vertical tube of 1 in..
‘diameter and. approximately 3 ft in length.,  The authors found that the
condensation heat transfer coefficient increased with increasing v1brat10n
intensity, - where intensity is deflned as the product of vibration
amplitude and frequency - increases up to 50% were observed in the
frequency range 38 to 98 c/e.‘with amplitudes of the order of 0.1 to 0.5 ins.
Ihe_authors-also found that the ihcreases in heat transfer with}vibration
were reduced when air was introduced into the steam supply line to the
condenser chamber, | ' ' ' ' .‘

Haughey (2) conducted an experlmental 1nvest1gat10n into the
condensation_of ethanol vapour on a 0.205 dia._horizontal_tube, in the
Ppresence of lengitudinal oscillation of the tube along its axis; The
author observed increases of the condensation heat transfer coefficient
with oecillation.intensity up to 20% above that for the oscillation free
case. The freqﬁency of oscillation was varied between O andl40 c/s and
the maximum amplitude of oscillation was 0.059 ins,

The papers of Raben et al (1) and Haughey (2) appear to be the only
works discussing the effects of tube v1brat10n on condensatlon heat. transfer.
'No work appears to have been conducted with vibration of a horizontal
tube in the same plane as the grav1tat1ona1 force.

Experimental Study

Because it is easier and less expensive to conduct condensation-
' ;experiments at pressures that are above atmospheric pressure rather than
below it, and because of the exploratory nature of the study,'experlments
_were carried out with steam at a pressure - of 1.5 ing. . of mercury: .
'above atmospheric ih the condenser shell. . ‘ | |

The condenser shell was made from 6 1n. ‘dia, steel piping onto which
was welded a hood and steam de11very pipe. The shell was provide. with a
number Qf 1nstrument ports and three 3& in, x-zé in. observation ports.
Care was taken to see that'steam £rch'the_delivery pipe did not impinge on

the condenser tube,



Condensate was drained from the bottom of the condenser shell. - A
central port in the bottom of the condenser she11 carried a Phosphor
Bronze bush through which the leg of/stalnless steel tube T assembly
passed; The leg of the T was connected to a 40 1bf thrust elechvnmagnetlc
v1brator mounted on an anti vibration bed The condenser .shell was also
mounted on the ant1wv1brat10n bed by means of a Dexion frame.

The condenser tube.was made from 99.85%.pure annealed copper tubing 
of 0.83 in. 0.D, and 0,04 ins. wall, The tube was 13§ ins., long and
was attached to the T assembly by copper lugs.' ~Paxolin spaoers ensured
electr1ca1 isolation of the tube from the T and the rest of the condenser.
The ends of the condenser tube were closed with copper flanges carrylng
hose connectors for % 1n. rubber tublng used for the water supply ‘

TA DraW1ng of the condenser and of the tube and T assembly i$:shown
in figure. 1 : . (

Steam sunply was from a small automatically controlled boiler on which

'dellvery pressure could bhe preset 1n the range 20 to 150 p.s.i.g. Water

supply to the condenser tube was from a centr1fuga1 pump, flow measurement
being achieved by means of a calibrated venturi. '

Evaluation of Condensatlon Heat Transfer Coefflc1ent

The method selected for the evaluation of.condensation heat'transfer
coefficient necessitated the accurate measurement of outside surface'
temperature of the tube, .ﬁse of thermocouples_located at the Surface of
the tube were not considered, because of the strong local effects on the
condensation process observed by Hampson (3) The method used was that
proposed by Jeffrey (4) and further dlscussed by Watson and Clark (5)

This method used the tube as the unknown res;stance in an electrical bridge

_circuit, A .Kelvin double bridge with a preamplifier and

galvanometer was used here for the determination of tube-temperature,

 the effect .of lead wires on the measurements were reduced to a negllglble

level by methods discussed by Harris (6). . The long term electrical
stability of the tube was-very good. Frequent-resistance - temperature

calibration in a temperature controlled water bath overcame the dlfflculty

of increased resistance due to clean1ng and pelishing. .

The condensation heat flux was determined from the product of water
flow and its temperature rise, Water inlet and outlet temperatures being

measured with 26 S.W.E. Copper-Constantan thermocouples Iocated_in the plane

.of the inlet and outlet water flanges hy means of brackets. The thermocouple

wire was taken from the condenser along'the inside of the rubber water pipes.
Thermocouple e.m.f.'was measured on a Vernier Potentiometer capable of
determining changes in temperature of about ©,050C. The'heat-transfer

coefficient was determined from




h = I‘!‘l Cp (OWQ - ewi) . o o (1)

A (Bgat =~ Ogyur)

k]

m could be determined with an accuracy of 3%. For expected values of

(8w, - ©y3) and (Bg,at - Bgy,) of about 5°C and 15°C respectively the

expected accuracy of measurements are 1% and 2.5%. A was determinedrwith;

an estimated accuracy.of 2%. From the theory of ‘errors (7) the estimated
error in h would be about 5%. . '

Measurement of amplitude and frequency

. Vibratlon amplitude was measured with a linear transformer displacement

.transducer. The moveable core of the transformer being suitably llnked
to the driving head of the vibrator.  The output from the transformer
was displayed on an oscilloscope. The'electromagnetic vibrator was fed
. with a preset frequency signai from an oscillator through a power

amplifier, The set frequency of the oscillator and that from the trans-

ducer were found to agree in the range 20 < f£ 4 100 ¢/s. The amplitude

of vibration was controlled through the‘power amplifier.

Experimental Procedure and Precautions.

Before steam was admittee to the-oondenser alllinstruments-and
transducers were checked for level of:eignal with cold water circulating
through the tube, | _ | | |

_ The steam line was blown down before steam was admitted to the
condenser, through a strainer and throttling valve, Boiler pressure was
set to ensure 1° to 2°C of superheat of vapour in the condenser. The
system was allowed to stabilise for about an hour before final readings
were taken, | -

A static run was carried out before each set of vibration runs and
the results compared with Nusselt's theory for filmwise condensation on a
horizontal tube (8) which gives : | .

.2 ' 3 :
ho = 0.72 [4’ qh;q k : @
| " HD (Biar- 6509 .

_1f the value of h, determined experimentally was between 10 - 20% greater

than that predlcted by equatlon (2), the test was cont1nued this is in
accord with McAdam (9. Anllncrease much greater than 20% indicating
_dropwise - condensation while a decrease indicated the presence of air in
the condenser. | | _

To ensure filmwise condensation the tube was cleaned in accoriance

with the method of Hampson (3). To ensure adequate removal of air from

“the vicinity of the tube, two ﬁ in perforated copper pipes- running parallel

along the length of the tube and at a distance of about # ins. from it
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were ponﬂeeted through rubber tubing to a vent pipe. . The condenser.
was operated with an estimated Air/Steam mass ratio of 0.008 at entry, .
'and a mass ratio of steam vented to entering steam of about 0.70, A
Experiments were conducted with a water flow rate through the tube
of between 22 and 29 lbm/hr., at these flow rates the effect of tube _
 vibration was confined to the condensation process Raben et al(l) The

mean bulk temperature of the water varied between about 70 to 80 F whereas .
4

2
the condensatlon heat flux varied between 7 5x 10 and 10 x 10 Btu/hr. ft.

