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ABSTRACT

The pro;ect deals with an mvestngatnon into the effect of vibration
on condensatioh heat transfer. Saturated steam was condensed on a

| herizontel stairnw'less steel. tube which was.tr_ansversely vibrated in the plane
of the gravitat’iona| field.iF | o |

The work mvolved the design, mstrumentation and development '
of a _test,condetnser which employed a reciprocating mode of vnbratlon end
was capable of oeeratiné at different amplitudes and ,frquencies. _

An eleetric methed empleyiné a constant current to measure the
condenser tube temperature was e>tp|a|ned. |

"The e’#peri_mental results showed lmprovements in the heat transfer
coefficient Wit.hv'vibration',"over its value with ne vibr:aiti.'on. E-Empi,ricél
correlation of the experimental data under vibrationel ceh_ditions was
establ ished; ; é-eeults for the static condenser tests were correlated with
Nusselts classucal theory of. condensatlon.

_ \_/isual ‘observations of the condensate orlentatlon and drainage

under vibrational conditions was reported.
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NOMENCLATURE

Fundamental Dimensions

H- ~ Heat

L - Length

M .‘Mass

t ' Time

T , Téhperaturé

A - _‘Ar_’nplitude | o ‘ L

A . Cross-sectional area - L2

B C&effi_cient of expansion . | A 1/T

B , .Dimensionless constant : | -

C "D.imensionless constant | ‘ -

Cp . Specffic heat at constant pressure -

D Diameter . L

F . | Operator (signifying function of) | -

Gr " Grashof Number = D<‘>3.g.B.L\t/{/2 o : -

g . Aéceleration due to gravity L/t

h Heat transfer coefficient | : H/L2.T.t
-fg leecific latent heat H/M

K  Liquid thermal conductivity " H/LS.T.t
L | ;L‘ength | L

M E.M"ass_flow rate | L M



: . 4 & \
. P A = = \os - X0
N .D_\vv\eV\S\ov\a\ anawel e LDO\‘ W . DET (esa\“ eo-)
Nu ~ Nusselt Number = h.D/K ‘ -
- : ' ) 2
p _pressure : . M/Lt
Pr Prandtl Number for condensate -
& " Heat transfer rate (Heat flux) | H/t
Re ' Reynolds Number €.v .D/ / ' -
Rev Vibrational Reynolds Number ©.A.W.D& - -
r . Radius /cv‘ L
3 | >
S Surface area L
T ' Coolihg water temperature t
v Velocity - oLt
X Characteristic length : L
Y Local condensate film thickness - L
y Co-ordinate normal to surface - L
e Condensate temperature 4 t
- "~ Tube temperature -
va Liquid absolute viscosity o - M/Lt
v s
A4 Liquid Kinematic viscosity - L™/t
e Liquid density - M/L
r'\‘/ s : : 2
Shear Stress » M/Lt
v} " Angular co-ordinate
w Frequency v - 1/t
/\ .- Non-dimensional factor -

Subscripts

c ~ Condensate

-Vit-



exp

r.Mm.s.
Sat .

Sur

E xperimental

~ Inside

Inlet

Liquid

mean
Without vibration

Quter

" Root mean square value

Saturation state -

~ Surface

With vibration

- Water

Difference
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1. INTRODUCTION

1. 1‘ Géneral |

| In recent yéars, there has been growing interest in the field
of coupled 'vibration and mémentum and energy transport phenomena.
An éssential‘part of many industrial processes is i‘he condensation of
st‘eam which usually océurs in surface'condenseré.:, C_;)ndenser
research and devélopment has been largely confined to stationary
c'on.densef.'elements,' op'eratir)g ina vapéur‘ 'étmosphere, where drainage |
of the condehséte is restricted to;the effect of gravitational forces.
The need:.-fo'r- i'nckeased efficiency in the éperation of heat exchangevs
requires new Atechniques to obtain improvements in .-the. transport
phenomena.

-ln} space applications, where gravitational forces are
negligible, th'e condensate accumulates on the éondenser element,
and this results in the termination of the process. The removal of
the condensate by'new means is therefore n'ecessa_ry. | Various methods
are open to the designer;
i. sCréping the coﬁdensaté by mechanical means '
ii. vibraﬁné the condenser elemeﬁt to drain the corjd'ensate by

momentum effects.

-1-
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| P rofatihg the condenser surface to impart centrifugal drainage
effects.
iv. directing large vapour velocities to the condensate element to

blow off the condensate.

T_hése methods could contribute to the devélopment of small
size and light Weight' heai exchangers which are needed for indlj.lstrial.
.appl i_cations. |

One of the fnt'eréstiﬁg préblehs a\ssociated with rocket
.propulsion is the marked increése in the local heét transfer to the motor
;A/élls dlue'lvt’o the effect of intense cgmbustion oscillations that can occur
m these -'m:otors.',The wall temperature oftén rises-'toA a point resulting
" in 'burn-out' iénd des.truc'tion of the motor. For thesé environments,
the chief d.iffi.culty is to establish the relationship between vibration
and heat transfer so that the problem may be overcome.

Many workérs have éttempted to exploit the influence’of.
vib'ratioin upon heat transfer; their investigations may be split into
three groups; ‘the-first two groups being of general 4interest( and the last

gtoup being closely relevant to the work carried out by the author.

1.1-1

Heat Transfer from a Vibrating Heat Source to a Fluid

‘This method consists of subjecting a heated surface toa
transverse oscillatory motion thereby creating an oscillatory relative
velocity vector between the heated surface and the surrounding fluid

-2-




medium ,  thus imposing a forced convection eff.ect‘.'. Scanlon( 1)
inyestigated the e%fect of transverse surface vibratioﬁ on the heat
transfer from. a flat blate to ‘water. The experiment revealed large
increases in the overall coefficient of heat transfer (hv) at the
l'arger amplitudes of vfbration employed (about 2 X 16-3m), hv
reaching its"'peak Vajué at a frequency pf about 100 HZ; - with further'
increase in frequency, the value of hv dimini;shed, a fact which Scanlan
claimed was‘due fo the develépmen_t of cavitation. Martinelli et al
(2) in'v_est_igvat’ed rates of heat transfer fo water fvro'm an electrically ’

_ 5 0D
heated 1.9 x 10 m horizontal tube immersed-in a tank of water
- and subj ecfgd to trahs_verse vibration wth a freque'ncy (f) range of
0 to 40-HZ énd amp.litude of vibration (a) from 0to 2.5 x 1073 m.
It was found.that fhe overall coefficient of heat transfer was unaffected
at low valueé of \./ib:rational Reynolds number (Rev); this result was
attributed té the domination of free convection. However as Rev was
increased above a critical value of 1,000, the rate of heat transfer-
was observ_éd to increase rapidly by as much as 400 per cent of its

it o

_corresponding value without vibration. This was due to the increasing
effect of f;)rced cqnvection. Penney et al (3), studied the effects of
IQw frequqncfy large amplitude horizontal oscillations on heat transfer
from a heated hofizonta_l wire to both water and éthylene glycol. Tests
in water With a basically similar a;pparatus, but empl'oying vertical
oscillations, were conducted by Deaver (4). Both investigations found

a critical Rey’nolds‘ number (Rev) above which free convection had no

=B



effect on heat transfer. In the range of free conve;tion domination (low
Rev), there was good agréement bethen the resu|_t§ for horizontal and
vertical oscfil.l‘ations, but, at I;migh Reynolds numbefs (Rev) where forced
coﬁvectioh domiﬁates, the effect of vibration on heat transfer was more
marked witif; vertically oscillated wire'._ Systemati-c a’ﬁa!ysis of the
physical situation of the two cases may show that for horizontal
oscillat‘iéné, the cylinder moves throQgh a r'elativel..y. ¢onstant temperature
uhdisturbe‘dfluid, ina d‘irection pe‘rpendicu'lar toAthe direction of the
convection cur.rents,» whereas for vertical oscillatiéns, the cylinder moves
in the _same’ direction as the convection currents. The direction of the
vibration .;/lector relative't'o the direction of the gravitational forces,
d‘etverminés t'he character of the boundary layer flow and this is a primary .
controlling yari§b|e in these problems.

In thé forced convection region, Deaven obtained the following

'relation's:-k

2

Nu - 0.35 +0.48 (Rew” > (1.1=1.1)

pPrO3 -

Lemlich (5) employed similar apparatus to that of Penney (3).
and Deaver (4) but his §nvestigations dvealt with low-frequency - 17 -37. HZ
low-amplitude (up to 0.22 x 10-2m) vertical vibrations. Lemlich
obtained the following equation for his experiment data:-

0.6

.\0.4
hv (Rev(A/Do0) Pr ")
X _ 1 = constant X 5 56

ho (Gr.pp <

(1.1 - 1.2)



This agrees with Penney (3) and Deaver (4) as follows; the
. numeratbr rebresents a forced convection term of the vibrational
disturbarjces,IWhile the denominator represents é product which is a
;haracterjstic of free convection. Consequently,l when the relative

influence of the vibrational disturbances. is small free convection

predominates, and when the relative influence of vibration is :

prohounéed fo}r'ced cor;vection predomipates.-
Tllje influence of vibration upon the heat transfer rates from
hori'zonta_l heaféd wires to air has also received attention. Lemlich (6)
investigates this efféct by subjecting elec_trical-ly heated nichrome
~wires to vibratioﬁ with a'rénge of éinusoidal amplitﬁdes from 0.7 x ‘IO_3
to 2.9 x 10;.3'|;n ét frequencieé from 39 to 122 HZ .and over a range of
tem'peratgfé differenced between the wires and ambie;,-nt air of 4OC -
2OOOC. The results derﬁonstrated that an increésé’ in heat transfer

coefficient of four times that without vibration was possible. The

following relation was established from experimental data. -

~(Rev)2.05 (B. At)0.33

0.26
(Gr.Pr.) . (1.1 - 1.3)

Y 0.75 + 0.0031
“ho _

This is applicable to both horizontal and vertical transverse
vibrations.’ .An attempt was made to observe the bb.Undary-layer flow
usiné sr'no‘ké from a cigarette plaéed under the héated wires, but these
observatiéns .cannot be regarded as accurate explaﬁations of the boundary-
layer flow. Fand-et-al(7) performed similar experimental work to Lemlich
(6) but .tAh'ey' used a 1.9 x 10"2 m 0.D. cylindér. Their results showed

that the effect of vibration upon the overall heat transfer coefficient (hv)

-5-



: . -2 '
at an intensity below 9 x 10 m/sec. was negligible. Above this intensity
an increase in (hv) becomes apparent. The results were correlated by
the fol |dwihg‘ equation: -
\ 0.2

Nu, = Constant x (Gr.Pr) Rev. (1.1 -1.4)

This is applicable for Rev 2> 2200, Gr.Pr. > 3x 10 and (surface
temperature -'ambient temperature)>22°K below this témperature
difference (hv) is found to be dependent on at. This equation'Ais quite
different from that given by Lemtich (1.1 - 1.3) where (hv) is prbportional

2,05 .. . R | : .
to (Rev) . This difference may be due to the fact that in Lemtich's
work the ratio A/Db is of the order of 100 times greater than that.employed

by Fand. ,Thi,,é, ratio is one of the controlling variables in all fluid

mechanical phenomena involving vibrations.

1.1-2

Hea{ Transfer and E‘Iiuid Pulsation

I In this method of vibration, the heated _surfapé is held stationary
and acoustic vibfations are induced in the fluid medium confined by the
surface; the ;:.:haracter!i;stic behaviour between vibration and heat transfer
is found 'to.be very similar to that associqted with mechanical surface
vibratiohé. This was demonstrated by Fand (8) who gttempted to compare
the inflﬁen;:e of r‘nechanicalland acéustical vibrat-ioh Aon free convection from
an eIectr{icla'I:I.y Eheaféd horizontal cy|indér. A photographic flow visulization
study waé undertaken to clarify the characteristic orientation of the boundary

“layer floQ around the cylinder, smoke being used as the indicating medium.
The results indicated that the physical rﬁechanisr_n of interaction between
free ;onvection and horizontal vibration is the same whether vibrations

are mechanically or acoustically induced. A fourfold increase of heat

-6~



transfer coefficient was observed at an intensity of vibration of 33.6

X 10-2 m /sec. and the critical intensity of vibration above which the
heat transfer increased significantly was approximatelly 0.11 m/sec.
‘Morrell (9)- de'rived an approximate method for calcu!ating heat
transfer r_ates"-from a heated pipe to a resona_ted air stream flowing
inside the'pipe. Thus theory was based on the assumptlon that the
customary' empirical r_e'latlon between Stanton number, Reynolds
number and Prancltl number for steady quid flow can .be applied to
oscillating flowsas \Arell. 'The analys_fs predicts a sh:arp increase in
| heat transfer yvith fncrease» in maximum pressure benind the shock wave.
Jackson et al (10) 'imposed ‘acoustic vibrations at different frequencies
and pressure amplltudes on air flowing in a brass tube enclosed in a
' steam chamber. The experiments mdncated that sound pressure levels
below 118 decibels (15.9 N/m (r.m.s.)) had Iittle effect on heat
transfer coefficient (hv), but above this level, significant increases in
hvvwere app‘arent.' Lemlich A(11) adopted a similar procedure to (10)
but he used pulsatmg water flow as a codling medium instead of air.
The pulsatlons were generated upstream of the test sectlon by an electro-
hydraulic pulsator operating at 1.5HZ. The pulsations were found to
increase hv by as much as 80 per cent at a Reynolds number of 2,000,
‘dependingion upstream location of the pulsator. However, a decrease
in hv was_reported when the pulsator was located downstream from the
exchanger. Feiler et al (12) carried out a thorough investigation into
heat transfer from a heated flat plate to an air stream; large amplitude

flow oscillations were imparted to this stream by a siren. High speed



schlieren photograpﬁs were taken of the thermal boundary layer adjacent
to the plate. | The aufhofs concluded from their photographs that the
béuﬁéa;r)‘/—l'ayér thickness decreased in proportion tQ the increase in
h.eat\":_t‘r'an-sfer coefficient. .Also that a flow revérsdl_ was occuring near
the Wéll ét aI!_ frequencies during part of the cyclei.

In general, an explanation for the i‘nteractjior_\ betwéen transverse

I

-.'vibration and free corivection may be based on a study-'by Fand' and kaye

( 1'3) who observed that vortices begin.to deQelop above a horizontal \\
ﬁeated cylinder at precisely the sall'ne sound presslgre level at which

.the heat _trén'sfer rate begins to be signific’ant.ly affgctéd. The physical
mechanism whereby s<‘>und or vibration increase the heat transfer can

theh be pAr‘im;a}ily‘attrib'uted to thé formation of the vortices on the
surfacevof-il:htia_' heated cylinder, thqé provid4ing a vigérous kind of motion

of the thermeixnl boundary-layer round fhe cylinder e.tnd“’.chis is also dependent

on the direction of the vibration vector relative to the force of gravity

as mentioned earlier.

