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ABSTRACT 

The project deals wi th an investigation into the effect of vibration 

condensation heat transfer. Saturated steam vyas condensed on a 

horizontal stainless steel tube which was transversely vibrated in the plane 

of the gravitational f i e l d . 

The work involved the design, instrumentation and development 

of a test condenser which employed a reciprocating mode of vibration and 

was capable of operating at different amplitudes and frequencies. 

An electr ic method employing a constant current to measure the 

condenser tube temperature was explained. 

The experimental results showed irnprovements in the heat transfer 

coeff icient wi th v ibrat ion, over i ts value with no vibrat ion. Ernpirical 

correlation of the experimental data under vibrational conditions was 

establ ished. Results for the static condenser tests were correlated with 

Nusselts classical theory of condensation. 

Visuarobservations of the condensate orientation and drainage 

under v ibrat ior^ l conditions was reported. 
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NOMENCLATURE 

Fundamental Dimensions 

H'. Heat 

L Length 

M Mass 

t Time 

T Temperature 

A Ampl i tude L 

2 
A Cross-sectional area L 

B Coefficient of expansion 1/T 

B Dimensionless constant 

C Dimensionless constant 

C Specif ic heat at constant pressure 
P 

D Diameter L 

F Operator (s igni fy ing function of) 

3 2 
Gr Grashof Number = Do . g . B . A t / ^ 

fg 

K 

2 
Acceleration due to gravity L/t 

2 
Heat transfer coefficient H/L .T . t 

Specif ic latent heat H/M 

2 
Liquid thermal conductivity H/L .T . t 

L Length 

M Mass f low rate 

L 

M/t 
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Nu Nusselt Number = h .D/K 

- 2 
p pressure M/Lt 

Pr Prandtl Number for condensate 

Q Heat transfer rate (Heat f lux) H/t 

Re Reynolds Number ^ . v . D / 

Rev Vibrational Reynolds Number P .A .W.D6 

r Radius L 

2 

S Surface area L 

T Cool ing water temperature t 

sr Velocity L/t 

X Characteristic length L 

Y Local condensate f i l m thickness L 

y Co-ordinate normal to surface L 

0 Condensate temperature t 

Q Tube temperature 

Liquid absolute viscosity M/Lt 
2 

\ / Liquid Kinematic viscosity L / t 

^ Liquid density M/L Shear Stress M/Lt 

0 Angular co-ordinate 

W Frequency 1/t 

/ \ Non-dimensional factor 

Subscripts 

2 

Condensate 
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exp Experimental 

i Inside 

in Inlet 

L Liquid 

m mean 

O Without vibration 

6 Outer 

r . m . s . Root mean square value 

Sat Saturation state 

Sur Surface 

V With vibration 

w Water 

A Difference 
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1. INTRODUCTION 

1.1 General 

In recent years, there has been growing interest in the f ie ld 

of coupled vibration and momentum and energy transport phenomena. 

An essential part of many industrial processes is the condensation of 

steam which usually occurs in surface condensers. Condenser 

research and development has been largely confined to stationary 

condenser elements, operating in a vapour atmosphere, where drainage 

of the condensate is restricted to the effect of gravitational forces. 

The need for increased eff iciency in the operation of heat exchangeiy 

requires new techniques to obtain improvements in the transport 

phenomena. 

In space appl icat ions, where gravitational forces are 

negl ig ible, the condensate accumulates on the condenser element, 

and th is results in the termination of the process. The removal of 

the condensate by new means is therefore necessary. Various methods 

are open to the designer; 

i . scraping the condensate by mechanical means 

i i . vibrating thecondenser element to drain the condensate by 

momentum effects. 

- 1 -

3 1 J U L 1973 



i i i . rotating the condenser surface to impart centrifugal drainage 

ef fects. 

iv . directing large vapour veloci t ies to the condensate element to 

blow off the condensate. 

These methods could contribute to the development of small 

size and light weight heat exchangers which are needed for industrial 

appl icat ions. 

One of the interesting problems associated with rocket 

propulsion is the marked increase in the local heat transfer to the motor 

wal ls due to the effect of intense combustion osci l lat ions that can occur 

in these motors. The wall temperature often rises to a point resulting 

in 'burn-out ' and destruction of the motor. For these environments, 

the chief d i f f icu l ty is to establish the relationship between vibration 

and heat transfer so that the problem may be overcome. 