Vibration frequency was varied in the range 20 szSO-C/s with maxinum
amplitudes up to 0.17 ins. '

Discussion of Results

The experiments showed that the effect of tube ribration caused small
increases (up to a'maximum'of 15%) of the condehsation-heat transfer
coeff1c1ent with vibration intensity. '

A photographic study of the condensate f11m at points of maximum.
upward and downward displaeement of the tube were made. This was
achieved with a relay circuit actuated through e Thyratron, the circuit
enabled the selection of either.a positive or nemative voltage beak
(from the displecement transducer) to trigger a mains operated camera
flash gun. To obtain good contrast, colour ehotography was'used..

Becauee of the inahility to reproduce these‘photographe here eketches of
the condensate film with and without vibration are shown in figure (2).

The rate of condensate drainage did not increase significantly'with_
'vibration; as one might have expected the vibration to throw condensate off
the tube surface. The photographs from which the diagrams'in figure (2)'

were sketched indicate that_the condensate film during the upward
displacement of the tube is forced towards the lower part of the tube,

because of high surface tension forces. the liquid film in this region

becomes distended rather than rupturing. On the downward displacement of the

tube the reverse process takes place, but because the inertia forces due
tov¥ibration and the gravitational foreeS'are.in opposition;_the film shows
a tendency to move back to the undisturbed condition, i.e. there is no
significant disturbance of the film observed at the top of the tube. No
ripple formation of the condensate was observed on the sides of the tpbe.

During the upward displacement of the tube with condensate moving
towards the lower part of the tube, the condensate film thickness on the
‘upper parts of the tube are reduced and therefore better heat conduction
occurs. | . |

It is interesting to note that Raben et al (1) also observed that
veryllittle condensate was thrown off the vibrating tube, instead it was

seen to accumulate at the two stagnation points of the vibrating tube.
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Because the orientation of the'gravitational forces and inertia forces
at these two points were the same, the areas of condensate accumulation
were the same at.each point. |

Theoretical Analysis

From fhe foregoing discussion it is seen that incfeases in condensation
| heat transfer coefficient with increasing yibration intensity are small,
To verify that these increases are of the ﬁight order.a simple analysis
"will be carried out as a check. ' '

Because of the small observed increases 1n the average condensatlon
heat transfer coefficient with vibration 1nten31ty,‘the rate of condensa-
tion and hence the average condensate veloclty at any angular p051t10n ]
must increase by a small amount. '

If at any £ the mean velocity of the condensate film under vibration
conditions is ﬁ', which is composed of the sum of the mean velbcity dus
to gravitational forces_ﬁ and a smzll perturbation.velocity.' éf(ﬁl)
dﬁg to the-averaged effect of oscillation of the tube surface.

Then u' = T + € (§y) _ (3)
Thé‘mean velocity due to gravitational.forces'ﬁ‘ for an assumed'parabolic

velocity distribution according to Nusselt theory (8) is

- 2 o S

u'=g'5V - gin @ - - - (4)

3V

' S is the local film thickness under v1bratory conditions, ﬁl is the

average veloclty due to v1brat10n and for sinusoidal osecillation is

considered to be 2 (amax)) sin @. - In the discussion of problems on

convectlon and acoustic streaming about a horizontal vlbratlng cylinder
(10) the assumption is made that (amax/D) is small. The perturbation:
parameter 65 ;s considered to be small and dimen51onless. If therefore

we put € = {apax/D)

v — max
3y D

If it is assumed with,Nuéselt that the heat release due to condensation, is

‘ | . | 3 . |
Then 4 ' =g (S + 2 22 Y| sin o R €

equal to the heat conducted through the film then from figure (3)

k r [esat? esm.}dya = ’onfg d [u Jv 1._\ _ (6>
V- - - ‘ .
. Subst;tuting for G from (5) in (6) re-érranging and noting that
9 | B= 3V kr [esat esm.]

h
o gﬁfg . s T o
I R .. ' S
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_6'—
C= 6 (FZ. (}2max¢19
m g 5
M= 1
B
N ; C
B

Then [3M 53 o+ NSV] .dgv + [M(Si + N‘Si]-cotﬁ = cosec 0 (7)
. =~ ap " )

Putting2=§M54 +§52
a4 "V 27w

(7) becomes

az + 14z + _}_I‘Sz]cot.-ﬂ.= cosec 0 ._ o (8)
44 37V S |

3 -
In the absence of oscillation N = 0 and Z = Zo and (8) becomes

dZo + 4 2, cot @ = coSéc ﬂ, ' _ : : . .(9)'

ag 3

Subtracting equation (9) from (8) and putting Z = Zo + P where P is the
perturbation to Zgy, gives: ' : ; :

5 .
-Q_-ﬁ-f}_Pcotﬁq—y_S cot =0 (10)
ag. - 3 . 3 v - ‘ .

Provided Nai is small P is small
3

The 501111310n to (10) is carried out in the Appendix and is

P= - N/3 82 cos @ sin 1/3 g ap o - (11)
sin?/3 g v . o
‘ o

The solution of equation (9 éccord:‘mg. to the method mentioned in the

. Appendix is

g

Zo = 1 - sihl/s-ﬂ.dg o _(12)'
sin%/3 4] o ’ ' .
o
Therefore Z = 1 : g, sin]'/3 Qj dﬂ - -N/:? ' gs 2 cos @,
sin?73p . sin%/3g ' v
. e . K . . . o



o

According to Nusselt's theory of filmwise condensation on a horizontal tube

(8)

4 g ' '
& = ans | sin?”® @ ap | (14)
B 'sin?/3 4] ' . .
: 0

wvhere 8 is the local condensate f£ilm thickness_ in the absence of

oscillation. s o
. Hence Z = 8 6 . : {15)

The eelution of (13) requires the knowledge of 3 v 28 @ funection of 2. E

As this is not known, an iterative pi'ocess is used to obta}'.n 5v'

To start the iteration it is assumed that (S = 5 where 5 is obtained
from evaluatlng (14) . The first 1teratlon gives Z; from equation (13)