1.1-3

Heat Transfer by Condensation on Mechanically Vibrated Tubes

.Aithough a considerable body of literature on interactions
betwéen ‘vi.b|.'ati/on and convective heat transfer magl Al_oe found, there is
little publ‘ished .data on the influence of vibrationpn the process of
condensai.ioh; Raben et al (14) appear to be the fi.rst workers in this
field. Théir aims were to improve heat transfer ratgé in saline-to-

fresh water conversion systems, to reduce scale formation on the

8-



.Ol',l{side of the condenser tubes and to attempt to prbm‘o-te dropwise
condensafion by vibration. The authors employed a trénsversely-
vibrated Qéfti'éal aluminium tube 1.04m long and of 2.5 x 10-2m 0.D

x2x 10-3m wall thickness. The tube was supported at its ends inside

a pyrex steam jacket and an electro-magnetic vibratqr -was linked
to the centre 6f the tuk;e through a dr‘ivihg rod to impart transverse vibrations.

Tests were cét;ried at a constant cooling water flowrate of 465 Kg/hr |
and a constant inlet steam pressufe of 1 bar. The 'rﬁéximunj amplitude
of oséiuat'ioh (_H) ré'ngéd between 0.75 ><'1o'3 — 12,5 x 1_0'3m,
at frequenqies;- (F) ranging from 22.5 to 9844Z., th;JS éiving a maximum
Rev of aboL:,t"200,000.‘ " The resonant frequency of the tube was 38HZ.

. Thé expeij’imenial observatgons showed thatA f ilmwfse 'c'ondensation was
predomihant at all intensities of vibration, and ihprovements in the,

'stAe_a4m heat transfer coefficient (hv) of up to 58 pe}r'c_ent were obtained.
(hv) in_creésea with higher frequencies and higher émplitudes of
vibration.

All data for (hv) were given in the form: -

hv o ho.FO'246 Ho.gos ‘

(1.1-3.1)

Tﬁis relation is valid only for H.E 2 > 10.6. ltis
impoftént to Ar-ealize that Raben's results gid'ﬁot demonstrate a critical
value of vibra{ional iﬁtensity above'which heat transfer rates increased.
Using basicélly similar apparatus Raben also investigated the effect
of vibratioh oﬁ the'wafer-side heat transfer coefficient. The test section

was heated by passing an electric current of up to 500 A through the

tube. The cooling water was passed in the tube at Reynolds numbers

-9-



betWeén '1,.117 to 24,000, with and without o’scil'lat_i"on's. The vibrations
. applied tc.j.the tube were in the frequency range of 1;/ -.144 HZ and

had amplitudes varying from 2 x 10_4m to 9.7 x 10-3rh. No significant
.increase in heat transfer coefficient was observed wi;th_ vibration »
méxumum. increase being about 4 per cent. This émall increase was
found to be mdependent of (Re). Deﬁt (15) attempted a semi- emplrlcal
approach USing Nussel'r' s theory of condensation on a vertical plane,

to seek a correlation to Raben's (14) experimentél findings. H‘is
work was baséd on the theory of Dari‘«wg'rts (¢16) and Mickley (17)

'f0|.' the tqrbulént heat transfer between a fluid and -a solid surface.

This theory 'stlx-jw'sA} that the vibrational heat transfer.'coefficient, (hv),

is bropo»rt.i'onia.l.to -SO.S’ where S is a mixing coefficient representing'
the avera.ge. rate of renewal of fll.llid. lumps at the éo_lid surface. Dent
assumed, _that S i.s proportional to Vv/;‘ (where Vv is the resultant
velocity of the Inqwd film due to gravitation (Nussélt (i18) and to tube
Vlbratlon) and that )\ is a mixing Iength of the order df the condensate
film thickness.' To snmplnfy the assumption further, he regarded PN
'to be qor;uétén't after some value of vibrational intensity at which the
heat transfer coeffiéient (h critical) is just beginning to increase. Thus
a simple expressnon for (hv) was obtained:-

0.5

(Vv )
~hv =h cntlcal[(vmtucal)] (1.1 - 3.3)

"calculations of (Vviand(V criticallwere based on the same assumptions
- that Nusselt used, namely, a Parabolic velocity distribution and a
. o )

linear teknp'efature gradient through the condensate film. When

equation (1.1 - 3. 3) .is compared with Rebens experimental work,
=10=



good agreer;nent is 6btained at low amplitudes of vibration, but the
results deviate sharply at higher amplitudes, Aapparer‘wtly due to the
dominatic_.mv of forced convection currents in the condensate film as found
by Rabeﬁ'. : H‘oughey (19) conducted work on ;onden_satioh of saturated
Nethanaol vapouf ona Iongibtud.irjally vitﬁraf‘ed 2.3 x '1(')f2 0.D. x0.20m
long horizoﬁtal tube. Physical variables employed for the experiment
were a range of amplitude (A) of vibration from 0 fo;0015 m, a~range
of vibrati_onal-frequency (F) from O to 140 HZ. arﬁd,é cooling water
flow at Re > 4000. A detectable increase in heé_t'transfer was observed
at a critical frequency of about 25cps for the entire réhge of vibrational
émplitudes used. The experimental gfaphs indicatéd continuous increase
in heat transfer coefficient (hv) with increasing frequency and amplitude
of vibration. At the ma>.<imum intensity of vibration, a 20 per cent
increas'e;. in (hv) occurred and this was élso the maximum increase
observed‘ Qnder the entire range of experimental conditions. The
increase in (hv) was attributed to the formation of standing waves
developed |n the condensate film, thus promoting. better convection
and edd‘y transfer in the film. No analytical or eénp~i'rical consideration
was givéh; but it was aés'umed that the increase in heat transfer was
a function of vibrational Reynolds number only. .This gave a linear
vcorrelation' of the data in the form:

% - 1 = 0.0018 A.F. L

4 (1.1 - 3.4)

where the ';l:ondenser diameter and the condensateyiscosity are constant.

The equation was only applicable for A.F. > 20.

-i1-



in considefihg investigations of the effect of transvlerse horizontal

tube vibrét'ions on condensation heat transfer, the onvl"y available
Iitpraturé |s provided by Dent (20). For this work a short copper tube
34.3 x 10”2m long, 2.1x 10™%m 0.D. x 0.11 x 10’2"&1 wall thickness
waé used as the test piece. The fubé was mbunted on a fork linked

té an electrémagnetic vibrator and the test piece wit-h. its mountings
~and cooling wa.t.er connections were enclosed in a %steel vessel ‘to

which steam was supplied at a pressure slightly greater than 1 bar. The
experimehfal wérk covered a frequency range of 4tuAbe‘ vibration from 20
to 80 HZ. ana'a.range of amp.litudes from O to 0.42 x 10-2m. Results
: wit‘h vibration showed a maximum increasé of 15 per cent in the
cpndensa’.cgpn ‘hevat transfer coefficient (hv) over ifs'yalue with no
vibration. 'I.h studying .the mechanical perf'ormance of the experimental
apparatus as indicated by the experimental data, Ait can be seen that
higﬁer amblitudes of vibratioh.were not obtainable Aat‘higher tube |
frequencies (since fhis was .Iimited by the performance of the electro-
magnetic vibrator, (see section 2.3 - 1))." As a résglt, the maximum
possible arﬁpl-itude of vibration was obtained at lowér frequencies. This
method restricted the availability of higher vibrational intensities. Te
maximum. (-F;Rev)' attained in the experiment was about 34,000 compared
with (Rev) in the order of 300,000 covered by thé author's experimental
ihvestigat,iqn; Dent! s experimental points showed considerable scatter
on the ‘graph; a 15 per cent increase in (hv) was givén at vibrational '

intensities of 0.039 and 0.079 m/sec under the same experimental
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coﬁditfons. Such characteristics may be due to large e3<périmenta| errors.

E xperimental 9bs¢‘rvations.(reported in Chapter 5) show. that vibration
makes'-‘a very small contribution to (h\i") up to a vibrational intensity of
0.06'm/sec.- Den;c also attempted to establish theor_e-t__i'cal analysis for
correléting His e>.<\per'i'mentfal ‘findings, based'on Nysselt»' s theory of -
condensation' .on.a stationary tube. A pert;.lrbation method was propbsed.
Since coﬁdensation was not. signific‘antl'y increased with-\./ibra;cion, an
as_sumption wé;s made that the downward film velpcity was due to gravitational
force and ';co a perturbation velocity proportionaﬂ to the vibrational intensity.
Dent introduced a perturbation parameter (E) and theh méde the éssumption
that (E) is equal to the ratio of vibrational.amplitude. (Amax) over tube
diametér (D9 . The Suppléméntary velocity was found by multiplication

of (E) and the average velocity of tube vibration in the plane of gravitational
field. The énélysis proceeded according to Nusselt's theory assuming a
linear temperature gradient through the.c,ondensate film and a laminar

film flow on the surface. A dimensionless paramete-r for corre'lating
expérimehtal .fesults was given in the form:

ND2 4 (A max) - Rev. hig

3 ° 3w ( Ds) KO, - 6)

(1.1-3.5)

in comparison:with eiperimentar resultsA, the analysis éhowed a relatively
rapid increase in 4h'eat transfer with vibrations and tﬁus its validity for
correlatiﬁg the results is very limited. The condensate velocity is retarded
during the lower di‘splacement of the tube and this effect was not taken- into

account in the analysis. The increase in heat transfer was analytically
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'based .oln the positive eff-(‘act of the cycle to increase drainage of the
condensate and éonseduently to reduce the film thickness. This assumption,
together .wilth the initial assumptions, render the ana_l'ysis inaccurate

for lcorrela‘tintc,-;.ftt.j’e results.  No empirical approach was éttempted to

correlate the experimental results.

1.2

The Boundary-Layer

When a fluid flows aloﬁg a stationary soiid surface, the fluid

partic;lés adjaéent -t'o ihe surface adhere to it and thus» are at rést. At a
céftain diétanc‘e f-ron.n the surfacé, the full stream vélpéity is reached. For
fluids of '.low‘ Viécosi'ty such as air or vJatér, tﬁe rise to the stream velocity
from zerb velbcity at the sur-face‘occ':urs.within a rela.tivel_y nafrow layer
bf:fluid known as 'the "Soundary-Layer". The viscous fOrces within the
fIQid fend to. retard the flow reAIative to the boundary, thus establishing

a veloéity grédient within the bounda‘r.y—la'yer. Reyndld-s. (21) sHowed

that‘ thére are two basically different forms of flow, |éminar and turbulent
flow. :..ln. laminar flow, the fluid runs in stream-lines which flow side by
side in an orderly manner, while. in turbulent flow, the étream-lines are
. interWQth with each other in an-irregular manner. As a conseguence,
tﬁé,individt;aél f,Iu‘i.d barticles develop fluctuating motions. Reynolds
Qisu_ia_l ized turbulence as a series of eddie; or vorticés originating at or

near a solid surface, causing disturbance in the fluid stream. The movement

of th'e'."‘f.luid by'an_eddy current from a region in which the main stream
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Qeloci,ty is low to a region of higher velocity involves a transfer of
momentum between the two regions. Taylor (225 é-f-ssumed that the
transitidnl from laminar to turbule_ant flow occurs as a result of'
momentary ‘separation in regions of adverse pressure gradi.ent in the

fluid stream.

1.3

Heat Transmiséion in Condensate Film

. 'T.hermal transfer prbceéses generally éepuf as a result of
difference o;- gradient of temperature which depends upon the
physical"mechanisum of the proceés. Basically tHére are two processes
whereby _tﬁefmal energy is transferred. These are conduction and
| convecfion-. Iﬁ condl.Jction, the heat is exchange'd-bétween édjacent
bodies or parts of a body which are at different temperatures and the
energy is diffused tHrOugh the material by a thermal motion of the
“microscc;pi_c particles of wHich the material is cbmposed. If
conducti.on occurs in a moving fll.;id, the diffusion of the thermal
~ energy will be affected by the re|ative4moti'on of the fluid layers.
This pro’cless. is termed convection. Condénsatioh may occur in two
distinctly.di_fferent forms. Filmwise and dropwisen(Chapter '4) .
Oniy film condensation is dealt with in this work. _In considering
condensation on a stationary horizontal tube, thg condensate film .
forms on ‘the surface and flows down in a Iaminér motion (Nusselt :

(18)) under the influence of gravity. Since the liquid film adheres

to the ’cooli:ng surface, its temperature at this location is the same
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as that of. the surface, while the temperature of thel I.iduid vapour
interface is slightly lower than the saturation temperature of the
vapour dué tc; subcooling efféct. 'The liquid film'pf;)vides the major
resistan_c::e fo the heat flow, and, since the flow is Ia;'ninar, the
{hermal _tr.'ansfer §rocess is mainly of conduction‘throug'h the f%lm.
‘The condehséte film thickness increases at succéssive downWérd
locations Ol;l the tuAbe surface due to vapour condensing on the
interface at gach location. The rhagnjfude of the resiétance to the
heat flow :therefore varies down the surface in préportio’n to the

filrh thickneés. For any condensation process on a stationary

tube, it is apparent that the gravitational force provv.ide‘s .the sole factor
in araini_hg thg condensate and coht;'ol-ling the fil_m thickness. The
main fntenti_on in this work is to impose vibration on the tube in an
| attempt f'to,Aincrease drainage and therefore to decréase the film
thickness. ‘Th;s may amount to reducing the teﬁperat’ure gradient in
the film a':nd‘:_hence improve the transfer process. THe effect of
vibration on condehsation heat transfer and its relétién to amplitude and

frequency of vibration is experimentally investigated in this thesis.

1.4

Correlation of the Experimenfal Results

1.4-1 Stationary Tube

Ih'attempt'ing to explain and predict behaviour in physical
phenomena', there are two possible complement;iry methods;

experimentétion and analysis. ‘The former may generally be considered
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. as the initial method in any new.field of study. Observations of the
physical pfocess assist in the devélopment of quantitive theory in
' terms of general maﬂﬁematical relationships govérn.ing the relevant
‘phenomena .

"‘Fb_.r_film'con‘den_sation on a stationary tube-, Nusselt (18)
in 1916 established analytical results describilr,'\g the heat transfer
| characterjst?cs associaied with the process (Chapter 4). Nusselts
: cl}'as"s.ical. Aanaly,sisAhas become a standard for correiating experimental
results for-s.tationary qondensers. Lirﬁitation of Nusselts analysis
’f& abplicat-.ioln to different cbndensation process'es‘(e.g.. for liquid
'metéls)i have beén shio_Wn by different workers (Brémley (32) Sparrow
(39)). However the validity of Nusselts ana|ysf-§ f.or. .sﬁcﬁ processes
hés been reétored by introducing some modificat'ion to the theory.
Fbr film coﬁ’déhsation of steam on a stationary Héfizontal tube,
Nusselt's équation (4.2-19) is recommended b-y McAdams (22) and
this equatio'nvwas used to assess the experimental work (Chapter 4)

of condensation on a stationary tube before imposing vibration.