Many workers have attempted to exploit the influence of 

vibration upon heat transfer; their investigations may be spli t into 

three groups, the f i rst two groups being of general interest and the last 

g^oup 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 to a 

transverse osci l latory motion thereby creating an oscil latory relative 

velocity vector between the heated surface and the surrounding f lu id 

- 2 -



medium, thus imposing a forced convection effect. Scanlan( l ) 

investigated the effect of transverse surface vibration on the heat 

transfer from a f lat plate to water. The experiment revealed large 

increases in the overall coefficient of heat transfer (hv) at the 

-3 

larger amplitudes of vibration employed (about 2 x 10 m ) , hv 

reaching its peak value at a frequency of about 100 HZ; with further 

increase in frequency, the value of hv diminished, a fact which Scanlav\ 

c laimed was due to the development of cavitat ion. Mart inel l i et al 

(2 ) investigated rates of heat transfer to water from an electrical ly 

heated 1.9 x 10 m horizontal tube immersed in a tank of water 

and subjected to transverse vibration with a frequency ( f ) range of 
-3 

0 to 40 HZ and amplitude of vibration (a) from 0 to 2.5 x 10 m. 

It was found that the overall coefficient of heat transfer was unaffected 

at low values of vibrational Reynolds number (Rev) ; this result was 

attributed to the domination of free convection. However as Rev was 

increased above a cr i t ical value of 1,000, the rate of heat transfer 

was observed to increase rapidly by as much as 400 per cent of its 

corresponding value without vibrat ion. This was due to the increasing 

effect of forced convection. Penney et al ( 3 ) , studied the effects of 

low frequqncy large amplitude horizontal osci l lat ions on heat transfer 

from a heated horizontal wire to both water and ethylene g lycol . Tests 

in water with a kjasically s imi lar apparatus, but employing vertical 

osc i l la t ions, were conducted by Deaver ( 4 ) . Both investigations found 

a cr i t ical Reynolds number (Rev) above which free convection had no 

- 5 -



effect on heat transfer. In the range of free convection domination ( low 

Rev ) , there was good agreement between the results for horizontal and 

vertical osc i l la t ions, but, at high Reynolds numbers (Rev) where forced 

convection dominates, the effect of vibration on heat transfer was more 

marked with vert ical ly osci l lated wire. Systematic analysis of the 

physical situation of the two cases may show that for horizontal 

osc i l la t ions, the cylinder moves through a relatively constant temperature 

undisturbed f l u id , in a direction perpendicular to the direction of the 

convection currents, whereas for vertical osci l la t ions, the cylinder moves 

in the same direction as the convection currents. The direction of the 

vibration vector relat ive to the direction of the gravitational forces, 

determines the character of the boundary layer flow and this is a primary 

control l ing variable in these problems. 

In the forced convection region, Deaven obtained the fol lowing 

relat ions: 1 

- ^ . 3 = 0.35 + 0.48 ( R e v ) ° - ^ ^ (1 .1 -1 .1 ) 

Lemlich (5) employed simi lar apparatus to that of Penney (3) 

and Deaver (4) Ixjt his investigations dealt with low-frequency 17 -31^ HZ 

_2 

low-ampli tude (up to 0.22 x 10 m) vertical vibrations. Lemlich 

obtained the fol lowing equation for his experiment da ta : -

hv • , , V (RevfA/Dbl^-"^ Pr° -^ ) 
— - - 1 = constant X TT^ 
^ ° (Gr,Pr)°-2^ 

( 1 . 1 - 1.2) 
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This agrees wi th Penney (3) and Deaver (4) as fo l lows; the 

numerator represents a forced convection term of the vibrational 

disturbances, whi le the denominator represents a product which is a 

characteristic of free convection. Consequently, when the relative 

influence of the vibrational disturbances is small free convection 

predominates, and when the relative influence of vibration is ' 

pronounced forced convection predominates^ 

The influence of vibration upon the heat transfer rates from 

horizontal heated wires to air has also received attention. Lemlich (6) 

investigates this effect by subjecting electr ical ly heated nichrome 

-3 

wires to vibration with a range of sinusoidal amplitudes from 0.7 x 10 

-3 
to 2.9 X 10 m at frequencies from 39 to 122 HZ and over a range of 

o 

temperature differenced between the wires and ambient air of 4 C -

o 

200 0 . The results demonstrated that an increase in heat transfer 

coeff icient of four t imes that without vibration was possible. The 

fol lowing relation was established from experimental data. 
— - u . , ^ . w.wv.>., Q 26 

( G r . P r . ) (1 .1 - 1-3) 