But :from the defin:.t:.on of Z

2y = 3 Méz + .1‘1827
4 Vi 2 Vi

therefore g vp = - N_ +j (ﬂ)z + 42'1-‘- 3 o ..(16)
, . 3M 3M] TR
"The value ofsvl from (16) is substituted in (13) and the value of Zp
computed and hence 5 v2 obtalned from the definition of Z. Because the
difference between 6 and 6‘, is small the convergence of the 1teration
is rapid. B
The computation was programmed for a digital computer, results being‘

evaluated for 29 intervals betWeen 0° and 174°, In the computation B
was taken as 4.35 x 10-16 ft4 th:.s value belng a representative average

for the experiments, N was increased in steps of 1 x 106 from 1 x 10%
3 ' '

to 10 x 10% £t-2,

With values of Sv' of the order of 2 x 104 £t the value of N § 3
3

"for N = 10 x 10% £t72 will be 0.40. Therefore N- 3 is approximately
3 L | 3

11% of 4}_ Z. This would represent' an upper limit to the validity of the
. 3 o :

»malysis, since from equation (8), N S i must be small compared with 4 Z,
. : .3 . 3
The average condensation heat transfer coefficieﬁt between any angles Ql

and !252 is defined as




‘ - (92
Therefore h =

ﬂl '.

ag /§

Js
ﬂl-

The computed values of hy

h

'174% are shown plotted against N -D? in figure Eg}.

data points are also shown on this figure,

(o]

ag/ §

according to (18) between the limits 0° and

3

(18)_

The experimental -

The parameter E.Dz can be put into a more meaningful form, if a

3

vibration Reynolds number Reyip =

w? - B (EE&P&) Revib
= 2 .

k (§,¢ eﬂk)

/('hfg

The parameter k (esat' eaf,r) represents the momentum forces in the liquid

/C heg

film due to gravity forces and was obtalned by Chen (11) in the study of
filmwise condensation. Therefore ND represents the ratlo of perturbation
forces due to oscillation to momentum forces due to gravity.

Discussion and Conclusions:

is defined’then.

'(19)'

The foregoing experimental and analytical investigation are in

subgtantial agreement, both showing that the effect of vibration of a’

_horizontal condenseér tube in the plane of the gravitational force causes '

the condensation heat_txansfer and therefore the condensation rate to .

increase slightly. The assumption of increased heat transfer being due to
better conduction through the reduced film thickness brought about by vibration,

'appears valid within the limits of the analysis,’

From a practical standp01nt there is no advantage whatsoever n

attempting to exploit tube vibration to enhance condensat1on heat transfer,

the presence of. non condensable gases in power plant condensers operating

at sub atmospheric pressures would reduce the very small increases observed .

with vibration,
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Appendix
ap sin 8 + 2 Pcosﬁ-}-gs‘cqsﬂ:o . 1
3 . g :

ap 3

& - _ ' ‘ .
Equation I is/first order equation linear in P and ecan be solved (Ref 12).
by multiplying. through by a factor F (P ﬂ) and then determlnlng the form
" F (P ﬂ) has to take to make I exact,

The resulting equation will be exact if - ' o o S
S Fsinﬁ}: B Fcos;a 4P+N6 | 11
o9 o ‘ . N

> Therefore

Fcos'ﬁ+sin¢ aF = F 4 cos @ + - 4-p+N8 cosﬂ.aF IIT
‘ dp 3 3 T v 3P
\ If it 19 assumed that F = F (@) only, then
sing dF = F cos @ | o v
AP 3 -
Solution of IV results in
F = sin?/3 g o 7 R v
I Multiplied through by V and re-arranged yields
sin?/3 g ap + [5 P+N € 2 ] cos #sinl/3 g, a4 =0 = vi
VI 1s exact and maj be written as R
av. = 0 = |9y ] .aep +13v] . ap
_ | oP - ap )
or Y = constant Cy . - . . VII
for exacthess . a ¥ e= a Y
: dp Ay
‘Therefore from VI & VII - : R '
y 2y = s g R v
- loP ' , - ' .
‘ and [ Y] = 4 p+_1~_r62 | cos psinl/3 g - IX
' . 3] -3 4 v L ‘ :




Intégrating viIT Y =P sin?? g + 2 (9 N X

where £(f) = function of @

¥rom IX and X

D Vrpsind/3541 ]
Y - —

(RPN

4 v

[P + N 82'1003 g sint/% g x1

On expansion' of XI and re-~arrangement

df (@ = N cospsinl/? 8 | X11
ap 3y , ,
Therefore £ (@) = N 82 L cos @ sint/3 g - dpg S XIII
. 3 v -
From VII; X and XIII
: ' 2 . 1/3 . : .,
P = 1 _ Cy = N S . cos @sin’ . g4 .48 | . XI1v
3} v . o '

'gin4/3 g

Because of symmetry of the condensate film

dP = 0 atdg =20
ag

from I’at g =0 : _ . : ,
2 - . | : '

Using the fact that at small values of 2, sin¢ 7 @ and also the fact that
as P —»0 va will tend to a constant value since dP = O.'_ Integration

of XIV under these conditions yields

. 2 .
P = c]_ - N v . o . : XVI
¢4/3 4 '

from XV and XVI . C; = O

Therefore
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THE CALCULATION OF HEAT TRANSFER COEFFICIENT FOR
CONDENSATION OF STEAM ON A
VIBRATING VERTICAL TUBE

&

o ~ ].C. Dent
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Summary

Using the Danckwerts-Mickley model for turbﬁlent exchang.e, a meth(.)d has
been developed in this paper for the calculation of heat transfer coefficient for |
filrhwiée-condensation ona vértical tube, ina transve.rs.e mode of vibration.
Prdvided the amplitude of vibration a’o < O 35 ins. agreein ent has been shown
to within + 7%, when comparisqﬁ has been made with the experimental data of
Raben et a1!!) which were gé’#%%é&’aﬁ‘x"mh'zz.ss £ 98¢c/sand0.05< a_<0.5ins.,

with condensation head load in the range 22, 000 < Q < 55, 000 Btu/hr.



Notation

" Film Reynolds Number (Dimensionless) = -

Am pl1l:ude of vibration (L)
Constant Pressure Thermal Capacity (Lz/tzT)

Vibration frequency (I/t)

Mass flow rate of Condensate per unit perimeter or length (M/tL)

Acceleration due to Gravity (L/t2)
Gravitational Constant (Dimensidnless) :
Heat Transfer Coefficient (M/ t3T)

Enthalpy of vapourisation (Lz/tz)

‘Thermal Conductivity _(ML/t3T) _

Chai;acteristic length (L)

o 4G
Condensation Heat Load (MLZ/tsj

Mixing Coefficient (1/ t)

Velocity in liquid film (L/?)