1.4-2 .

Vibrating Tube

ln'dt'ealing with analysis of heat transfer and condensation on
a’horiﬂzontallly v-ibrating tube, the condensa'te oriéntation around the
éylinde_r is ina non-uniform state owing to the mechénia.:m involved
between tube vibration, gravity and fluid motion. For a given frequency

of vibration, the rate of disturbance of the condehséte film varies with
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respect to the ingtantanqous acceleration of the cyll inder and it also
‘varies al'ong the cross section of the cylinder. Ir_\'addition, the
Amagni.tu‘de‘of the induced disturbances, depends on the intensity of
.vibration._" Each cycle of motion acts as a disturt;ahce and increaéing
fhe rate of:chh disturbances tends to increase the 0\./erall effect on
the condénsate instantaneous distribution a‘round the cylinder.
Furthermovre', if the tube flexes during each cycle 6f, vibration, the
condensate near - the centre of the tube is subjected to larger
acceleration than .the'condensate draining near the ends of the tube.
As an effeét, the condensate orientation along thé_ tube becomes
non—unif-on"ng Under gall thése circumétahces the process becomes
three di'meﬁsionél and time dependant and éomple{e analysis of the
problem will be very complex. Consequently embiricai methods
would be'very géeful in establjshing possible relations for

correlating the important experimental variables.A SUch a procedure is
explainéd in Chapter 5. The variables considered were tube
frequenp?;and amplitude of vibration and those associated with

Nusselts theory of condensation on a horizontal tube.
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2. INSTRUMENTATION AND MEASUREMENTS

General

In ordér to ;iesign experimental épparatus éapable of
fulfilvling all‘l réquirements satisfactorilyb, all workinQ conditions should
be considéréci t‘ogether with all possible diffic'ulti_és that could cause
-- failure. | _So_meAexperirnen'tal diffic;Jlt‘ieé may not be predictable before.hand
and’consequenfly the introduction o‘f‘ some modificatidﬁ_to the final
apparatus may be necessary.

ln th'i's investigatic;n into the effect of vibration on condensation
heat transfer, it was dec'ided to position the condenser tube Horizontally
and to. arraage a Sati'sfac.:tory means of vibrating the tube with di-fferent
amplitudes éﬁd frequencies in the plane of the gravAita-vtionaI' field. An
.adequate rﬁetﬁdd of sealing the steam in the pressQr¢~ vessel during tube
vibration héd fo be found. Furthermore it was envisaged that the
experirﬁental ‘programme could involve accurate meés_ur_ement of mean tube
temperature, cooling water temperaturés, flow rate,4 steam pressure and
témperatufé. Fig. 2.A shows a schematic diagram'pf the steam and
- cooling water éystems. Figs. 2.B and 2.0 are pHotographs of the actual

apparatus.

2.1 Test Section

This comprised the Pressure vessel and the test condenser
(Fig. 2.1). The vessel incorporated four windows for viewing the
condensation process, and two condensate drainage pockets. Five tubes

were welded to a common drainage tube that leads to-the auxiliary
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condenser. The vessel was externally heated to the steam satufation.
'temperafufe by means of Electro-ThermaI fibre-gla's‘s coated heating
elements tépéd éround the entire surface of the shev|'l whAic‘H was packed
with 'stillite’ mi»neral wool insulat'ion. The entir.e vessel and

insulation were enclosed in aluminium cover.
c.034w - 00

The test condenser consisted of,\1.019 m long EN58B stainless
~steel tube. This tube passed through the :pressure vessel end covers, each’

* cover being secured to the vessel by means of twelve bolts.

2.2 Steam Seal Design

| The fnode of vibration cf the condenser tube necessitated a
reliable seal_ tp‘ prevent the steam escaping to atmosphere under
vibrationai‘coﬁ‘ditivon.s. | |

Siﬁce relatiVel.y high amplitudes of vibration were to be

employed, if was de-cided that steel bellows or any fo;m of rubber seal
- would be inédequate. It was therefore decided to désign a seal which
had freedom 'tb move with the tube without introducing any flexure.
Fig.22 shows.a‘diagrammatic sketch of the seal.; This comprised a
1 Teflon' disc mounted on the condenser tube inside the pressure vessel.
A sprin_g lbaded stainless steel disc was screwed to the 'Teflon' disc
to prevent _deférmation; The spring pressure, together with the steam
ﬁressure on the '»disc prdvided sufficient thrust to prevent the steam from
~ escaping roun'cj the 'Teflon' seal. Two high tempeFature viton 'o!' rings,
chemical Iy'sta'ble at temperatures up to 200°C were embedded in grooves

. "machined inside the 'Teflon' and steel plate bores in order to prevent the
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steam from escaping to atmosphere round the condenser tube. 'Teflon'
was chosen because it combines a low coefficient of friction with a

relatively high melting point (about 220°C).

2.3 Vibration Generating System
2.3-1 General |

O_rig-inally the intenfion was to adapftwoi E|ectro-Magnetié
Vibrators, one linked to each eﬁd of the tube, to g'ener‘ate the réquired
transvérSe Vibration. The vibrators wpuld be fed fr&h an oscillator
through a tWin channel amplifier. After a comp?ehénsive investigation on
the performanc'_é of this system, it Qas realiied thgt many disadvantages
were associated with it. At high frequencies, the us‘e-f_u! power of the
vibrator iS'd.AiA'ss;ipa.ted in accelerating the moving bafts of thé vibratbr. As
a result hi'gh amplitudes of vibration can only be obtained from very large
vibratiors controlled through extremely powerfu-l amplifiers. Thg cost of
these is re'léti\}ely high, and such vibrators occupy a._larVQe floor area.
This problem was solved by design-ing a vibration systérﬁ incorporating two

eccentric cams powered by an electric motor.

2.3-2 Design Configuration

The motor was mounted on the base of the pressure vessel
suppérting frame and drove a solid steel shaft. The'shaft ran in two
Hoffmann 0335 self aligning double rolier Journal beérings which were
mounted oh two rigid supports welded to the suppor*iné frame. These

bearings were capable of taking moderate axial loads and shaft deflections.
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A variable pitch eccentfic cam was mounted on each end of the drive
ghaft. A 0.026 m long; steel tube, connected each cam to the condenser

. tube. A reciprocating mode of tube vibration was thus employed. The
’ !

tube was constrained to move only in a vertical direction by means of two

1Teflon' lined channels mounted on the vessel suppérting frame. The

i
¢

'Teflon' served to insulate the tube elect"rically from the connecting arms.

2.3-3 The Electric Motof

v(.)rje of the main requirements for the experimental work was
that steady frequencies of vibration were to be employed, ard, since the
componénts of the moving system were relatively héavy, a powerful motor
was needed.‘ A Kopp AC variator was acquired for this purpose. This
motor has a méximum of 3.8 K.W. powerb output, a speed range of 480 -
4320 r.p.m. ‘ar:wd has a hydraulic clutch drive which incorporates an
acc;,urate méchénisum for control of motof shaft spé'ed. The variator was’

coupled td the condenser drive shaft by means of a twin V belt and pulley

system.

2.3-4. The Eccentric Cams

. One of the experimental requirements was that the investigation
could be c;arri_ed at different amplitudes of condenser vibration. Therefore
two identical variable amplitude mild steel cams Were constructed to
'fglfil thes.e‘ reduirements; each cam consisted of three parts;

i - Slider

ii - Holder
iii - Screw adjuster
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Fig. 2.3-4 sHows a section through the cam. The slider was suitably
shaped to run smoothly in a T section groove machinedvacross a
diameter of -the'holder. The screw adjuster, which passedl through the
héldér along the groove was made to operate on the slider through a

" threaded hole: machined in the T section of the slider. A locking screw
was emp|oyed in the cam holder to screw the sllder in posntuon during

| cam operation. The projecting shaft of the sllder |mparted motion to the
connecting arm via a Hoffman 0325 double roller self aligning ball
journal bearing. The cam holders were counterbored to fit:the

overhanging ends of the drive-shaft, and locked by three screws.

2.4 Steam Generating System

AII-" £he experiments were carried out at ;_’constant steam gauge
pressure of sihx'bars. The steam was supplied by é Clayton oil-fired steam
generator model RO G-110. The system incorporatéd a steam accumulator
which served as a steam separatc;r as well as a liquid storage for the
system. The steam from the»boiler was supplied at a constant gauge
pressure of teH bars and then passed through a di:aphra'gmloperated contol
valve set at a gauge pressure of six bars. At this wéri«ing pressure the
measured .t‘émperature in the condenéer corresponded to that of dry
saturated étearﬁ. The remaining uncondensed steamltogether with the
coAndensate‘was drained off to an auxillary condenser where it was

{otall.y condensed and passed to the main drain.

2.5 Cooling Water System

The condenser cooling water was obtained from a main reservoir
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'_sitg,ated abou;c'thirteen meters above the experimental rig and it was
p;ssed througﬁ a flowmeter at the inlet to the condenser (Fig 2.A).
A fl_jexible pelythene tube was used to make the inlet and outlet
connectione te the condenser tube thus giving it freedom of movement.
Durmg one stage of the experlmental work a range of inlet
cooling weter temperatures was required and this was achieved by
connectnng a line between the auxiliary condeﬁser cool ing >water' outlet and
the test condenser cooling water passing_ to the flow meter. The desired
cooling water .temperature was obtained by adjusting At'h.e ameunt of
cooling watef introduced from the auxiliery condenser. The total
flowrate of ‘ceoli'ng water passing thfeugh the test sectyion‘ was controlled

by valves placed on each of its sides. These valves were adjusted to

maintain a high water pressure to obviate cavitation (see chapter 3).

2.6 MEASURING INSTRUMENTS

- 2.6-1 Condenser Tube Temperature

2.6-1A Introduction
in heat transfer investigations, one of the most critical
measurements is that of the temperature of the wall separating the

heated and cooled fluids, surface temperature being of particular

interest.

In the process of condensation of steam on horizontal tubes,
the condensate film thickness varies around the tube (Nusselt (18)).
This means that the local temperature of the film, and, hence of the

tube, will vary at any point around the tube. Nusselt assumed a

constant tube outside wall surface temperature for his theoretical
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consideration. Bromley . et.al. (23) have reported éxperimental

and theoretical investigationsvof the temperature distribution ardund a
condenser tube. i‘-=or their expérimental bart, a stainless steel condenser
the was u‘s_eé as the test section. The tube was eﬁclosed ina7.6 x 10~
| ’n'n',diarhet'e:r .gll'éAss j.lacket and reyélved mechani‘callyi at thé r-aterif one
reVqution per f'ifteen minutes. Foufth_ermocouplés weré -instailed at_‘
regUIar intervals arbUﬁd the tube 'circumférence. N-butyl alcéh-cval' Vépour was
.condensed-.on the outer surface of the tﬁbe, an%d wagef was uéed as t'he‘ |
cooling médium. The lexperimental data-'revea-led a pronoghced |
variat}on Qf the tube local ’waII temperafure with re_spect to the angular.
’p_osition ,of i.t'he"tubé. The-differéncé in témperatﬁre betweén the tdp-and
L)gt_tom surfacé_s of the the Waé of the order of 11°C at water inlet and B
Aout|et tefnbératuré_éof 19;7QC and 24, 460 respectiVelyf However the
authors theéretical data showed that errbrs infroduced Sy using Nusselt' s
"equation (baéed on constant wall temperature) for calculating the heat
flow across the condenser t;.lbe ,- were negligible.

It waé thus concluded that a number of thermocouples would
héve to be mounted on the condenser wall ln order tp obtain a reasonéble
accUrac':y‘ Aof. av‘erage \-Nalll surface téfnper'ature in the érder of ‘-T-1OC. The
d‘i éadvantage of this method -was that the sensoré would interfere with

. thé- conde"hsati.on protess, énd-further more the vibratiOn'of the test
sectiqn might cause the sensors to break away f-rom the surface. In ’
addition, the .i'ngertion of. thefmétouples in holes or grooves uhder these
ci‘rcumstéhces would considerably weaken the -test piece and disturb the

surface conditions.
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| 1t was decided that the use of thermocouples for this

* meaSurement would present considerable diff-iculties, and therefore

' attention was turned to an el'ectr'ical -rrethOd whereby the"condenSate tube

’ itself | [S used as a resnstance thermometer. The tube surface temperature
) is derived frorn the mean tube temperature and the corresponding heat

~ flux to_the'.cooling.water. '

. . 2.6-1B Constant Current Supply

- The basnc prmcuple underlying the measurement of the mean
| condenser-temperature w_as to pass a.c0nstant el.ectrical current from a
stable suppl y throughv the' condense‘r..tube _and measure the voltage'd"r_op .
| aioag thevtejst”secti‘on. | o
'Wa_t's'on.et.al. ('24) used'an A.C bridg:e c:ir_cuit .inc'orpora'ting' _l
an inductive .voltage divider for rneasuring the variation in tube

resistance.with respect to temperature. A similar. procedure was used

R by Dent (20) who employed a Kelvin double brldge D. C cnrcunt ‘The

.'disadvantage of thls method is that the accuracy is dependent on the
stabi'lity of standard resistors in the circuit and on the accuracy of the '
' brldge balance. The cnrcults are also subject to stray thermal emf'
V although these can be el |m|nated by reversmg the polarity of the tube
| connections.and repeating_the readmg. It should be noted that these :
_ measurements do not'display instantaneous temperature variations and
thls could be a disadvantage if a record of the sngnal is requured.

| The constant current supply employed for the work is based on

- the 'Howland' current generator wuth a triple output stage capable of
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controllmg currents up to 15 amps to W|thm 3 0. 1 Amp (see Fig. 2 6 -
1B for the cirCuit diagram). The current through the Ioad reS|stor (the

condenser tube)_ is'giv'e'n by: -

1L = Vin,
RB
and RC ORA
RD 7B (_Metched resistors)
where' IL: Load current

Rt): CGSHSA 50 power resistor
‘RA: 5 CGS HSA 50 power resistors |
~ Vin: refe'rence. vel'tage. ‘ -
The reeietore' RA and RB ere of the_ tow temperature }wi're‘-‘wound type,
' m'ounted‘on‘ 'Ierge heat sinke, All the circuit ‘parts were mbunted on e
'Tufnel' plate which-.\l/v‘as.enclosed inside e steel box (Fig.2.6-18’3").
AA ‘fan: Wee used tolcarry Aheat' away from the sinks .to.elliminate damage to

the heated parts of the circuit.

2.6 -‘ 1C E|ectr|cal Coup;@ngsﬁto Tube
| The constant current was applned to the tube via Iarge brass
_ clamps at each end and the voltage was mea‘su}red‘between two pou'nts
1.0.19 m apart (the test seetioh) where t.he wire"s' to the voltm_eter were
.w‘elded'.to the tube body.A A standard ammeter- wés Aconnect_ed in series
with the load to check that the current. was constant. Stainless steel
'w.iring wes used to avoid thermo-electric emf! s at the junctions.