This is applicable to both horizontal and vertical transverse 

vibrat ions. An attempt was made to observe the boundary-layer flow 

using smoke from a cigarette placed under the heated wires, but these 

observations cannot be regarded as accurate explanations of the boundary-

layer f low. Fand-et-a l (7) performed simi lar experimental work to Lemlich 

-2 

(6) but they used a 1.9 x 10 m O.D. cylinder. Their results showed 

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

-5-



at an intensity below 9 x 10 m/sec. was negl igible. Above this intensity 

an increase in (hv) becomes apparent The results were correlated by 

the fol lowing equation: -

Nu^ = Constant X ( G r . P r ) ° * ^ Rev. ( 1 .1 _ 1.4) 
4 A.-t 

This is applicable for Rev ^ 2200, Gr.Pr . ^ 3 x 10 and (surface 

temperature - ambient temperature)>22°K below this temperature 

difference (hv) is found to be dependent on A"t. This equation is quite 

different from that given by Lemlich (1 .1 - 1.3) where (hv) is proportional 
2.05 

to (Rev) * . This difference may be due to the fact that in Leml ich 's 

work the ratio A /Do is of the order of 100 t imes greater than that employed 

by Fand. This ratio is one of the controll ing variables in al l f lu id 

mechanical phenomena involving vibrations. 

1 . 1 - 2 

Heat Transfer and Fluid Pulsation 

In this method of v ibrat ion, the heated surface is held stationary 

and acoustic vibrations are induced in the f lu id medium confined by the 

surface: the characteristic behaviour between vibration and heat transfer 

is found to be very s imi lar to that associated wi th mechanical surface 

vibrat ions. This was demonstrated by Fand (8) who attempted to compare 

the influence of mechanical and acoustical vibration on free convection from 

an electr ical ly heated horizontal cyl inder. A photographic flow visul ization 

study was undertaken to c lar i fy the characteristic orientation of the boundary 

layer f low around the cyl inder, smoke being used as the indicating medium. 

The results indicated that the physical m'echanism of interaction between 

free convection and horizontal vibration is the same whether vibrations 

are mechanical ly or acoustical ly induced. A fourfold increase of heat 
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transfer coefficient was observed at an intensity of vibration of 33.6 

-2 • X 10 m / s e c . and the cr i t ical intensity of vibration above which the 

heat transfer increased signif icantly was approximately 0.11 m/sec. 

Morrel l (9) derived an approximate method for calculating heat 

transfer rates from a heated pipe to a resonated a i r stream flowing 

inside the pipe. This theory was based on the assumption that the 

customary empirical relation between Stanton number, Reynolds 

number and Prandtl number for steady f lu id f low can be applied to 

osc i l la t ing f lows as w e l l . The analysis predicts a sh arp increase in 

heat transfer with increase in maximum pressure behind the shock wave. 

Jackson et al (10) imposed acoustic vibrations at different frequencies 

and pressure amplitudes on air f lowing in a brass tube enclosed in a 

steam chamber. The experiments indicated that sound pressure levels 

2 

below 118 decibels (15.9 N /m ( r . m . s . ) ) had I i t t Ie effect on heat 

transfer coefficient ( h v ) , but above this level , significant increases in 

hv were apparent. Lemlich (11) adopted a simi lar procedure to (10) 

but he used pulsating water f low as a cooling medium instead of a i r . 

The pulsations were generated upstream of the test section 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, 

depending on 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 f lat plate to an air stream; large amplitude 

f low osci l lat ions were imparted to this stream by a siren. High speed 

- 7 -



sch l ie ren photographs were taken of the thermal boundary layer adjacent 

to the p l a t e . The authors conc luded f rom thei r photographs that the 

boundary- layer t h i ckness decreased in proport ion to the increase in 

heat t ransfer c o e f f i c i e n t . A l s o that a f l ow reversal was occur ing near 

the w a l l at a l | f requenc ies dur ing part of the c y c l e . 

In general , an exp lanat ion for the in terac t ion between t ransverse 

v ib ra t i on and f ree convec t ion may be based on a study by Fand and Kaye 

( 1 3 ) who observed that vo r t i ces begin to deve lopabove a hor izonta l 

heated cy l inder at p rec ise ly the same sound pressure level at wh ich 

the heat t ransfer rate begins to be s i gn i f i can t l y a f f ec ted . The phys ica l 

m e c h a n i s m whereby sound or v ib ra t i on increase the heat t ransfer can 

then be p r i m a r i l y a t t r ibu ted to the fo rma t ion of the vor t i ces on the 

sur face of the heated cy l i nde r , thus prov id ing a v igorous k ind of mo t i on 

of the thermal boundary- layer round the cy l inder and th i s is a lso dependent 

on the d i rec t i on of the v ib ra t i on vector re la t i ve to the force of grav i ty 

a s men t i oned ea r l i e r . 