Characteristi'c velocity (L/,)

Distance down tube length (L) -

Local position in liquid film measured from tube wall (L)

Thickness of liquid film (L)

| Absolute Viscosity (M/ Lt)

Kinematic Viécositjr (L2/t)
Density of Condensate (M/Ls)
Temperature (T)

Circular frequeancy (1/t) -



Subscripts’ .

K Conditions in absence of vibrations
jf _Conditioﬁs in presence of vibratiﬁnsl
saf Saturated vépour conditions
W tube wail conditions

Other notation defined in text and Appendix,

2¢/




The Caiculation of Heat Transfer Coefficient for Condensatidn of Steam on

a Vibrating Vertical Tube

The problem of condensation on a vertical tubé in a transverse mode of vibration
‘was sfudied experimentally b‘y Raben et al(l), w_ﬁo were investigating the feasibility
of using tube vibration to enhancé evaporator performance in saline v}ater conversion
systems. These experim énts were carrield out uéing a 1 in. diameter condenser tube-_-
41 ms loné. The tube was Iﬁoun’téd in a 3 in. dia. Pyrex pipe 33 ins. long, .with'a
central -T‘ section. The condensller tube was held by énd cover plates fitted with 0"
ring éeals, 50 ltha't it coz:tld vibrate in the transverse mode as a pivot ended bdeam.. -.
" The tube was maintained in vj.bration throilgh a yoke assemblir attached to it; which was
connécted to an eiectfomagnefic viﬁ'ratof bya driving rod passing through the central
- T section of the Pyrex condenser shell.' - o

.Experirnelntal data were obtained with the tube static azlld'with it vibréﬁng at
frequencies in the range 22.5 to 98 ¢/s with amplit‘l'xde's' up to 0.5 ins. at 'the resonant
frg:qp‘ency -of 38 ¢/s. Data Wefe obtained at héat loads of approximately 22, 000; 38, 060
and 5.5, OCOBtu/_hr this being a.chie;ied by control o_f the inlet 1-w‘ater_ temperature to the
condensér tu'b.e. ‘Steam was condenéed at approximately atmospheric 'préssufe, care
bein-g' taken to ensure that non-condensable gaseé were not present in the shgll. lee'
vapour velocity over the condenser surface was low,
| These experiménts showed that beyond a critical. condition, (below which the
effect of vibration wafs negligible) the condensation heat transfer éoefficient increased
continually with vibration intensity - (defined &s the product of Yibrat_ion arr;plitude and
' fr_eqﬁency) - to about 55% above the vib;ation ‘f'rée value, at a frequency of 73 c/s énd an
airﬁpliéude of 0.2 ins. -'Ihe heat trans.fer .coefficient for th'e. static :tube was found to be

(2)

10% greater than that predicted by Nusselt's theory . Observation of the |

262
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c.'ondens}ate film on the tube Showed that the water was not.-thrown off the tube during
yibration as might have been expected, but was moved from side to side to form
: accumulai:ions at the points on the tnbe as shown .in figure (1). This movement of 'the
_condensate contnibutes to greater mixing.in the film .and th.erefore improved heat tranefer.
The mixing mechanism would result fron1 an interaction of the vibratory motion of the
tube and the motion of the iiqnid film doﬁn it under the action of granify.' |
Ideelly one would .see'k e solution to ti‘m problem under stu&y by attempting to
- specify the local conditions of ﬂoiv, _rni:_cling and heat transfer fnathem atically, and o‘n.
solution of the resulting equations with appropr'iete boundary conditions obfanl tne
) average effecte of mixing on _heat‘transfez" foi_' the whole surface. Hoﬁve?rer, because the
procees in\_rolv;ingl tne-interaction of lafge ampiitude vibrations of the heat transfer
surface, and the motion of the licinid film under the action of gravity is cornplex, a
serni-empiricel approach t.o the solntion of the pr.ob_lefn appears rea'sonable..
In the study of complex mixing ‘procesees associated with stirred chemical :
- reactors, .ﬂuidised beds etc., the surface renewal concept of Dcmckwert (3 )

4

Mickley has found successful apphcatlon

' The surface renewal concept has been extended to turbulent heat and mass transfer

() 6)

at a sohd fluid interface by Hanratty™ 7, and Toor and Marchello It has also been
applied in the calculation of mass transfer rates at a gas -liquid interfac.e, for the
gravitationel flow of a nippled two_ dim ensional 1i'_quid filrn over a plane vertical
surface(7). - |

‘ In t_he Danckwerts - .Mickley surface renewal model for the turbulent exchange
lof .heat between a ﬂuj.d and a solid surface, it is assumed that rnacroscop_ic‘ "lumps”

of fluid from the bulk region, move randomly to contact the boundary surface,

. - exchange heat with it in a transient manner before being displaced by fresh "lumps"
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' .fr-om'th'e bulk reéion. The renewal process is essur_n'ed +0 take place randomly

‘and at high frequee_cy, the. dis.trib_u.tion of "agee" of lumps in eoﬁtect with the'surface |
deereasing exponentially .with'-age - at small values of time serf.éee is corered pre—

~dominantly by fresh "lumps",' at large values of time, little of surfaee is-colvered by

© "old" fluid lumps. “

3 ()

It can be shown that the average heat transfer coefficient at the fluid-
solid surface is given by . o
h=-|:k-pCpS:|2 S _ (1)

where § =

% ‘[ . , is the average rate of renewal of fluid lurnps at the
: A ‘

surface. The renewal rate S {or mixing coefficient) is constant for lumps of all ages
at the surface, and is controlled by the geometry and fluid mechanics of the problem - .
there is no preferential renewal of any particular age group at the surface.

The ‘coﬁcept of surface renewal is in accord with observations of turbulent forced

©),

convective flows carried out by Fage and Townend(: ), ‘Hanratty and his co-workers

10 _ (11)

d Sherwood et al™ .. 'Observatiqh of the turbulent free

(12

convective boundary layer fluctuations by Locke and Trotter ), gives further support

Bakewell and Lumley

to a surface renewal model for the exchange p'rocess at the wall.
Toor and Marchello(ﬁ) show that the surface: renewal or mnung coeffrcrent is’

- proportional to % for fully developed tlrrbule"it pipe flow, where V is the average flow.
velocity in the pipe and D the pipe diameter. For turbule'xt pipe flow the scale of the
turbl_xlent mixing is of the order of the pipe dJameter. :

R In the problem under study here wh_ere the mixing motion is due to the combined

action of gravity on the liquid film, and the lateral movement of the film due to tube |

vibration, the mixing coefficient Sv' under these conditions might be expected to be




proportional to Vv , Where Vif isa repfesentative velocity of the quuid film under

vibratory conditions and A is a scale of mixing which is of the order of the condensate
film thickness. _
' (13);(14)