2.6 - 1D Sensutlvnty of Tube Temperature Measurement

The maternal and dlmenswns of the tube are important factors



Ai_'n choosing _the tube to perform as a resistance thermometer. The tube
resistance between electrodes.

Ré'_—';\:v ohmvs (2..2)

where -3 Specific, resistance of tube material S2m
" L: Length between electrodes C m
| 2

A: _Cr_oss—sectional area of tub e : m

Ifa QUrrent'_,I “~amp is applied through the tube, then th'e‘voltage drop, '

or V = Ii.“, volts (2.3)

. o -1 ‘ . . - : _ .
If ¢ c = isthe temperature coefficient of resistance of the material,

the éensit"ivi'ty_.of' voltage v.arjation,wi'-ch_ respect to temperéture change
B A x ‘ - - ’ -
. S= IE"A_ Ve (2.4)

F:rED'm thus .rel'_ationxand the electrical properties of metals, taken from
Kayeand Lﬁby (25) -ivt was found tha_t stair_\less steel has a higher
.sensitivity compared with other metaié. ,.li', also ha.s superior étructural
p__rOpertieé; and it was therefore decided that st‘air"nless steel ‘was a

practical choice for the tube material.

From equation 2.4 the sensitivity of the test section of the tube
was callculvated, using the following values based on the mean composition
of the stainless steel tube elements and its physical dimensions:

' -4

ec : 0.001°C."
o 8 |

B: 78 x10 Ld.,m

L: 1.019 m

>,

: 2.39 x 10 m
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" From equation 2.2
| : -3
R = 3.33 x 10 ohm
If a constahtv current of 10 amps is applied to the tube, the voltage drop
vV = IR
- -.33.3mv -
and from equafion 2.4
L . . .
$ -a3.3 /v/c
Using a digital voltmeter with a sensitivity ultiplier of (x4)
o . - . N 0 ' I . :
this gives a value for S of 95.6 /v/ C. The actual sensitivity obtained
- from the tést apparatus is found from cal ibration to be about twice this

value.

2.6 < 1E Self Heatlj Effect of Condenser Tube

- For a constant current (I) of 10 amps flowing through the tube,
'tHe.»'heaLting effect is I R where the tube résistance .is approximately 3.33 X
10-3 dhms, hence the heafing effect is 0.333 watt- .From the experimental

results, the heat transfer rate (Q) dué to condensation is of the order
. of 20 KW and thus the heating effect due to the electrical current
r.ebresents’.COIS per cent of (b) .1t is therefore reasonable to reglect

this effect in these experiments.

2.7 Steam Temperature and Pressure

The temperature of steam was measured in the vicinity of
 the condenser tube by means of three pyrotenax cr/Al thermocouples

having an accuracy of + 0.5 per cent. These thermocouples were mounted
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‘ |n different positions in the upper half of the pressur_e vessel, and ,their
ou'tput termmals were Jolned to a selector switch connected to an
electrlc thermometer (Comark type 1601) having an accuracy of

‘?‘2OC‘over a range of O - SOOOC. A 'mercury -in-glass thermometor was
also .mou'nted inside the ve:ssel- behind one of the gla_ss windows to A‘
check the temperature in this vncrnity. The steam pressure in the
condenser vessel was measured by a Budenberg standard test gouge with

“accuracy of ; 0.25 per cent.

2. 8 Coollng Water Temperature Measurement

The coolmg water mlet and outlet temperatu‘res‘were each _
measured with a pair of -cu/con 'thermocouples e‘nclose_d in a stamless‘
steel sheath Each thermocouple was prepared and spot welded

- 'according to the method of Link (26) Finally |t was’ covered with a thin
| v'layer of 'Araldite' resin to prevent corr03|on and breaking down of
- g lnsulation due to the ingress of water. The thermocouples were tested v
for."electr'lcal insulation from the sheath and for temperature response
_ b_efore install‘ation. A pair of thermocouples were mounted on each
o.v'f':two' 4'st"ai'nle'ss 'steel forks (Fig. 2.8) constructed to support the .
thermocoup_les rigidly inside the condenser'tube. The length of each fork:
L ,. was carefu.lly chosen ‘so that when the termocouples were inserted inside
’the’condenser, | thev_ were exactly positioned at the 'inlet and outlet

‘o.f .th‘e.:tes,t rsec‘t‘io'n of the condenser (coinciding ’wi_thlthe positions of the

- condenser voltage tappings). The supports were fixed to the polythene tube

L by m_eans of brass screws soft welded to the ends of the fork. The
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t‘nermocouple leads were taken out of the water line through hollow brass
screws secured to the tube wall. 'Araldite' resin was used to seal the

‘ ho‘les in tnese screws. The thermocouple Ieads v;/ere connec_ted :to a
Comark mu|ti7channe| selector unit type 1697. A sungle old Junctlon _

' was used in the circuit, conS|st|ng of cu/con thermocouple positioned

ina Zeref ice-point reference chamber. The systern'maintained a water/

- ice mixture at atmospheric‘pressure giv_ing a con'venient ice point
’reference to within 10.'2(?_0 wi‘th_great stability over" a wide range of.ambient
' temperatufres..» The ‘wlta'ge output frorn the therrnocouples was accuratel-y
rneasured' by'a Solartron digital voltmeter type LM 1.420.2 . AVoItm'.et-erA

' sensit'i\'/it'y (X4) was used during experiments'to improve accuracy.

2.9 Tube Frequencl

Accurate measurement of tube frequency was obtained by a
digital frequenc,y counter type Advance TC 11A. The sngnal source was
ootained frorn an electro—magnetic transducer in co-operation 'vyith a |
slotted stee|,disc. Si.x slots were machined at equal inter\./als'round the
disc rim.  -The disc was mounted on the condenser drive shaft, and the
transducer was placed radually with respect to the axis of the disc.
| (.Fig.2-9A).' As the shaft rotated, an electric pulse was generated each
“time after a s'lot. passed the magnetic pic-k-upA(Fig. '2.98). Thus.for
one shaft,rotation, six consistent signals were generated. These signals
were fed to the counter which was adjusted to count over a period of ten
seconds, thus displaying a shaft frequency of cycles per r_ninute.
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Owing to the mechanical construction of the vibration system,

the drive ehaff frequencies gi\}e direct measure of condenser freqhencies.

2.10 Instruments Calibrations

2 10 .1 Thermocouples Calibration
‘The eool mg‘ water thermecwples were m&nvndual ly cal |5rated
: aganest a etandard fnercury in-glass thermometer havi.hg an accuraey of
_|.0 5 C. Water was brought to boulmg point, aﬁd :the individual

‘tlhermocouple hot junctions and the thermqmeter wefe fhsert‘ed near _the
cenfr‘é of the ﬁater bath. ‘-Th_e v:/eter was allowed to ceol to room |
{e_mperat_ure du?ing which period successive reaelings of thermocouple
erhf.' s and corresponding £hermometer tempera’;ure.s‘ w‘ere'recorded. The
.caiibratioﬁ curves obteined for the thermocouples Awere found to correspond
wnth those g;ven in standard tables -for cu/eon thermoeouples te within

%+ O. 5°C. The accuracy of the thermometer’ used for measurmg the steam

temperature was checked by sumllar procedure. .

2.10-2 Tube Temperature Calibration

The cendenser wall temperature was cal'ibreted by heating the
tube inside the pressure vessel, and was then allowed to cool.down over a
long peried of time (8 hours). The pressure vessel heating elerrents were
utilized as the heet source. Initially they were re-wrapped round the
vessel in succ.essi‘ve stages. After each stage the vessel was- heated
over a period of 16 hours, and the temperatures inside the vessel at the

middle and extremes were observed. By means of trial and error, a stage
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iwas reacheld' where a constant temperature within '-'q—1°C was
‘maintained inside the vessel.
-Pri.or vto. calibration, the tube ends ._an.d theivessel windows

were lagged in order to maintain a constant temperature along the test
| §eCt'ion. The tube was then heated to.a temperature. qf; 180°C. and
maiﬁtainéd at thisrtemperature for a period of 16 hours to attain st'eaay
state cohditiohs. The inside surface wall temp"‘erature of the condenser,
was checked by a thérmocouple traversed along the t-ube to ensure that
t'he'tefnperéturé on both sjdes of the wall and along thé_ tu.be was
cohstaht when taking calibration readings. The tube vvéas allowed to cool
dowﬁ to room temperatu._re. -During this period, thé tube temperature ‘
.-ahd v.oltage drop.along the tesf section were reCor&ed. Because of the good
thermal insulation, the calibration period lasted about 8 hours. A
hurﬁber of 'calirt;;:ation points (about '10) were erther obtained by this
metﬁpd, simply by alteﬁﬁg the initial set iempérature of the apparatus.
- The tube -‘resistance wag checkéd regula;’ly during experiments to detect
a‘my‘ drift but was found to be extremely consistant.ﬂ ‘The calibration curve
is shown in fig; 2.10-2

2.10-3 Tube Amplitude

' ‘Under working conditions, the condenser tube fiexed as expected.
The magnitude of flexure increased with the frequ-ency of vibration as the
tube épprbaclﬁed its natural frequency of vibration (about 2600 ¢pw) . This
nec'essitatéd measurement of dynamic amplitude 'thch was calibrated
~ with respect .to the static amplitude and to tube fl;équency. A travelling

microscope was positioned level with the condenser tube which was focussed
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on th.e .top,o'f. thé fu_be when at its highest position : the tube waé then brought
dqwn to its.ilov;/eslt position by manually turning the dﬁve shaft, and the

tbtal vertical displacement was measuréd on the r'nic-:roscope' veérnier scale.
The dynam'ic; tube displacements weresimilarly }‘néasgred at a range of set

| fr‘é:q:Uenciels.; from O - 2,000 C.o¥N\ - o |

'I-=o:r all _Ae’xperimen.tal calculatioﬁs, half the 'a\)erége peak-.t.o-peak" :
| ampi itudes were considered. The mean dynémic al;m.alit,ude‘ over.the length
of the test séctibh, was fouﬁd t.o'be e_qugl to the statjé amplitude, plus AT

times the increase over the static'amplitude,'.as follows: .

“Na . |Av

e

| i<___x — T static Amplitude
x .

Fig.2.10-3 -
For the deflection of the tube, due to vibration (see Fig.2.10-3);

asinwt -~ (2.10 -1)

a

o X .
al= Av sinTl C )  (2.10 -2)

Av: maximum defléction
a : Maximum deflection at x

The mean deflection of the tube over the length L is

. L .
A = Av \ginw . X o (2.10 -3)
' L
| o)
=2 Av_
W

The mean dynamic amplitude = FA
' B : = static amplitude + 2 Av.
™
=43



2.11 Promotion of Film Condensation

Condensation of vapours on a metal surface can occur in two
forms; dropwise and filmwise condensations. The mechani-sum. or the
'rate of heattransfer associated with tiim condensation is quite different |
‘ f"rom that'_associated with dropi/vise'condensation; For practical reason_s
(see chapter 4) film condensation was employed during all experimental'
work : Before-each run, the condenser surface was prepared according
to the method of Drew (27) to give satlsfactory film condensation over- a
.prolonged period of -time. The metal surface was |n|t|ally cleaned and
washed with water and then scoured with very fine emery paper. This -
‘4 was fol lowed by thorough{ washing with Decon 75 degreas;ng agent. Then
A it was rinsed and ruboed with powdered magnesium. and finally;
thoroughly rinsed with water. This treatrrent was found to promote a

very satisfactory film for at least 24 hours of condensation.

2. 12 E)&per.imental Test Procedure and Measurements
- Prior to each experimental run, the pressure vessel \Aras

Aheated to a temperatur'e of 2°C abo.v.e the steam saturation temperature,
- thus avoiding condensation of steam on the vessel inner wall, This

. insured that a steam dry saturation temperature was..maintained inside
the .vessel . The cooling water was set to flow at a constant rate. The
steam control valve was adjusted to give a pressure of 6 bars, at wh-ich'
, pressure, the steam was introduced to the vessel, dry saturated. This
could be observed from the steam pressure and temperature inside the

vessel. Between each change of experimental conditions, a period of
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fifteen minutes was allowed to pass before taking readings so that the

whole apparatus could attain a steady state.

~ 2.13 Source of Experimental Errors

The validity of the experimental measdréments for establishing

~ the physical ﬁatdre‘of the process under cons'idera_tioh, is Iargely
_ dependent on the acéuracy of prédiction of the exp_erimerita)
uncertainties associated with various expefimentél measurements. These
‘uncertaint i.e's.; méy 'be> intfoc;,lucéd dug to fhe performanqe of the |
_fneasUring il;jsfrument dr' due to the random nature of the m.easur'ed quantity.
| 1;he individual measurements are clombihed té give a pé?ticu!ay resglt wﬁ.ich
~ |s of main ihte’rést.' vlt is of fmportance to gsseés the uncertainty in
thé f_inal 'result due to uncertaiAntie's' in thé p'rAimary measuremeﬁts which
~are in this caée:- | |
e - Cooling tempéra:ture _
ii. - Steam temperature and pressure
iii. - Condenser wall temperature
iv. --Condenser surface area
.4v. - Condenser amplitude and frequency of vibration.
: The cooling vyater inlet'énd 6ut|ét temperatures were méaSufed to within
¥ O.SOC. The error was mainly cauAsed by flAuctuation‘s‘of the water
local temperaiture due to .the eddy mixing of the th‘e‘r‘rAnal fluid layers.
Consequently judéement of the temperature depended on average observed
vé'lués. The steam tet;nperéture measurement was within 5 3°C and
| since a s.ta‘ndar‘d calibrét‘ion pressure gauge was uﬁed, errors in
indi.c'atioh 6f steam pressure were very small. The condenser wall

: témperatqre was observed to be quite stable when experimentél steady
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b_sta..tes are .maintaihe.d. The accuracy.of wall temperature indicatioq was
mainl y dep_endént on the performance of the constant Ctl.zrrent circuit,' '
aHd Was in the. order of (0.5 - 1°C) . The condeﬁser frequency was
very accuravtely indicat'ed by the digital counfer ahd fl;w'e‘ error.* did not
exéeed 7&5 counts for typical experiimeﬁtal frequen“cie‘s-. The errors
.involved in measuring fubé arﬁplitude were very small since a prec'ision
iﬁStrument was used for this pur-pgs-'e.

V'Thel .‘oxv/erall e.rro.r} i|;1 ‘_the méasurement of fhé_condensation heat
. trahsfer co’e’f"fic':'iént‘, was in the order of 4(5 - 8)%. "Th-;s is a typical

- ,'.Value associated with such éxperiment&

16



3. CAVITATION

General

In studying the effects of vibration on condensation heat
transfer, it' is of major irnportance to investigate and eliminate the
problems that may affect the heat transfer process.' Some problems
: concermng the condensation process bave been dealt with in the prevrous 1 :
chapter. It is of equal importance to consider the problerns associated L
with the cooltng'fluid since the performance of the fluid is direc’tly related
to the tranSfer process. .

The risk of formation of air cavities i‘n'the cooling liquid yvhen'
subjected t.o: sev‘ere'vibrational intensities is the 'pri-me concern. Liquids
have a very small t:oefficient of comp’ressibi'l ity.and quite large changes
of pressure are accompanled by small changes in the specuflc volume of
the liquid. A quurd which has not been specnally treated cannot

withstand tensile stresses, and tends to form cavntles whrch then expand
t‘ovr“elieve the _negative pressure. This phenomenon .is believed to be
associated vy.ith tiny pocltets of undissolved gas (usu'ally air saturated

with vapour) in the liquid. The inward force at the boundary of small
‘spherical bubbles due to surface tension, is too strong to be balanced

by the vapour pressure, and gas subjected to thls pressure will quickly

pass into SOIutiOn in the liquid. When the liquid .|s displaced, the tensile
stresses wi’.thv‘in the cavitated portion drop, and the cavities collapse violently.

‘ Cav'i'tations were originatly observed while testing ships
: propell\ers,.'wlhen the practical significance of this effect was studied and

it was found that the drag of submerged bodies moving through a liquid,
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rises when ;avitation appears.: Consequently thé efficiency of pumps
tgrbipes a.nd' ﬁropéﬂers drop with the_ development of cavitation_.
' Furthe.rmér‘e significant damage is_i_mpérted to sﬁch, compohents if
v'cz:'avit'a.tion, iéprolonged. |

B|e'.s.s"et (28) studied the cévitétion’_ pﬁénqmgnon of Iiduid
flow over a éubmerged body. He defined three Iilquid flow regimes;
non cav‘itatihg flow, éévitating,flow with relatively sm.‘all.nur.nber of
‘calvitation bubbles »and a cavitating flow with. a Iarg'e- single cavity -
: about thé body. His main ‘cohsideration was to derive the equation of
motion fér t'vhé second mode of flow. He assumed thét 'thé pressure
'vcoefficien‘t ‘in-the flow field is the same as that for no_n_-cavitating roW,
and then'applied thvis to ahélysis of experimental dbéervations made in
“a high sbeed water tunnel. - Sutton (29) carried further investigations
to find fhe effect o'f_ transient strain waves caused by_cavitatioh, by
em_ployir‘\gzah Ultra;high-speed photographic techniqt;le and he reported

o ' _ .. B
that the stresses due to cavitation <;ou|d be as highas 1.38 x 107 N/m .

3.1 Formation of Wakes and Cavities -

| b'VA-V,h'en ‘a body which is ﬁét particularly st;'éam-lined moves
-'thr"ough a’flt}.xi‘d with high enough velocity, the flov;i separates from the
bédy ‘surface{ #hgé forming a wake reg‘ion or a vapour-gas cavity in the

| in’.ce-rio‘f of. thé displaced fluid. The formation of lcav‘itation arises from
thei effect of pfessure differential forming within the. liquid masé. The

- motion of ‘thé b.édy' in the fl'uid gives rise to'a reduced pressure (Pr.)

- in thé-fluici.,, :Awhen (F—’f) is.decreaéed to a vélue bel-ow the vapour pressure
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(F-’y)', yabb‘ur bubbles suddenly form-an‘d their existence is prolonged
until (F-D’r:)' fiSe_e to a valiue above (E’y’) at somes_ta-ge_ in the process,
when the vapour condenses causing the cavities to collapse.
The fo_r'mation of vVéter c_avi'tation is more pronounced with the
| 'gr'e‘at.e'r -,efneunf’of gases‘diesblyed in the water. Hoyyever, if the water
|s _airfr'ee, it ean withstand higher tensfle etresses and a pf'essure
bellew the yapour pressure, withouththe’ .formation' of c_avities, Changing _
conditions of pfessure yeloc»it:y'and temperature te values favourable

for enhancing vaporization rates, will cause cavitation growth.

3.2 Types of - Cavutatnons

The cavitation phenomena may be classmed mto four main.
' ‘vgroups_ | |
. Tfre:velling cavitatioh
2. F-;_i_xed cavitat ion
3. Vortex cavitation
4. » 'V'i.brat ing cavitation
'.W_'ith travelling cavitation, indi‘viduali transient bubbles form and
expand‘ in ’t.h_er‘_,l..iquid end move with it, then they shﬁnk and collapse.
The r;noyern-ent of such eayi-ties is the distin‘guishing;‘factqr from other - .
._ transient. c'a'vities.i They may'vbe observed at the 'Iew-pressure points aidhg
a- SO|ld boundary orina hlgh turbulence regidn in a turbulent shear field.
leed cavitation is identified by a liquid flow whnch detaches
itself from .a ngld lmmersed body or a flow passage formmg a cavity

attached to the solid boundary. This may have the appearance of a highly
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turbulent boiling surface.

Vdfte‘x cavities have the charecteristics of slow rates of
collépse and occur in the cores of vortiqes whic.h form in zones of high
_sh_i_aar; Théy c;ah be-cléarly observéd on the tips of pfopeller-s and may
- _ ték'é the form bcsvf 't.rav'elvling orAf4ixed cavities, vortex E_'avities can élso
fofm in thé v;ake; caused by the bouhdary-layer sepératfon from some
; 6bjects (e.g. a sphe’fé) irﬁmersed in thg liquid flow. ._Ih this case,
‘vortex cavities 'm-a"y'be. identified from travelling ca\)ities, in that
the ;:avita.tiohﬂ,océurs on the surface of _théls'eparat'io'n zone but not on
- or adj'acent.".to t;we im_mersedAbc'de. |
Yibrating cavi'tation is the‘maih type concér.ni_ng this work.
Ithas a major ‘feature, m that a given element of liquid is exposed to
many cyclés of.cavita'tic.;m (in 't};\e time drdér of few. m,illiéeconds) while

i‘.rlbthe alternative typés of cavitations described abo;/é.,, the liquid
element basseé thrOUQh-th'e_ca\‘/itatAion stage only once. For'a
vibratfng cavitation forming in a fluid continuously flowing through a
trahéversly vibrating tube, the forces trat ;éuse ca'v-ities to form énd
collapse, aré due to high-frequency hfgh-amplitude tube vibrations
which cause seve;e pressufe pulsation in the quuid_. ‘Cavities are

: f,ormed‘ Whén, the magnitude of the varying quuid pféégur’e drops tq a

. value below or equal to the vapour pressure.

3.3 Effect of Cavitation on Heat Transfer ‘
_When cavities which contain appreciable amount of gas collapse,
'the gas temperature at the end of collapse is very high, since the time for
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" collapse i.vs‘ so ,.sr_hal’l that there is not sufficient time for cooling by
a sarreund.ing quuid; The collap4se.of eavities near a met'allic surface
'm'ay.f';raise its terhperature to a significant level. Since.the: heat transfer
coeffncnent between the solnd and the ||qurd mcreases wnth mcreased
' '_ternperature drfferences between the solid anct the main bedy of the ||qa|d
' _-"the"presence ot_cav‘itation in a.transfer system will cause considerable.
' _';ex“perlmental and theoretlcal errors when predicting the values of heat
transfer coefflcuents. The errors are further exaggerated by the fact that
sbme' eavitatior\s tend to decrease the area of the transfer surface in
: ’A'c‘.o.r\tact'with the;,_liquid. | 4Th‘e liquid gains heat much more rapidly than
:th:e 'vapeur e\_.avi.n"g’_to its higher thermal eonductivity, and this tends to
~ decrease the heat transfer rate.
In g-e_heral. then heat transfer coefficients are‘ to be measured,
eat/ity ferrhation ehould be avoided“in order to improVe experimental

accuracy.

34.4 Calculation for the Risk of Cavitation in Condenser Cooling Water.

: The, main factors that affect the initiation and growth of cavities
X ih a flowing quu'id are, the flow pressure, the velocity of the liquid, the

boundary geometry and the critical pressure at whtch cavntles are formed.

| -Other factors include the various properties of the liquid, such as vuscosrty,

surface tension and vaporization characteristics. It is extremely difficult
" to include all these factors in developing cavitation parameters, but the
'usual practice is to consider the basic parameters,' and then the effect of

seeohdary variables may be indicated as a deviation from the predicted
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basic paramét'ers.
| In considering v?ater fI»owing. through a‘transv'ersley vibrating
. tube, the '.p.rinlnﬁa'rvly experimental concérﬁ is directed tpward the variation
: in pressure.acro;ss the water path. This has a valﬁé (I;L») at' some. point
| m ‘th:e‘-_liqUiAd stream Aa.md’ (Pw) at the tube wall'."' \:/a:béau‘r.Will sQ&denly '
form when (Pw) is reduced below the vapéur pressu;e of the cavities.
Pfandtl (455 gave the followingirelation as é measure of th‘é fisk_

of cavitat ior‘\; '

(3.4)
.where ’ >\ is ;\ non-dimensional cavitatioﬁ factor and V'is the liquid
‘ Qeldcity in the‘di‘rection of oscillations.
At a part.ic':ular- value of tube frequency (W) and using the .

_maiimum amplitudé of vibration (0.015 m) employed during experimental
tests:, the i"isk for presence. of cavitation in the coo'l‘ing water flowing .
inside the fest peice may be found as follows; it is:‘assumed that air
will comé out of’ solution when (Pw) is reduced tb atmpspheric pressure
: (‘this' is the least possible value at which cavitation could develop) i.e.
when ( PL. - '.'lf’v—v): is equal to the available head'offvlvater. Prandtl (45)
illustratea a cavitation diagram for his experiment.on a vibrating isolated
blade profilé, immersgd in a water tank. It is cohsidered that the
character-i_stics of the cavitation process for a Vibrating blade are similar
to those for .‘a Vibrating tube. Therefore, the largest cévitation factor

( A - I.‘O)' for the blade given by Prandtl diagram was used in
' quati§'n (3;4) to predict fhe least possibility for cavitation to form in
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the water path.

From equation (3.4):-

PL - PW N/M2 _
2. 2(PL-PW) B : 3
Vo= ‘ : Kg/M
B G ve S e
Where V7= AW . R . Head = I3 metres.

Therefore »

2 x 1.3 x 107 x 9.81

W< =

1000 x (|'.5)'2 x 1,0',4
"W = 1030 rad/sec
W = 9840 4.Ci(y~2v\

ThlS demonstrates for the expenmental envnronments that
cavntatlons do not develop below a frequency of about 10,000 CPW\ This
is weII above the maxlmum frequency used (2,000 GMB‘) in the experumental :

programme and the rnsk of such effect was therefore not possmle.



4. CONDENSATION ON STATIONARY SURFACE

4.1 Filmwise and Dropwise Condensation

Y ~ When saturated vapour comes in contact with a surface whose

temperature is lower than the saturation vapour temperature, liquid

condensate forms on the surface. The condensate thus formed will be

. subcooled to some extent from being in contact with the cooled surface,

[

and the process of condensation 'wilt, proceed as long as the surface
temperature is lower than the saturatlon temperature. A If the tiquid
condensate ‘wets the surface, I.t spreads out and forms a stable film. Thrs
process is termed filmwise condensation. When the condensate fllm

has establ |shed ntself on the surface, the vapour condenses on the Induld

’ t

at the interface and the heat is transferred to the surface through the Ilqwd
fitm, Film condensation can be promoted by using clean steam condensing
ona clean surface or on a surface contaminated with a non-wetting lagent.
The vapour condenses in the form of very tiny drops that grow in size, adhere
to each other_and then roll down the surface under the influence of gravitational
force. Thisvprocess is termed dropwise condensation and its significant
feature is that a large part of the condensing surface is not covered by a

condensate film. Asa result, the heat transfer coefflclents associated

with<this process can be more than five fold greater than those of film

- condensation. This was demonstrated by McAdams (22_) and Shea et

al (30).

. Dropwise condensation can only be maintained under carefully

~5lim



controlled conditions; In practice, filmwise condensation is predominant
and it could be more advantageous to expaﬁd the knowledge of film
éondensation in order to improve the efficiency of the process for use in

[

. dlfferent applucatlons.

F|ImW|se condensation was solely employed for the work

presented in this report.

4.2 Nusselts Theory of Filmwise Condensation on Horlzontal Tubes.

Nusselt in 1916, developed an equation for calculating the
heat transfer coefflcrent of pure saturated vapour condensmg on a cold
elean surface. Thus theory was based on the followmg assumetlons -
i. the Vapdur condenses in the form of contmuous frlm-flowmg ina
vlaminar form down the 'tube,‘ due to the effect of gravi‘ty. |
| il the temperature difference between the vapour éﬁd eooling -surface
is constant. o

C i, the eft.eets on the condensate film thi'c_kness ceused by the vapour
velocity arle neglected. |

“iv. ‘the heat.g_iver-\ up by the vapour is the latent heat and it is transferred
through the film purely by conduction. |

«v. the temperature gradlent through the film is |inea1r. ‘
In deriving the theory, Nusselt considered small element of
’ eonder\sate fllm on the surface of a tube of outside diameter Do, situated
~atan angle v} t-o.the horizontal plane and moving downward round the tube
with a local speed (V') tangential to the tube surfa‘cl'e and at a distance
(Y) from the surface (Fig. 4.2 - 1) The shear stress occuring in the liquid

element at (X) can be expressegsbyi'



Fl(_il 4.2~
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T . N e

, T Ve - dy S
. (4.2-1)

The equation of mechanical equillibr,ium for an element of film between

(y) and (y + -dY) of unit length gives:-

(_Déﬂ + yj d@.dY =- @ .gsin ¢.dy.‘(D; 4 ){) dﬁ i
v o o
—_— = - ¢.9sind® ‘

dlY_', - (4.2-2)

. Equating equations 4.2 - 1and 4.2 - 2gives:-

d2\f = _ '?.g.sin.¢

a2 A« (42-3)

By integration:

3 "'_- €.g sind@ 2 o
- e _ S (4.2, - 4)

‘From Nusselts assumption, the vapour is-virtually at rest, no sensible
- friction occurs at the vapour-liquid.interface-, and the liquid adheres to the
tube wal I;

Hence the b_éundary conditions are: -

| av |
['dy ]y=Y‘ = 0

_.! | ‘ :
|

"V = O . at y = O
Applyinlg the’sé ch‘mditions to equation 4.2 - 4 gives:- '
R - :
!

vV = - P.gsing (y2 - 2y-Y.)