From previous work by the author® on convective heat transfer in the -
presence of oscillation, and the work of Brooke -Benjaimin(ls) on the stability of
N . ‘ | | 2 w\? 2 ¥
liquid films, Vv is assumed to be of the form (__c_)_'__ ) + umax o,
_where ( i)i)z is proportional to the mean kinetic energy of the vibrating tube’

~ (See Appendix).
Under cﬁtical conditions of vibration, when the heat transfer coefficient for the

_.fube is just beginning to increase, the mixing coefficient will be proportional to

VorrTicar, § there being no change in the order of magnitud_e‘ of the scale of \mi.xing.
T 4
Therefore - h _ v, o N
| T = |\ - @)
CRITICAL CRITICAL - - |

In the prQbIem Lmder study here,_. there is trénsition of flow frc:;fh laminar toa
- pseucio -turbulent mode uﬁder'vibration frée cc.Jn.ditions'._ With vibr#tion p'=rese‘nt the
condensate film is moved between the stagi}ation pdinfs of the ‘vj.bi'ating tube, in addition -
to.i'ts moverﬂ ent under the action qf gravity down the tube. U'nder.these conditions the
moﬁon of the film is not ea;il_y describéd mathematically, therefore the averége mixing
“coefficient fo.r the whole surface cannot bé obtaiﬁed from the integration:of a number of
point values along the éurface. | An alternaie proc.edure is to coﬂs:ide'r the observed
behaviopr of the condensate film u_ndér vibratory and non-vibratory conditions and from
~ this postulate a mixing model based on a representative ﬂow_velo city at a single point
on the tube surface, and test the result of this in equation (2), against eiperimental data
fo?: t'h.e ratio h_, .- it being nptgd that num..eri-cally_ h) ~ h

h_
o

CRITICAL




~In the present study no definitive informatioa concerning instability of the

condensate film, and its transition to turbulence is given by Raben et al(l). It is
therefore assumed that turbulent instability first occurs at the point of transition to
_ o L 16), (17)
- pseudo -turbulent flow, when the film Reynolds number .Ref = 400 Portalski .
- Hence the representative fluid velocity umaﬁ for the condensate film will be
'evaluated at this point.

The Nusselt theory(z) will be used for the calculatibn of umax’ as this‘has " )
(1 ) | |

been found by Kutateladze togivea reasonable approxunatlon of f11mw1se

condénsation behaviour _Upto R, = 400 for the condéensation of steam.
f : ' -

At the critical condition when vibration first causes an increase in heat transfer
coefficient, it is assumed that vibration does not supplement mixing, so that under these
conditions VCRITICAL = “max and

| T Umax ‘ o -

hCRITICAL

For the parabolic velocity distribution in the condensate film which is valid to the

o : - a7 - o
point of transition to pseudo-turbulent flow, Nusselt theory 2) . yields . E |

. ~ pg'52 | o . _
max = - 2w T (4)
and 8 = 4ukx(%pr~ %) | * 6
. i 2 hf- o .
g
2 k x (Oaam - o SRR
= 4 g , _
The:c'ef.ore_uma_x = SAT - &) o : : (6)
. Whe - ' .
‘ g
"From equatiohs(s) and (€ |



h

i = {1+
' v h
fg'
Now G = j'_p.u.dy . : & . (8)

g 2 y 1 N
T (F)- 7 ('g) © .
 Therefore G = LB (10)
3u
From (5) and (10) ‘Re “can be written as
| . 3 4kx(08g,m= Bu)o °- 8
'3ef -3 SAT (11)

w5/3 | ng
e

i

Comparison with Experiment

o Fd_r each test run tébulated in reference fl) the value of x for which Ref = 400
was evaluated from equation (11), all physicél properties of the' condensate being
evaluated at the film temperature with the exception of enthalpy of vapourisation,

which was evaluated at the saturation temperature. The value of 'x obtained in this

way was used in equation (7). The comparison between hy from equation (7)
' | ' E hCRITICAL ' }
“and the values of .}_li obtained experi}n entally in reference"(l) are shown in figure (2),

, By ' o ‘
Remembering that the static tube tests of reference (1) resulted in heat transfer

@

coefficients which were about 10% in excess of those predicted by Nusselt’s theory * @ ,




-it. is; estimated that the error introduced by use o_f Nusse_lt's theory in equation (7,
for calculation of Umax Wwill resuit in an error of about 5% in _comparison w1th
experlmental data for - [ V/h :l 3 R | S
| - In the companson of experimental data from refere*lce (1) with equation (7) , it
was found the.t data for the_resonant mode vibration at 38 c/s with amphtude g‘reater ‘
than 0.35 ins., were not in as close agreement with Vequation (7) as the otlll.er deta._
The reasons for tﬁie are‘thought to be: ﬁ _ . . | ' ‘
1) - The mixing model put forwerd considered only the energy associated with

_the tube vibration and fhe liquid film kinetic eeergy to characterise the miXing process.
At l.arge'amplitude.s of vibration, adhesion fqrces in ‘the liquid film will be of greater
sigﬁificagce in inhibitinglthe lateral motion of the quuici/fﬂm , thus the simple model

- would overpredict mixing and heet transfer in theee situafions. |

2) The possibility exists that .at large ami)litudes of Vif)ration (éo = 0 3 ins)

there i‘s a departure from the assﬁnption of the. tube behaving as a pivot ended beam,

and the tendency to vibrate as a built in beam - | This will reduce the tube. vibration

energy for a given amplitude and frequen.cy. Agein the specified mixing model would

cause aﬁ over prediction of the heat transfer eoefficient.

For most situations that might; possibly arise 1n engineering practice a, is

likely to: be less than about 0.3 ins. because ‘of failure due to metal fatigue in the

condenser tubes. 'I‘h.erefore the method discuseed here for computing condensation

heat transfer coeffieient in the presence of transverse vibration of vertical condenser

tubes would appear adequate.
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Fig. 1. Movement of Condensate ¥ilm due to lateral vibration

of vertical tube (refexrence 1)
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Appendix

.. ".-‘-'-_‘_
f/
/' Zzo
in x_"l
Z = 2z 8in wt
andz=ao’sin1ri
. .