) /: ‘(_4.2-5)




This expression shows that the velocity distribution 'acrcss the film is

parabcl_ic". .The mean velocity of the liquid film is:-

T T Y
Vm' = —Y"— _ .V.dy
°

@ .g.sin &. v3 . o
3. :
/:. - (4.2 -6)

Consider one side of the tube (F = o -T ); the mass'fi,low of liquid in

<
1

the film;

Mc
2

(Mey L ovipwm

, (4.2 -7)
Mc: Total mass flow

the heat flow due to condensation of mass Mc can-be expressed by;

Q (l\'Ac ') : S
2 fg -2 (4.2 - 8)
- Combining equations 4.2 - 6, 4.2 - 7 and 4.2 - 8 gives;

-

Q) - 2.4, Ng. Yo sing
2
s/ |
(4.2 - 9)
. ) - .
d'(—g—-) = e.g.hfg. d (Y3. sin @)
3 J
c (4.2 - 10)

' F-rom fourier's law of conductlon this amount of heat is equal to the

heat conducted through the film (curvature is neglected since |t |s small),

thus: - E
(dQ) K(e_ ,-©.) - e
L= P sat = "6’ DO
(2) T 5 dg) (42- 11)
letB = B K.D3 (8, - 9,)
' 2 e .g.hfg (4.2 - 12)
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Combining ‘equations 4.2 - 12, 4.2 - 11and 4.2 - 10 gives
B.dg =Y.d (Y. sin® (4.2 - 13)
“Solution to this equation gives:

- (7 |
v =[(4.B f,sin% . agl
« 3.sin"? @

(4.2 - 14)

The local heat transfer coéfficient (h’NU) at @ becomes .
hu =Y (4.2 - 15)A

The mean heéat transfer coefficient (hNU-) is obtained by integration over

¢:O—Tr; thUS;v. h1Y »
- o K d¢ . , X
hu T W ~ (4.2 - 16)
. o A

4

combining eqaati'ons 4.2 - 16, 4.2.-14 and 4.2 - 12 gives;

‘.

P Z[(2.K3. €.g. F‘Lq ) 072?
N 3.7/:00 (85— 85) | (a.2-17)
. Ty |
where A =\ sin’¢ . d¢@ :
S 4 e 1 :
oy Sosm @.dg (4.2 - 18)

_ c. '3
: : . : | .
By graphical integration, Nusselt reported a value of 2.52 units for A.

Tre values for the integral at @ between O toT are tabulated in Jakob (31)

From equation (4.2 - 17),
: ‘___ ' h . 3 .1 0.25
gy 072 [(e g. Mg - K )

(v Da'(esat'_' ea) (4.2 - 19)

The constant-in Nusselts equation depends on the evaluatlon of the integral
‘ v
V—;’— - S sm’31 @.dg. Nusselt reported a value of 3.428 at ¢ ar
o .
Bromley. et.al (32) re- evaluated this integral using the gamma function

by Pierce (33) and they reported a value of 3.4495 % 0.0002. Thus

Nusselt equation was corrected to:-



0.25

-3
- e | (L 9.Nfg. K )
h = 0.728 - _ |
NU - B (v -Dé (’G“sat feét )| (4.2 - 20)

- 43 Improved Ahalysie of the Condensation Process
'Nuss‘elt, in:his theory of lami:'nar f-ilm.condensation, tgnored
" the effect of cortdensate subc_eoling below the vapQUr séturation temperature'.---
'érom‘ley (‘32)', werking on the effect ofthe heat capacity of coneensate,
modified vNus-seIt'.s _theory of condensation on horizontal and vertical tubes. -. E
- His analyeis“ of the condensation of vapour_s at high- pressQre and with large
temperature difference between the vapour end ceolihg eurface, revealed tha
trwe centributieh of the seheible heat associ-eted‘ with ehbcoo,ling; to the
: r'\eét flotv ‘may have an eppreciable magnitude in comparision with the
Iatent heat of. vapounzahon. As a resu|t the subcoolmg effect could have
a. sngmfncant effect on the predlcted valttes of the heat transfer coefficient.
‘Nusselt'deri\'/'ed,‘an alternative expression to equat:on.(l.i.2 - 19) in
order to accoght for the effect of subceoling, but'hisltheory predicted a -
| ;‘_"‘ decrease o.flheav‘t‘:tranefer coefficient. Bromley's argument contradicted this
"i'lt_eff'e_c-_t gn .the baeis that Nusselt had made a fuhdamental error in writing

| his enthalpy balance. Bromiey's analysis was based on a linear

Loy

tehwperature profile across the condensate film, His_ cdrrection for calculatirg
the heat transfer coeffncnent presented a multlpl ication factor to the rnght
hand side of equatnon (4 2 - 19). This is of the form: -

03750 (6 .-©.)10.25
pc sat 0 :

1 —
+ . hfg

' Ftohsenow (37) varified and improved Brorrmley' s theory by

attemptmg to fmd the correct non-linear temperature dlstrlbutlon in the film.
-60- . .



His analysis gavé the following correction factor:- =
0.68c_ (O 0.25
Pc sa

| -6,
1+ = ,

t

fg

For condensation of steam, the values of F‘fg are relatively large

L ST ~Cc_ (e -6.) ol
_ therefore the'term “pc " "sat. 0’ is very small and the effect of
| o Prg . |
subcooling on steam condensation is insignificant.

02 l
Nud- S ul ~ h.'i)g ,M-
. . . . ] A
V4 | 265
- _ R o o o e e e o = iy i i 6 i Y B B &
. e. ghig. d3 _ - T: HTH \\ \—r::.-;m'o .
0:733 VTS - 'J 3 S . :
' v.le — - 03
. : b . - R -
O | \‘_\\\_
. . ok ' \ N ]
Sparrow and Gregg's v ] N o
Heat transfer results for ] : 4
Laminar Condensation l o ]
on horizontal cylinders oo yo e
Fig. 4,3 - 1. i v cp.. (esat - eiyf"g

_ ‘S.,'parrow..and Gregg (38,395 app;l ied the boundary-layer approach

‘to their analyéisl of film condensation oh vertical plates and._horizontal |
cylir\‘ders." Inertia and-_cénvection terms in the condensate film wére
co;wsidered and a zéré éhear stress at the interface v&)as .assum'ed. 'Solution's'
were preéented f;)r condensate Pr'range' from 0.003 to 100. The results

‘are éhom tbg‘e_ther with Nusselts results in fig. 4.3 - 1.

It gén be seen that for values of Cpc CHN - o) £0.2
L
'fand pr > '1,:' thére is a very close agreement between Nusselts theory and

Sparrow and Gregg's analysis (the maximum de.yiation_ is about 3 per cent).
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In ggneral , it can be showh from the precéeding discussion
’;hét fgr cqndensation of steam on horizontal tubes, 'fhe effects of inertia
-in thle liquid filrﬁ, the non-linearify of_ter.npe}rature d}i;t'ribgtion in the film
'arjc#it’h»é':sy't%cgc.ql"ir{g"effectsv;' are ihsi_gni%icént due to .thAeAh'igh values of F\fg
and Pr. o o o
o Thé exper.imental re;ults reported in this wor k were q.érrie.d:out 4

tPr=1.16 C. (6 . -0)/h, . TP '
at T and Lpg (Ccat go)/ fg in the order of 0.03. Thus the
contribution of the én'alysis-lfor'the subcooling eff_ect and the boundary

layer analyéis_ has a negligibie effect on using Nusselts .theOry for

predicting the values of the heat transfer coefficients presented in the thesis.

-

4.4 Eyaluation',pf Experimental Data_

;rhe_ method employed for evaluating the heat trénsfer coefficient
(ho) from tesf data is applicable to the case of botH. é'static and an
oscillating tube. ‘A sample caledlation for finding (ho): énd (hNU) is shown
be_l'éwto demonstrate the procedure i‘nvolved in determining the two
guantities.’ Tﬁe following data are recorded from a'typical experimental
test for 'condensation on a sfationary tube and from sfandard tables;

‘Steam pressure A =6 Bérg

Steam saturation temperature Og, = 158:8 C
‘Mass flow rate of cooling water MW = 1204 Kg/hr

Inlet cooling water temperature Tin = 26.2°C

Outlet " " " To = 41.5°C
Mean condenser tube wall temp. &m = 131.5°C
~ Steam shell temperature ="161.0°C
- Specific heat of cooling water va'v = 4180 J/kgoc
. Thermal conductivity of tube K = 26 J/s.m°C
. Outside surface area of test piece S6 = 0.108 m
Outside diameter " nmoon pDo =0.034m
n 1" .n n Dl = 0.029 m

Ivnside
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The heat flux O = l\'A.w'.‘pr (To - Tin)
= 21389 J/S . (4.4 - 1)

thé‘ difference between the inside and outside tube tenﬁperatures can be

fbuhd from Fourier's law of conduction:
| ‘ _ D6

96 - @i =Q. Iogg Di , AA ) .

K.2. So (4.4 - 2).

. ._Do

06 - G ='21.54°C
Assuming a linear temperature drop acr‘o_ssA the wall. .

om = i+ 86 L
’ > (4.4 - 3)

o5 - 142.3°C
also the heat flux Q = ho.So (@ |, - e.) (4.4 - 4)
S sat o :
o = 11903 J/_’m2 s °c
-

45 Comparision of Experimental Results with Nusselts Theory ,

P In order to compare the experimental results with the

theoretical eqq'afi_on ef Nusse_lt for laminar flow of 'conden‘sate} on a
horizontal tube (eeuation 4;2 - 19) experimental data of static tube
tests were obtained at a range of cooling water Re from 12000 - 19000 '

- for a range ofA (gsat - 96) of 13.7 - 17.600 and a constant steam
p-ressure of 6. bars. Corresponding values for the h‘eat transfer coefficient
were obtained from Nusselt's theory, using condensate physical -

' proper.ties.. (visocity, thermal conductivity and densityj based on average
film fempe_rature. The results are tabulated in Apper%mdix 1. It can be
seen thét the experimeetal values are + 5% to + 15% in excess of the.

O corresponding values predicted by Nusselts equation. The average increase
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is_-about 9%. Similar observations were reported by McAdams and Frost
(34) on their 'wdrk of steam condensatioh ona 1.65 x 10" m 0.D.
héirizontal tqbé, at a range of At (safurétion temperaturg - tube surface
témperature) of 12 t§ 2400 and a r.ang’e:of experimentél heat transfer
coef‘f'ic.i.er'.nt (.i‘\exp) of 19307 - 1'1925}J/m2 s°C. They reported increases
of 0.~ 30;% in the values of (hexp) over those of (h';JU). Wallace.et.al
(35) worki'ng in the same field and using a2.1x ‘IO_~2 m O.D. tube
reported 50 70% increases of (hexp) over (h ) fou; a fange of hexp frorﬁ
21579 - 24418 J/m s°C and A t between 5 - 6OC Othmer (36) condensed
steam on a large diameter tube (7.35 x 10 -2 m 0.D.) _at arange of At
from 1 . 11°%c aﬁd (hexp) of 9653 - _28393'J/'m2lS°C.A In comparision with
(hNU), 'the‘ ‘dev.iAation of (heip) Was réported to b(; -30to+ 20 pe.r cent.’ |
B “"AFrorh'these results, i‘t' can be seen that the accuracy of
Nuss‘elt' s t'he‘ory is dependent on A t and on tube diameter.

The experimental results reported in Appendlx 1 are in good

out
.agreement W|th McAdam's results which were carried under sumllar
A

physical. conditions.

In general, the average ratio of (hexp) to the predicted (hNU) '

may va'ry.between +5 to +30 per cent.

.



5. DIMENSIONAL ANALYSIS

5.1 Application of the Method of Dimensions for Correlating
Experimental Data. : ' '

: A purely analytiéal solution to the physical pr-o.cesse's'
involving condensation on a vib?ating tube i.s extremely complex (as
' ekpléined in. Siection 1.4 - 2). Alternatively the experi.fnental results
: m.ay‘. be tre'ated. by the theory of dimensions to estébl isH correlations for
the experimental data. In this method the dimensioné of the physical
,épan{ities inv-ol_ved in the process can be manipulated algebraically, and
: 'fhé resuits, 'can'be intérpreted graphically té provide a great' deaIA of
information. |

' ln general, dimensional analysis involvés the combination of
tHe individﬁal variables into dimensionless groups which are fewer in
- number than_'the original variables. The method indicates the relative
importance of the var?ous parameters by consideratio-n'of their orders of
magnitude.

Th'e method of dimensions has the |imitati:on that it is
concerne& with physicali dimensiéns as the main properties and not with
numerical meésures; therefore it yields no numerical values to express
the form of which o.he dimension varies with the other. However it
proves a general functional relationship between the physical guantities
and it provides .a logical basis for an empirical representation of the

experimental results.



' 52 Derivation of the Dimensionless Equation for Film Condensation
on a Vibrating Horizontal Tube. '

It is important to establisi;m a proper und‘e}lsbtanding of the
problem related to condensin'g systems undergoing_rﬁéchanicél oscillations
i:n'lovrder to »lchoose the important 'variables that: may-"have a significant
| E | , o& |

influence on the phenomena. When»steaml\saturation temperature

: (Q >sat)l is passed over a smooth horizontal tube whose temperature is
E A o belon the saturation temperature, the cohdehsate forms on the
wall a fi l‘m'which. acts as ah in‘sﬁléting layer to fhé heat transfer. As a
‘r_e_sult,. tﬁé rété of condénsation ié influencéd by the c;ondensate coefficient.
of therrﬁal .conductivity (K). The main geometric variaple in the problem
is.the thickness of the film which depgnds _or.w.'the raté of conder;\sation and
on tHe né’?ure of drainage of the fvilim.. The rate of c‘ondeﬁsa-tioﬁ depends
on the \l.aten't" heat of vaporization-(ﬁfg) of the fluid. | The facility with
which the condenséte flows from the wall is det‘erm‘ined by its viscosity
([) dénsity (é’) and the ‘grav»itational force. Furthermore, since the
fhickness of the film varies round the tube's cross-section, the tube
diameter (D5) has an influenlce on the magnitudé of the heat transfer
coefficient.

.If: the tube is undergoing mechanical oscillations, the

vibrational intensity will affect the condensate drainage and it will

(W)

consequently influence the film thickness. Thus both the frequency and
. ° A

()

i

amplitude of vibration become important in assessing the magnitude of
A .

the heat transfer coefficient (hv).



' In view of the preceding discussion, there exists a relationship

of the form:—

“hv = F( g, Dé;_ﬁ',?)

Ao , W ,A)
i (5.2 - 1)

For given conditions, the unknown functions yeiiding
(hv) may be written in exponents form, and by substituting for the
* fundamental dumensnons using the (H MLTUt) system suggested by

_ _Ede (46) and Welty (47), equation (5.2 - 1) becomes:—

—
.I\)

i
_‘

i
fr——
_||

)
Pr——

l_
SR
: (o2
 p—
| S I

O
r———
f_wg
—_—

(5.2-2)
. The dimensionless coefficient F1 and all exponents are of given value
>or'\|y at’poi:n,t conditions. If any condition (such as frequency) is changed
fhen F1 and all the exponents may change. This ind‘icates a
r_elation between (hv), the variable, and F1. |f all véri\ables thét are
related to thé system are inc;luded in equation (5.2 - 1), the relative
.size of the various component's necessary to rendér equation (5.2 - 1)
dirjnensi.oha..'lly homogeneous can be established.

Since the ﬁet dimensioﬁs on each side of_ equation (5.2 - 2)
mu;t be the same, the sum of the exponents involve;:i‘in any one
dimensién rﬁust be the same on both sides of the equation. Thus solving

for the exponents yields:-
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. , ’ . é b. : | d F\ ©
hv.A = F2 g ] D6 P-W-Az } X 9 ,
| _ | | A“‘ K. A6 .
(5.2 - 4)

Equation (5.2 - 4) may be interpreted for correlating the

| perfor'manc'efof.the \}ibra'fing heat exchanger. | o

interprefétion of the Dimensionless Parameters

| 1t fs aavantageous to reldte the correlation process to
Nusselt's theo_retical analysis for condensation .on. a stationary tube
" (Chapter 4). This can be achieved by changing equation (5.2 - 4)
into a néw set of dimensionless products. It is bermissible to multiply
any of the non-dimensional groups by any dimensionless guantity,
provided théf a new function and exponents are presented. Thus equation

(5.2 - 4) can be interpreted as:-

T g 1B
hv.D6 = Nuv = Fg [_f\_v_vf] A2w? ] .[G-Qq._q‘ . Do }

K g

_' - d
L Ay .
K.AS C(5.3-1)

1

Where F3,a1, b1,' c1,and d1, are non-dimensional constants.
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It is clear from this equation that the last two dimehsionless
parameters involve all the physical quantities associated with the analyss
of condensation on a stationary tube (equation 4.2 - 19). Equation

: (5.3 - 1) can be w‘ritten. as:-

If c1and dlar'e taken as equal to ¢ 5 and d'2 respeé'tlive,ly, then: ~

Nuv — B, + B,
[p 5. DS . DoJ'[ /P K AWl T (a2 w2 i
. C - g . .
/:4 }[K-.AG] [ g ] [Dé g}
(5.3 - 3)

_ Where B_‘ and 82 are dimensionless cqnstants, it willl be
s.;'e'en. that if cyand d1are substituted by the numerical values of (0.25)
and (0.5) respectively, the denominator on the left hand side of
equation (5.3 - 3) becomes prcportional to the theoretical Nusselt

Aumber for condensation on a stationary horizontal tube. Its value is
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" dependent on the constant Bi’ since, if eifher A 6|4'W tends to zero,
the right hand side of equatnon (5.3 - 3) will be reduced to B1

On the basis of thus discussion, the values of C1 and d1 can

be ‘taker) from Nusselt's theory (as 0.25 and 0.5 respec tively) and the
values of thé dimensionless‘_constar-'nts B1, 82, a1'and b1 must be

deduced from empirical correlations; thus equation (5.3 - 3) becomes:

sz] [22b1

Nuv . ‘ T - - B + B

"0.25 o5 | 2 Dss
/v' K-Ae : (5.3 - 4)
< .
: .o a : b
or T““NU, =. B1+B2 T 1 . T 1
' ' . (5.3-5)
_ rwher'éTr NU ,Tr ,Trb are non-dimensiona! parameters which correspond

to parametef:s in (5.2 - 4)

T.huls the number of the non—dirhenéiona_l. pa'rémeter's has been
_reduced'to iHree, and furthér procedure to develop equation (5.2 -4)
will be entifély dependent - on exper.imentall resdlt; for finding the non-

- dimensional constants. ,

5.4 Experimental Data and Dimensionless Parameters

- The results of the dimensional analysis' of heat transfer related
to condensation on a vibrating condenser yielded 5,3 - 4, The nature of

the functions B, and B

1 5 and the exponential rela'tionship in the equation

can be found from experimental data. Two series of experiments

aré required. In one series, the relation between the group ‘\TNU
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with the g‘_roup “a may be determined for selected values of the group
—ﬁ- b’ and in the other series, the relation between the grouth‘ with
the group 'ﬂ’ may be determmed for selected values of the group
| .rr\’a. The d|ff|culty in this procedure is that the amplrtude of vibration
is entlrely dependent on the frequency of oscullatrons (because of tube
flexure) . Therefore the selected values of AW and AW2 are obtalned
by .g_o\‘/erningvth‘e fvrequency of vibration and finding. th'e static amplitude
‘that gives the required value of the dynarnic ampl-itude at any particular
frequency. This relation is obtained from callbratlon curves of amplitude
with respect to . frequency of oscrIIatlon (Fig. 5. -4 - 1). One series
of experimental results was obtained for each of seven constant values
of AW2 ranQEng from 0 - 302.7 m/s2 at a range of frequencies from 1500
to 2000 cpm (Appendix 2) .} Tloe second series covered a range of seven
constant AW values of 0 to .47 m/s at a range of frequencies from
1250 to 2060 cpm (Appendix 3). It is emphasized that the ranges of
experimiental variables were choeen to cover the maximum obtainable
performanc'e of the condenser. Experimen.ts at low frequencies were
avoided since,‘ at.low amplitudes, no significant increase in the heat
' transfer. .coefficient was obs‘erved. The effective regon of condenser
dynamnc performance @t hlgher values of Rev) on heat transfer

coefficient is mducated by the constant AWand sz curves of Fig. 5.4 - .

5.5 Correlation of the Experimental Data

'The function 84 was simply calculated from the experimental

data at W = 0, giving B‘1 equal to T'Nu (see equation (5.2 - 5))and the B
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ndmerical value of this funetion was found to be eqdal to (0.73).
T,h'is cdrrequnds to the value of Nusselt's constanf (0.72) for his
| ’jthe‘o,retical analysis of condensation on a horizontal tube.
The exponents a, and b‘| in equation (5.?_% 4) were found from
graphical plets of the experimental data‘as felie\rvs; For evaluation

of a five groups of experimental points were plotted, each group

1 , .

representnng a plot of Iog10 ('\T - 073) as a function of Iog10 {(“Ta)

and at a dlfferent constant value of (T ) The graphs showed some

: scatter of the experimental data. To irnprove the correlation, it was

necessary to programme each group of experimental points to find the

' eduation of least square fit -throdgh the results. .The experimental

and cemputed results are shown on Fig 5.5 - 1 and are represented by

straight Ilnes having approximately the same slope. ThlS justifies

‘a-.reiatio'n of equation (5.3 - 4). The value of the exponent a1-

represents an average slope of the five lines, eva'l‘uat-ed at (-0.47).

' By adopting the same procedure and plotting Iog1'0’ ('TT‘ - 0.73) as

| a functuon of logA|0 (v ) for constant values of (Tr ) (Fig. 5.5 - 2),

the data were best represented by a line of slope (1.08) which is the

"value fdr th‘e exponent b1.
T.he function B, is evaluated by plotting ’rog,lo ('\TNu - 0.73)

as a funvctib‘_n of log, (m a) - 0.47 log (Tl’b) 1'08 (Fig. 5.5 - 3)

for the same data used in Figs. 5.5 - 1and 5.5 -. 2_and. for further data’

obtained af a range of tube frequencies from 0 - 2000 rpm and amplitudes

from 0 to 1 x 10-2 m (Appendix 4). 82 is found to be equal to (0.21)
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at the intercépt when:

-0.47 ~1.08 :
. BN —
Iog10'n‘a » + Iog,l0 b -~ 0 . o or
| -0.47 1.08
() x () = 1

The experimental data for condensation of steam on vibrating.
tube can now be r.epresented by the following équat.ion: -

-0.47 1.08

. 1 , .
o o ———— = 0.73 + 0.21 aw?| | A%w
- [iﬁg] | _P____fwooo] > [ e] [%e
K.AQ . | -/c‘ | ,
' (5.5 -1)
or in alternaf'ivenforr-n:- )
' -0.47 o
. : ,1.08
hv AW2 A2W2
— = 1 + 0.29| — :
ho D_g
o
(5.5 - 2)
and the Nuv is determined from equation 5.5 - 1.as:-
" - / - 0-25 0.5
Nu, = 0.73] /¢ . fg} Y90S . Do| +
| K.A©Q Vs
~ /"F\ 0.25_ 0.5 0.47 . , , 1.08
0.21| £ *ig @ gDoDs AW .
: K. A© : /"’ A% D-g
. o
: c
(5.5 -3)
If the exponents a1 and b‘| are :approximated to the vaiues

of 0.5 and Unity respectively then equation (5.5 - 3) can be
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interpreted'as: -

- 0.25 - 0.5 0.5
) h .. 2
NU = Nu +o.21[£1i9—] [e. g.DoDo] [Aw] [_A__]
\ o . . ) C. .g

f(’s.s. - 4)

The vibrational Reynolds number (Rev) may be formed from
- this equatlon giving the relation:- - :

.. 0.25. 0.5 0.25

. o /“ h - . 2 .
SR VALY ;[Rev] [w .Do] [A
Nu = Nluoi_ .0.'21[’(- o], L < 1 o3

(5.5. - 5)

The graphs of Flgs. 5.5 -1, 5.5. -2, and 5.5. - 3 representing

equatnon (5. 5 - 1) reproduce all the data within a devuatlon of
about - 6 per cent. (Fig. 5.5. - 4 ) This provides a reasonable
correlation of the experimental results within the erhployed ranges of

frequencies and amplitudes of vibratioh..
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- 6. COMF’ARlSON OF THE RESULTS OF CONDENSATION AND
COUPLED MECHANICAL OSClLLATION

Gen’eral

1t Qas reported- in section 1.1 -3, that the available
e info.rmat.-ien ':on‘the effect of mechanical vibrat-ior_w en cohdensation heat
t.l'anefer has a very narrow scope and only three different workers have
'co‘ntributed fhei? knowledge of exploration‘ of thAie new field. |

1t would be of 4interest 'Ite compar_e.the available literature by
: fel‘atin'g th.evdifferent resUIts to one parameter and in this way,characteristic
relat»ons betWeen the mdlvudual sets of date ma)-/ be obtained.

Raben et al (14) of the U. S Department of Internor were
t'|'j1e fll’St erkers' who attempted to explore the fleld_ of coupled transverse
_vib'rat‘ion’ eﬁd cbﬁdensation on a vertical tube inA ar‘iA effort to promote
drq‘.;.awi.ee cendensation and thereby'éignifica_ntly increase the rates of .
»A‘vheat ;cre'nsfer. Their experimental observation.s sﬁowed no indications
fhat:' ;/-fbfetiens' of the condenser element cou!d.assist in breaking of the
| .:coh.denslate film (see section 6 - 5). Consequenfly filmwise
| - condensation was predominant. However increases in heat transfer
, coeffucuent of the order of 58 per cent were obtalned. The results
:fy'vere”expr_ess_ed' as a function of frequency and:anjpl itude of vibration

't'_v‘vithin_ an accuracy of + 5 per cent. Maximum (Rev) employed was

©“in the order of 200,000.

| .Frorﬁ His project on condensation of ethanot vapour on a
Iongiiudinélly‘oscillated horizontal tube, Houghey (19) obtained 20

per cent increase in both vapour —side and water-side heat transfer

=30~ -



coefficients at a maximum (Rev) of .about 80,000. The increase in
heat fransfer with vibration was-assumed to be a function of (Rev) only,
giving an accufa(:y of correlation of experimental results within +5
ber,cent of Atlje mean value.

| Dent (20) érﬁbloyéd transverse mééhani;:al vibration for -
improving '¢ondensation of steam on a horizontal tube. The éxperiment
co.vered é-comparatively small range ‘of vibrational ‘intens'ities aﬁd a
- maximum (ﬁev) of 32,000 gave é magirr;u.m of 15 per cént increase in
the éondenéat ivon heat transfer céefficient. Gravitational force was the
dominating.facitor |n draining the condensate. AhélytAiAcal correlation
of the experi,mental data w4as‘attempted (see section 6.1), but this

was found to deviate sharply from the experimental results. The cause

is related to poor assumptions made before developing the analysis.

6.1 The Pert'urbation Parameter

| It was pointed out that Dent's (20) experimental results
‘for condeﬁ'sation on a vibrating tube covered a smail range of (Rev),
thus the contribution of vibration to increasing the heat transfer was
relatively-s;nall and it was éttributed primarily to a better conduction
through the condensate film. Correspondingly a 'pertQ_rbation method of
analysié«'wa's attempted to give an indication éf the initial effect of
vibration on condensation heat transfer. However this does not describe
~clearly the actual mechanism involved in the précess. The basic
appfoacg t-o.lthe perturbation analysis is stated in section 1.1 - 3.

- The pefturbation parameter (E) introduced in the theory, was based on
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sinAﬁilar‘ass;.:mptions state& by Schlicht-ing (40) in his analysis of
con_vecti'on én’d streaming from horizonfél cylindérs Qndergoing a
transverse rhechanical oscillation.

| "In order to éompare all the Ya\A/a‘iIabIe Ijt'ér-ature concerning
,,thé effect of ,frénsverSe vibrat'ioh on condenéation heét transfer, with
relation to the parameter__(ND62/3) ', from perturbati}bn analysis it was
necessary to establish a perturbation anal_ysis fof cohglensaticin on-a |
' verticav| ,the, to account .for Raben's results. It Qas found that the
evaluation of_the Iécal film thickness under v_ibratiné conditions, is
'giv‘en.by a.similar exbression of the local film thickﬁéss for condensation . -
on a ho-ri.z_onjt.al tube, with the excéption, that the film 4thickness for the
v.ertical t(ube case var‘ies with respect to tube Ienéth rather than angular
position Sill"\ Q) (as for Nusselt's equation).