K. E. of vibration at x for deﬂection of z attime t is
_ o )
= 5 gc ( W Z)

Using the r.m.s. value of z at x

SRR

K.E. 6f vibration is L
4g

‘The mean deflection of the Beam at maximum amplitude is

0 Q

z = a Jﬂf-sinnx dx = 2ao
%

o ' L T

Thérefort; K.E. for mean deflection of the beam is

| 2
N a W
K.E. L [ 0 ]
g ™
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The Effect of Acoustic and Méchanical Oscillation

on Free Convection from Heated Cylinders in Air.
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FUNDAMENTAL UNITS, MASS M] . ‘.LENGTH_-[L], TIME [t ]

®

°

- -

Oscillation Frequency [1/1:]_
Gi'avitat’ional Constant [D_IMENSIONI.ESS} :

Grashof Number based ¢n Cylinder Diameter |DIMEN SIONLESS]
Thermal Conductivity of Air [ML/t 'I]

‘Characteristic 'Length [L] '

A Constant [DIMENSIONLESS]

" Mixing Coefficient (L]

NOTATTION

AND TEMPERATURE |T]
Amplitude of oscillation [L]
Thermal Capacity of Air [Lz/tz'Ij

Diameter of Cylinder or pipe LL:l S
Average heat transfer Coefficient [M/t3T]

A Constant [DIMEN SIONLESS]

v

Streaming Reynolds Number = l:azm ] [DIMENSIONLESS)

Time . [t]

Velocity [L/{[

Velocity [L/t] |
Scale of curbulence or mixing  |L]

Wavelength of Acoustic Oscillation [L]




u | Kinematic Viscosity of Air [Lzlﬂ
Density of Arr MLY%
6. Temperature [T]

w Circiilar Frequency [1/{\ o

SUBSCRIPTS

o - In absence of oscillations
s  Pertaining to Streaming flow conditions .
v Pertaining to Oscillation conditions .

Other Notation defined in text.

278.
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-Summary .

.A method based on the Danckwertsmckley '.Mpdel for 'turbulé'nt |
.mixi'n.g has’ beén preéented for the calCuiétibn of avé}.'age hea‘t_‘ transfer .
coéfficient from heated horizontal cylinders in .air., : plaéed m a
pléne' stationary éound fieid wil;h -2-3[-) > 6.0, or subjected to
mechénicgl oscillations in a tramsverse pl._ane.‘with % <1.-

Agreement \&ith published experimenta-ll data is good provided
A ‘_5'9>-$ ' ISOOF'.and Re? | | | |

S
<10..
GR A




The effects of Acoustic and Mechanical oscillations on Free convection

- from heated cylinders in air -

l. The.‘tr.ansverse oecillaﬁoﬂ of a circul%lr unheated cylindér in
still air, or _rhaintainirig thé cylinder in a transverse él_coustic f';eld,
causes.a steady isothermél s1z\.c:a'1:n_in;,-,r motion of i:.he fluid to be set ﬁp
arburi.d- the cylinder. |
'I‘his _streaming -métion results from the _infefaction ketween the
viscous forces, and those resulting ffqrn the Reynolds stresses set uwp
by the oséillation in the fluid medium. | |
In ffee convection frg;m a sfétionéry héated cylindér to a
_ quigéscent fluid med.lum, the coﬁvective‘ﬂow is.d_epende‘nt“ on the interaction
of the buoyancy and viscous forces within the 'fluid._ .
The prdblem’. under stﬁdy here would therefore'invblve an :
inte'ractioﬁ between the forée;:s reSuiting f;‘om jsothermal streaming and-
“those associated with free convection, .
~ The _objecf of this papér ié to pr.esen_t a method for the éalcuiation"
of rhe average heat transfer coefficient for- heated horizontall‘. cylinders.'
in air; which are held in a plane stgtiﬁnary sound fiel.d,.'or are suﬁjected |
to fransverse mechanical oscillations iﬁ still air. Only those cases of
'mechania':al. oscillation for which thé ratio %-. < 1 ﬁr_ill be discussed.
A survey of the experimental work carried out in this field can be

conveniently tabulated in the following way.




vertical plane

_0_<a/D< 1

Cylinder
o Experimental Diameter |
Conditions of Oscillation. Variables ins. Reference
Horizontal Sound | 645 <f <6100 Cfs. o
1) Field, perpendicular to 0« A8 ¢ 250°F 3 1 -4
cylinder axis 0<8.P.L.s151 db -
Mechanical Oscillations | 27 <f <104 C/s. o
1 2) of the cylinder in a 20 < a8 s 200°F iy i 5,6
horizontal plane 0<a/D<1 '
Vertical Sound Field 709 <f <1476 C/s. - B
3) Pexrpendicular to 48 = 140°F | - 1.83 7
cylinder axis. 125<S.P.L.< 1409 |
Mechanical Oscillation 129 <f <225 C/s.
4) of the cylinder in the 25< A8 < 2000F i % 58

Observations made in the course of the above listed experiments show

" that certain features of theflow and average heat transfer are common.for

a_ given plane of oscillation,' irrespective of whether the oscillations . are

acoustic or mechanical,

Fand and Peebles(6) showed that provided the ratio

———

2D

> 6.0 for .

acoustic oscillation, the average heat transfer coefficient in the presence

of acoustic oscillation is the same as that for mechanical oscillation for

the same intensity (af) of oscillation.

It was found®

(1), (6)

that at low

intensities of oscillation the effect of oscillation on the average heat transfer

coefficient was negligible.

“the average heat transfer coefficient began to increase, and continued to do

so with increasing oscillation intensity.

Flow v1suahsat1<gn

3(5):(6)

~ motion began to develop in the upper two quadrantsabove the cylinder.

279.

At a critical intensity (S.P.L.» 140 db; af ~0.3ft/sec)

showed that at the critical intensity a streaming



At a higher inteneity (S.P.L. = 146 db; af = 0;7 ft/eec),' this s_treeming
motion established .itself, ‘and consis.ted of the periodic growth and
collapse' of two vortices centred in the two quadrants above tlhe Icylinder,
The growth and collapse of the vortices alternated. betwee'n. each guadrnnt.,
I;‘urther 'increases in inte'nsity' ot oscilietion caused the vortices to increase
“in size, but the basic character of the flow remained unaltered. it was ‘

found( ) that with A >6.0 the development and size of the vortices

2D
were independent of freqﬁency of oscillation.

()

Measurements of local heat transfer coeffzc1ent showed-increasesr
on both upper and lower surfaces of the cyhnder, the former bemg

about four times greater than the latter in rnagmtude. The _1ncrease

of the heat_transfer coefficiént on tbe upper'Surfaces betng attributed. to .
vortex growth and collapse in the region causing greater fluid mixing,
while the increases on the lower surfaces were attributed to unsteadiness
in the Iammar boundary layer induced by oscﬂlatlon. Rlchardson( ) using
Schlieren techniques obse‘rved the bounda.ry:layer behaviour around a
_heateI) cylin.der.in a-'standing vertical sound field. He found that at 139 db
' S.P.b. the boundary Iatrer between the lowter s_tegnation point and 450_ from
it wae dietended and unsteady, with the possibility of two standing |
vortices being formed along the length of- the cyl:tnder and centred on the
450 points. With acoustic intensity of 140 db, .the fluid from lthe botto'rn
of the cylmder began to "bubble" up through the boundary layer and pass

into the wake, first on one s1de of the cyhnder and then the other. With .

further increase in the 1ntens1ty of osc111at10n, the frequency of the "bubble"




shedding increased. The initial thickeﬁiﬁg of the boundary lajrer caused .
a decrease in the average heat transfer coefficient of between 3 and

20%. Richardson _conciqded that fhe.flow field was qualitatively consistent.
with a superpositionr of the 'acoﬁstic s_tfeamiilg and convec;ive’ flow fields. .

)

Lowe'™” carried out a; flow visualisation s't.ud-y, (using smoke) of the.

effects of vertical mechanical oscillation on ‘free co;li}ection about a

! heated cylinder. He observed that instability occured gt the top of the |
cylinder at the critical intensity (when i:he average heat traﬁsfer coeificient | ‘

is .J'USt inéreasing), and that this instability developed to turbulence which

movéd upstream towards the lower stagnaﬁon point with increasing intensity

of oscillation. : Just below thé critical intensitj a dec:ease of .a.bout 4%' o

in the average heat traﬁsfer coefficient was noted. Lowel also noted that

the differencé between averé.ge coeff_icient.s of heat translfer for oscillations

in the vertical and horizontal plane were small.

- -..A‘smok'e study by Fand and Kaye(S) for vertical mechanical
oscillations also revealed a rurbulent flow field about the cylinder, though
no observaf_ions were discussed concerning. the onset of the inst'ability..

From_ the. foregoing survey it is clear that horizontal 'a.cou'stic_.and' ) |
mecha;lical oscillation have the same ef'fect.on the average heét transfer'
coéfficient from the cylinder, ‘arlxd givé Tise to tile same flow mechanism
pfovi'dgd oscillation intensity is above the Icritical and {-\[—) > 6.0,

The literature dealing with acoustié and mec_hén.ical oscillation in
the fertical plane s‘lhow that béyohd the éi_‘itiéal .intensity of ..oscillation, | a
transition type of instability from laminar to turbulént‘ flow in the waké‘ ”

and on the upper .surface. of the cyliﬁder exists,



For both horizontal and vertical oscillations it is the increase in mixing

on the upper surfaces of the cyliﬁder that are causing the large increases
in heat transfer coefficient, Because instability and mixing are initiated
on the upper surfaces of the cylinder for both horizontal and vertical

()

'modes of oscillation, and because Lowes' results' ' show that the plane
of oscillation has little efiect on the average heat transfer coeffiaient,

the possibility_ exists of settingup a _cominon method to calculate tha
:average heat transfer- coefficient for eithaf plane of oscillatio.n. Further
support to thls is given by the flow v1suahsat10n of Lee and Rlchardson( )
' and Richardsona) these authors conclude that for horiz_ontal and vertical
modes of acoustic oscillation, the flow field is qualitativelf‘ éonsistént
with a superposition of the streaming a.nd canVective ﬂows about .the
cylinder, | |

In attempting a common -method of callculat.ing the heat transfer

.coefficient, an ana-lysis"cannot be made by specifying local conditions _of' ‘
flow, and integrating these obtain an avéraged etfect. lThis is so because—
local conditions are different for'each‘plane of oscillation. H‘owe\'fe'r",‘: a
‘s.emi-e.mpi;l.;ical 'a-ppr.oach can be adopted whereb& ffom observed data,
.' variables can be chosen which characterise the ﬂoav and mixing ‘be.hav‘iour
in the boundary layer .'V A 'mixing _mechanisfn_ can be postulated to account
for iﬁcreased mixing in !:he _boundaty layer due ta osaillation,, and from

this the average heat transfer coefficient calculated and checked against

experiment.

-5 =

282.
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The Mixing Model

In the study of the effects of acoustic and mechanical oscillations

on convective and condensation heat transfer Dent @

B 11)hats found
 that a suitable model for the averaged éf_fects ‘of mixing in the boundary
layer could be developed ﬁ:om the Daﬁckwérts - Mickley (12), 13) model |
for mass or heat transfer in the presence of a. high{degree of mixihg- .
such as in sifirred reactors “a.nd fluidised beds. In the application of the
- Danckwerts - Mickl_ey Model to the turbulent heat transfer from a fluid
.tO'Ia _Wé,ﬁ surface, it is coﬁsidéred thﬁt ’.'Iulmpsl" _of ﬂuid from. the bulk
Tregion move ré.ndomly and at high frequency to the wall, exéhange heat
with‘.it in—a tfansient 'manner before being cﬁsplaf:ed by freéh fluid
- "lumps" info the buil; Tegion. |
Locke and Trott& (14) have found from their ‘experimen'ts on
tui:bﬂlent structure in a free comvective bouﬁd#rﬁ Iayé;:, tﬁét the concept
“of a passive laminar sﬁblayer. was no‘f _sti:ictly valid, Therefore the
US; of the Danckwerts - Mickley exchange‘ médel in the problem unde:.; :
study here would appéar “to.be justifiéd. | |
'Acc.:ording‘to the Danckwerts - Mickley_Modél the‘aver.agé heat

(123

. transfer coefficient between the ﬂuid' and the wall is given by .

. ) .
h = [kp cps:l?- W

where S is the average mixing or renewal coefficient over the surface,

‘and is controlled by the fluid mechanics and geometry of the particular
situation.
_ L N | o
Too¥ and Marchello® ** have shown that for turbulent pipe flow .

S ¢ U.Re 0.8 L@
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Becausz the scale of turbulence { r) in pipe flow is proportional to

- pipe diameter equation (2) can be written as

s «U.r%8 )
T e |

In the a;lssence of. oscillation the turbulent free convective flow

- over a'bodj of characteristic length L which is not large in comparison

‘with the scale of turbulence or ‘mixing,. might f_easona.bly.be exbecfed to |

have a mixing coefficient of the form

v . | o
%_.GR @

S «
where V is a representative velocity in the boundary layer.
~ In the problem under study here the mixing is induced by the
streaming flow interacting with the laminax free convective flow field to -
produce a transition to turbulence. - In the study of transition of laminar

free convective flows to turbulence,(l.é‘ls)

it has been found that the

" instability originatés in thé fggion-of the outer point_ ofbinﬂue.:.xi_on in the -
laminar velocity profile. it would th_ereforé appea:r- reasonable to expect
fhe intefeaﬁtion'between the streamipg and laﬁliﬁar free t:onﬁrective flows -
to occur in this region. It Wafs' pointed out earlie_r that the greater part '
of the-' increased mixing and heat transfer due to oscillation oc;cﬁr‘s on the"”
- upper surface of the cylinder. ﬁr_om He::man.n.'.‘s analysis(lg)_ of the laminar
free convective fl‘ow of gases over a horizontal cyli_nder, lit is known that
deccelerétion of the flow commen&es at él_'point appfoximéteiy 135° from
'the_ IOQer sfagn_ation point on the.‘ cylinde‘r.. The tendency to sepér_ation and

vortek formation in a decce}ea?ating flow over a cylinder, and the instability

. condition discussed above, make the choice of the point of interaction between




the si:reaming and free convective flow,r at the outer,inﬂ.e'exion point in
‘the Iaminar velocity profile, 135° from the lower stagnation point, appear
quite reasonable._. | | |

o Ffom previqus work(g - 1D it is assumed that the:éharécterisﬁc
velocity V“r, for free convection in the presence qf oscillation, .Which is
to be used in _;he expression for the mixing coefficient S\.r’ caﬁ be
established by considering the energy 6f the flow 'in,lt‘he critical region
of the laminar ';relocity profile at 1350, to be su.ppl.en-l;ﬁted by the energy

- of the streaming flow at the same point.