The va_pour“ saturation temperature and the outer surface

temperéture 6f a condenser must be known if the parameter NDo‘2/3
has to be evéluated. Raben did not report any méasu‘renﬁents of tube
‘vwal| temperatures and his calculétions for the condénsation heat
transfer coefficient weré based on experimental/"‘data for steam and
cooling water temperatures, and physical properties as follows: -

“The heat flux -

q - S ar

- - 1 .
%’m Ad + XS/K$-A5 + /’\w Ai -

(~6.2- 1)

=82~



where: -

AT : Mean overall temperature difference
(steam to inlet water) '

A"~ : Surface area

hb A : Condensate heat transfer coefficient
'hw4 -+ water si"de "o " "

Xs  : Wall thickness

Ks . wall thermal conductivity

i : inside

o . :  outside

a average

Tne'.water side heat transfer coefficient (hw), was calculated
from empir-icaI formula developed from initial experirnental tnvestigation
on t.ne effect of vibration on (hw). The error involved in calculating
(hw) by using this rnethod was reported to t:e + 20%, however it was
necessary to use th.ese values of (hw) for deriving the outer wall
temperature th) as follows: -

Q = hw.2.Tri.L(i - Tm)

- (6.2-2)
L - Tube Length
(Tm : mean cooling water temperature)
and (4.4-3)

and ©o was obtained from equations(4.4 - 2).- .Neg'lec_ting subcooling,
the ternperature' drop across the film was found by subtracting 6o
_from the'satgration temperature. Fig 6.1 -1 sho'ws ?” available
data of Stearn condensatien on.transversely vibrated tubes, together

" with the anatytieal perturbation results ptetted in terms of the ratio

2
hv/ho as a function of the dimensionless parameter NDs /3. All
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experimental results showed considerable scatter on the graph, and it

was therefore decided to programme each group of results to find mean

A
values from third order polynomial equation of Iea'st square fit>through
A ;

| the expeﬁmental points. The curve from the perturbatnon analysis is

' ' ~(a0)
- plotted wnthm a comparatlvely small range of NDs/S since Dewk:: found
that ‘above la' value of 0.7, the curve deviates -very sharply from the
.'vexperim.ehta'l resulté. : Thié demonstrates a significaht increase in the
rate of heat transfervwit.l;\ vibrati'on. The limitation of this énalysis is
gbx)erned -by .the magnitude of the numerieal \)aIUe of fhe perturbafiori :
parameter (E ), which was assumed to be very simall. Dent's
exAperirrienAt'aIA res'u|ts; although very scattéred, éppe_ar to be-in close
'_agreemgnnt' with-the resglts given in this report. Raben' s experimental
data fdr.céndehsétion on vertical tube seéms to 'demionstr'ate similar

characteristics of increase in heat transfer with vibration to those for

a horizon’fal tube.

6.2 The Vibrational Reynolds Number (Rev)

It is very éommbn to display the results of coupled vibration
and heat transfer problems in the form of .Nusselt number as a function
of the viprational Reynold number (Rev). This simple relation can
clearly idér&ify the influence of vibrational inter;sity on heat transfer.

-t was assumed by Haughey (19) thaf_ the ir\crease in

condensation heat transfer was solely a function of (Rev) and he
obtained .f'easonable correlation of his experimental points (see section 6)
considering.that the méximum ir;xcrease in (hv) was about 20 per cent
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over (ho). Fig 6..2 - 1 represents a plot of hy/ho és a function of (Rev)

for the résults given in this work and those repos;tt—:;d by Haughey and

: F{lében';' Dent's results were cqnduéted within a co‘mparati‘ve.ly small

‘ rangé of .(_Rev) and also showed a considerable s¢att-er when plotted

on this éraph. 'Fig 6.2 - 1 dehﬁ‘ons.-trates a linear relationship between
hv/ho and (Flev) for Iéngitudinal 'oscillatioﬁs. For transverse 6scillations,
hv/ho was given approxim’a_tely as a function of (:Rev_) 1.2 for boﬁ-;
horizontal and verti'c":a.l‘tubes. ‘The graph also indicates that the

' incre‘ase m heat transfer. coéfficAient due tp transQe’@e oscillations is

_' m.c-)re favou.rable-\)vith verticél tubes than with horizohtal tubes. This

could wéll b‘e: dvu.e to the different nature of draihagé of the condensate

fitm associated with each process (see section 6.4). Hauwaheys and
Q QbQ.V(S : \\V\(S iV\ F‘3 6 2"\ . oneg LW ; g Z o{ J(keu'L
experiy wiewnkal data. .

6.3 Effect of Cooling Water Temperature on Condensate Nu

The experimental reSL;lIté previously given:in this report, were
conducted.wi‘thout control of the iﬁlét water tempe;'att;lre which was
depéndén_t on thé temperature of the Water stored in the main reservoir,
The inlet teﬁﬁperature varied from 13 to 23 Cc> ddring the entire range
bf the expe;imental results, therefore it is én advantage to find the

_effect on (j:éﬁdensatioﬁ Nu 6f- varying tﬁe cooling _Water temperature.

Tests Were conducted: at a range of inlet water temperatures from 10 to
40 Co for static conditions and also at a constant tube frequency of
1500 cpmi, with a range of amplitudes from 2.2 x 1072 - 7.5x 10"%m
(see‘ appéhéix 5). These results are shown on Fig 6.3 - 1.

" It can be seen that the maximum increases in Nu were obtained
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at an iniet temperaturé of>abogt 32°C and that below fhis temperature,
both the heat flux (é) and the heat transfer coefficiant. (n) .demqnstrated 3
a continuous dgcreasé. Eagle and Ferguson (41):'corA\ducted an
experirheﬁta-l work»tp c‘ietérmiin.é the way in w-hi,cHAthej‘h-eat transfer
"‘t:oefficie.nt' varies with the physi'cal. properties éf‘a fl'uid. For this
investiga.t‘i.oh' aﬁ electrically heated 1.9 X 10_-2 m diarﬁeter tﬁbe ans
used, 'thi'o;Jgh which, wafér was 'circulated‘at \_larious"constant velocities.
Their results showed that an fncrease in (h) was fcyllowed by an increase
- in the Wa’_cef femperaturé énd also by an incf_eaée in the water nonﬁinal
veloc_ity‘..‘ THé'incrga.se in (h) with respect to water temperature was
much moré rapid af‘ the hi'gher water velo.citives. -

' The héat flux |s cllclaselybd'epe'nderit' on the magnitude of the
Reynolds number (Re) of the cobling water énd as the cooling water
temperat(;re decreases, (Re) decreases very rapidly due to a significant
increase in the viscosity. The condensation (Nu). is»r-e-lated to-both (Q)
and tHe témperature drop across the film. .

' _The: analysis of steam condensation (N-usseilt (18)). showed
that (hj is.lln'ess favourable With lower te}méeratures} of condénser surface,
| since thié.‘ﬁas the resultant efféct of ihcreas.ing tﬁe temperature drop
across t_he'l film. HoWever; increasing the cooling water temperature
towa.rds'thne boiling point, decfeases its viscosify'-a’r'w.d considerably
| increas’es” (Rve). The value of (Q) will be limited since nucleation
will occur on fhe heéting sgrface, thereby decrea'sin‘g the surface area

througﬁ wh‘igh heét is transferred. It was observéd from the experimentél
tests, thaf'ét a mean outlét temperature abbve 6Q‘°C, small vapour .

bubbles were present in the water outlet line. The bubbles become more

88




: broﬁou_ncéd 'in size and quéntity with a fOrther increase in the cooling water
temp.era.t‘gr‘e and thué the tests we_rg limited to a maximum outlet
temper'atvurc.e .of about 60°C to avoid the occurrencé of .a hhase ehange.

- Rab'en'lsve.xperimen.tal re'sults“ wefe»con{ducted at a 'sA.imiIar valt'..ne‘obf

.(Re) to thos‘é presenfed in this report, but at iu;)li'e'-t \)yater temperaturesh
‘ranging‘ffor.ﬁ 56 to 80°C and at a saturét,ion temperature-of 100 CO. |
‘Thése'res‘ul'tsl, indicated a rabid 'dégrease in (é)) with an increase %n the

: c;,oolinglwatériemperature, while (h) remained app"okimately c_onsi;ant
Qver the range of cooling water temperatures émployed. This independent -
relation betWeeh (h)v and '(é) was also ébserved b);_ Birt et al (42) who
v’vorked‘o_n _éxberirﬁental methods to increase the siéafn-side heat transfer
'coeffident. Their results showed for filmwise condensation on a vertical
cylinder, thét (h‘). 'decreésed with an increase in ,((.))'.and they concluded'
that (h) was iarg'ely independent of (é) in the range of (h) from 1000 -
to -137.2.',‘- 000 J/mz.'S.OC. .Similar observations were also reported by
McAdams (34), Hampson (42) and Naglle (43).

The maximum increase in (6) obtéined during the experimental
tests with.v‘ibration, was in the order of 20 per cené over its value with
no vibration. Raben's (14) results for vertical tube showed'a maximum
of 30 per cent increase in (é) wit»h vibration, quever Dent's (20)

_results indicated fluctuationé in the values of (Q) 4in the ordér of -4.2

to + 8.6 per.c'ent with vibration over the static value.

' 6.4 Condensate Drainage and Vibration

During experimental teéts, the orientation of the condensate

«90=~



| fil}n was observed under vibrational conditions wifh the aid of a
stroboscope. The nature of the film appéared to be pri maril'y dependent
on the vibrational infens;.i'ty', or (Rev) Fig 6.4_-:1-;. 4in'the range of (Rev)
| from O to 120-,0,(50, drajnége of .the condensate was strictly frorﬁ th.e‘
lower half of the tu:b'e. ;I'r;is occun;réd' in‘ the,forrri- of‘ ;:iro'ps s'.hearing
o éWay frorh tHe condensate fi-lm and falling downwards':_undér. the act_ion
4of' 4gra\'/it»yi. ..The_draivni'ng d‘rciaps under static the c‘ond,ition's‘, appeared |
to bé Iargé iin's_ize and the drainége process was i:c;mparat'iv'ely slow.
‘As the vibrational intensit)} was in;reésed, the drairiing drdps bécame
mﬁorevd.er-\se (close; to each other) but smal-ler ir.w.'size aﬁd faster in their
dqwnwa'r'd frgvei'.' At hilgHer réngés of vibrational ihtensity (ﬁev 120,000
éo‘ 180,_(-)(‘)(.));, t»hvis initially resulfed in esfablishing Qéry thin condensate
‘ridges whic;hlap;oeared fo move déwﬁward from the to;;> of the tube to
its Iowe; half, where they accumulated and _drained away rapidly due
'to the rhomeﬁtum imparted to the condensate by the vibrating tube. The
ridges tgnded to diminish with an increase in thé vibrational intensity,
but an a.ccAumuIation of condensate on the top half of the tube became
visible Ain.tAh‘e' form of a straight band along the tube. This band varied
in-widtH with respect .to the tube's cyclic position and éppeared to
: spread' 'd‘ur‘i.ng the upper displacement of the tubé, and then contract :
dur,in{g"ttﬂ\e .I_ower movement. At vibrational inténsities above (Rev)
of 180,00"0., the ridgés disappeared, but the corﬂ_ensate accumulating
on the top tended to Ieavé the tube dufing the start of the lower dis-
placement. _However it eventually Areturned undér thg action of gravity
This stage was predominant at (Be;/) up to 220,000. Above this value,
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" the condgnséte appeared to have established a highly fluctuating mode
of movement andl the drainage occurred on both thé upper and lower
pa'fts of the fube; | On the upper part, the condensate drained 6ff ering
the cofhmenéement .of .the lower displacemen-t, 5Ut ‘it spread out on;’u the -
-tube surfaéé, duriné‘ the rest c;f thé cycle. | |

For condensation on a vérticél vibrating' t{iuAbe , Raben reported
‘{hat the ’cqﬁder'\sate s\&ept back and forth 6n the ﬂ.:be during each c.yc'le
thus .f‘or_rﬁing.tWO stagnant points and very little 'co'ndensate :Nés thrown
' f’rge_frorﬁ_the tu‘be.b' -:Héughey ;eported formation jof standing waves in the
ﬁcondensatéff.ivlmion' a Iongitl.;dinall'y ;/ibrated horiiqnfal tube. These waves
appeaféd at a v'critical vibrational intensity (3.2 'x._1‘0-2 m/s:2) and
the:w'av.e.le’ngth‘w'as independent of vibrational intensities. The drainage
was :obs_ér:ved to" faké pléce frdm the ridges whicﬁ ihcreaéed in amplitude

~ with an increase in vibrational intensity.
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7. CONCLUSIONS

| : T'h'e‘purpose of this projéct was to find the influenge_of
transvér_s'e vibratAion on conden;sation heat transfer coeffféient;' The.
follbw_ing conclusions can be drawn from the experimental data described
; in this report: - |
1. The ave;'age condensation heat transfer coeffi'ci'ent was increased
" by ais muc'H as 78 per cént with oséillgtions comhéred fo tHe éoefficient
without o_sc'il'lat_iohs. This increase was obtained'af a maximum vibrational
‘Reynolds nu.rjnber of about 300,000 (or AW = 1.73 m/s). employed
during thé experifnenfal tests.
2 The im_p’rovement in (hv) was genera‘lly followed by an increase in
frequenc‘y ah&’-arﬁpl itude of vibration.
3. At a'\v/_ibfratioﬁal intensit.y 0 L AW <O.4'6'm/s, lthe_mechanical
vibrations héd no appreciable effect on the heat transfer coefficient. |
4, _The- eiperimental heat transfer coefficients obtained for filmwise
qondens_ation on a static tube, agreed Mth Nusselt's equation (4. 24 - 19)
to within an error of +8 per cent.

5. An er'hpirical correlation of all experimental data was obtained in

the form: -
. S 0.25 0.5 L1 0.25
Nuv = 0.73 . fg €Y9.D56.D6 + 0.21[ c. fg
K. A© A K. &0
0.5 Q.47 1.08




i

This reduces to Nusselt's equation (4.2 - 19) when either A'cr W tends

o 1
fq;vards zero.
'6. | AThe visual observation of the condensate film, detected that gravity';-
was the dcminant factor in dr'ainiﬁg the cond'ensatc:at AO 4Rev (120,000.
" However, at the higher vibrational intensities ( Rev >220,000), the

"'co.n'den's,ate disbléyed a cyclic mocle of fluctiaticns and the ccndcnsate

: .dravlirf_age‘took pllace from both the upbcr cnd Ic\;ver'pérts of the test pi'ece.‘
7. _i’he increase in h'c..aat“tran‘s_fer coefficiehf wAith Vibréticn is assumed to
 have resulted from a regQchd fi_nm_thiékn'ess and algitatioh‘of the film.
8.‘_‘Thc experimental data showed a rhaximum increac'e."o-f 20 per cent‘ in
- 'the'heaf flux with vibration, ovcr'its value 'af static tdbe condjtions; The
rejsﬁl't'salso. jndicated 'that the heat fiux was indepehdént of _the‘. heat
trarjsfer'coeffi.cient o
9. Thc cesc(ibed rﬁefhod of preparation of th.e.tut.>e surface was found
. to give a-satiéfactory film condensation on thc stainless steel surface
over a prolonged period of the condehsérAOperatv.ion. .

10 .lh corf%parihg the methods of vertical (Raben (195) and horiz_onfal
: lt‘ub'-e cscil'lations, the two m‘e-thod‘s‘ shcwcd a similar characteristic of
increase in. %h'e heat transfer coéfficiénf w.it'h vibration when these résul_té

" were plotted on a base of the vibrational Reynclds number.
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APPENDIX 1

TABLE OF EXPERIMENTAL
RESULTS FOR CORRELATION

WITH NUSSELT'S THEORY
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APPENDIX 5
. TABLE OF EXPERIMENTAL RESULTS

FOR NUSSELTS NUMBER X COOLING

WATER TEMPERATURE.
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