Henée
, w | , . _,
v 2 2
2_1’_- = 1 |Vnerexion T VSTREAMINij o ©)

ey

Ny 9) . ' Vi
But from He'-:rman;gl V]NFLEXION - 0.345v GR |

@ 1350 = D

e o (20) g | |
andﬁ from Schlichting VSTREAMING = * 3 (az m), the positive sign -

@ 135°
indicating direction of fluid motion for a ho_ﬁzontal mode of sscillation and
the negative sign, fluid motion for a vertical oscillation mode.

Making the appropriate substitutions in (5)

| VAR N\ 7T ‘ |
v, =|0.119(7R v +9 fa'y L (6)
| XD/  \D R

In the presence of oscillation and free convection, where there has

" been a transition to vortex growth and collapse, or turbulence in the fluid
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flow, the mixing coefficient Sv' might be expected to have the form.

. S «a Vv GR ' ' :
S ey | o
- : 1
. 2 .
o o 1 - ' .
or Sv o [0. 112 GRzU 2 . 9 a2 © Z‘J f"GRz‘s m
P . i - D . D ' L] _]_:‘_J )

Therefore

. ) . | .‘ % . -
o om 4 VN N |
h XS Cg 0.119{ %=y R
vVa : —/+9
o D D
At the critical intensity of oscillation, when the average heat transfer
. coefficient is just beginning to increase, the effect of the streaming flow

. on the mixing coefficient and therefore. on average heat transfer coefficient

s negligible, therefore .

)
m L2 2
S . : /6.7 N\ -
CRITICAL, o R 10,119/ "R v } | 9
. ICRITICAL \ Py
Hence _ ‘ _
b, | .crrTICAL | * 75.5R 2|
—— = 1'——?——_] 1Y Res (10)
CRITICAL -~ Gy
| - : (20)
In the study of unsteady laminar boundary layers

the boundary -
layer thickness over which unsteady effects are of importance, is found

' L N S
to. be equal tol:%] 2, In the study of turbulence(m) L-y_]z is found to -
be proportional to the scale of turbulence. " Therefore ‘putting 'ra[-.t‘ﬂ *

-

relates the scale of the mixing motion due to the oscillation with the
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‘freque_ney.

In the case of mechanical oscﬂlatlon of the heated cylmder
(frequencies < acoustic frequencies), in which the intensity of osciiletion
is su_ch that a fully .developed voi'tex‘s.ystem OI'- turbuient mixing is created
about.the cylinder, it is expected that.- an increase_ in the .:scale of the
mixing process will be present when compared with acoustic oscillatioﬁs

for which -i-—ﬁ 6.0. If it is assumed that at the critical condition for

mechanical and acoustic oscillation the scale of mixing is the same

A ‘ A
(prov1ded ) > 6.0), then, evaluation of FCRITIC AL ‘at 55 6. O _

1
in. yellds T o [ ]2
) ITML

for an ambient temperature of 70°F and D =

Therefore T i1
- "crimrcan|? _ | & |*®
B | T , 1496 -

N o
For acoustic oscillation for which B " 6.0, the effect of frequency

on vortex size was negligible (Fand and_Kaye(?)) therefore the effect

1okl

_of scale of mixing on B, _ will be negligible, hence for
Y e

acoustic oscillation. CRITICAL

h , 2 41
hv ._1+755R . o (1)

CRITICAL TG

For mechanical oscillation where scale of mixing is of importance

- CRITICAL : 1 GR | S
Numerlca}ly hCRITIC AL * ho the_ heat transfer coeff1c1ent in the
-absence of oscillation. Therefore hV B from equation (11) and (12)

B h ) N

CRITICAL-




"above may be plot'ted'against b from experiment.

S

h
o

. Before a comparison between 'equations (11) and (12) and experin}ent.
is carried out, it would be desirable to. establish the conditidns of |
validity of these two equations, ' The method put forward here considérs
a .superpo_s_ition' of the energy in the sf:reaming motion with that .of the
Vcrit_ica.l layer in the laminar boundary layer, to 'give. inéréased mixing
I and heat trafxsfei: in the boundary l-ayer. - The d?Stabilising éfféct of

(20)

the hot wall surface'""’ cannot be accounted for. It is expected th.eréfore
:_lthat the method devclo_ped hel_'e. would be valid for 'caseé of low 46, |
therefore comparison with the experirﬁental data'of feferenées (1y; (5
- and (6) and (8) have been éonsidered at the lowest A6 at which heat

| transfer data were obtai_ned; |
From .Lowe's experiméntal data(S? it is cléaf fhat an upper iimit
to th’e validity of equations (11) and (12) occurs when oscillation iﬁduced
-'- forced convection prevails. This occurs When A_R_e_s___ 2 10, The lower limit -
of validity would be at conditions of oscilléti_on'wﬁ%:h first produce a fully
developed condition of turbulence or vortex grbwth and éoilapse. From

the data of references (1); (5) and (8) this has been established in figure (1)

Comparison with Experiment

A plot of_!fz from the experimental data of Teferences {1); (5); b)and
0 o ‘ ‘ ‘ .
(8) is shown in figure (2) againstir from equations (11) and (12).
| | PeRITICAL | | |

-‘11"'7



.It vvill be séenrfrom figure (2) that the results caleulaterl from equations(ll)
and (12) for the increase in heat transfer coefficient due to osc1llat1on,

are in good agreement w1th the measured values of h v/h provided ag ¢ SO °F
‘and R_ /G 10.

A method based on the Danckwerts - M1ckley Model for turbulent
- mixing has been presented for the calculation of average heat transfer
coeff1cient from heated-horizontal cylinders in air placed in a lplane

» 6.0, or subjected to mechanical -

stationary sound field with f]%

" oscillations in a transverse plane. Agreement with experiment is good

provided 46 < 50°F and Res® . £ 10.

5
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