1 . 1 - 3 

Heat Transfer by Condensat ion on Mechan i ca l l y V ibra ted Tubes 

A l though a cons iderab le body of l i te ra ture on in teract ions 

between v ib ra t i on and convec t i ve heat t ransfer may be found,there is 

l i t t l e pub l i shed data on the in f luence of v ib ra t ion on the process of 

condensa t i on . Raben et a l ( 14 ) appear to be the f i r s t workers in t h i s 

f i e l d . Their a i m s were to improve heat t ransfer rates in s a l i n e - t o -

f resh water convers ion s y s t e m s , to reduce sca le fo rmat ion on the 

-8-



ou ts ide of the condenser tubes and to a t tempt to promote dropwise 

condensat ion by v i b r a t i o n . Tine authors employed a t ransverse iy -

- 2 

v ib ra ted ve r t i ca l a l u m i n i u m tube 1.04m long and of 2 .5 x 10 m O.D 

- 3 

X 2 X 10 m wa l l t h i c k n e s s . The tube was supported at i t s ends ins ide 

a pyrex stearn jacke t and an e lec t ro -magne t i c v ibrator was l inked 

to the cent re of the tube through a d r i v ing rod to impar t t ransverse v ib ra t i ons . 

Tes ts were car r ied a t a constant coo l i ng water f l owra te of 465 K g / h r 

and a constant in le t s team pressure of 1 bar . The m a x i m u m amp l i t ude 
- 3 - 3 

of o s c i l l a t i o n ( H ) ranged between 0 .75 x 10 — 12.5 x 10 m , 

at f r equenc ies (F ) ranging f r o m 2 2 . 5 to 98ci;IZ , thus g i v ing a m a x i m u m 

Rev of about 200 ,000 . The resonant f requency of the tube was 3 8 H Z . 

The exper imen ta l observa t ions showed that f i l m w i s e condensat ion was 

predominant at a l l i n tens i t i es of v i b r a t i o n , and improvements in the, 

s team heat t ransfer coe f f i c i en t ( h v ) of up to 58 per cent were ob ta ined . 

( h v ) increased w i t h higher f requenc ies and higher amp l i t udes of 
v i b r a t i o n . 

A l l da ta for ( h v ) were g iven in the f o r m : -

u ^ t, c = 0 - 2 4 6 ^ 0 . 2 0 5 
h v c K h o . F H . ( 1 . 1 . 3 . 1 ) 

1.2 

Th is re la t ion is v a l i d on ly for H.F ' > 10 .6 . i t i s 

impor tant to rea l i ze that R a b e n ' s resu l ts d id not demonstra te a c r i t i ca l 

va lue of v ib ra t iona l i n tens i t y above wh ich heat t ransfer rates increased. 

U s i n g b a s i c a l l y s i m i l a r apparatus Raben a lso invest igated the ef fect 

of v i b ra t i on on the w a t e r - s i d e heat t ransfer coe f f i c i en t . The test sec t ion 

was heated by pass ing an e lec t r i c current of up to 500 A through the 

tube . The coo l i ng water was passed in the tube at Reyno lds numbers 
- 9 -



between 1 , 117 to 2 4 , 0 0 0 , w i t h and w i thou t o s c i l l a t i o n s . The v ib ra t ions 

app l i ed to the tube were in the f requency range of 17 - 144 HZ and 

- 4 - 3 
had a m p l i t u d e s vary ing f r o m 2 x 10 m to 9 . 7 x 10 m . No s ign i f i can t 

increase in heat transifer coe f f i c i en t was observed w i t h v ib ra t ion ^ 

m a x i m u m increase be ing about 4 per cen t . Th is s m a l l increase was 

found to be independent of ( R e ) . Dent (15 ) a t tempted a s e m i - e m p i r i c a l 

approach us ing N u s s e l t ' s theory of condensat ion oh a ver t i ca l p lane , 

to seek a cor re la t ion to R a b e n ' s ( 1 4 ) exper imenta l f i n d i n g s . H i s 

work was based on the theory of Dankwer ts ('16) and M i c k ley ( 1 7 ) 
A. • 

for the turbulent heat t ransfer between a f l u i d and a s o l i d su r face . 

Th is theory shows that the v ib ra t iona l heat t ransfer coe f f i c i en t , ( h v ) , 

• - 0 . 5 

is propor t ional to S , where S i s a m i x i n g coe f f i c i en t represent ing 

the average rate of renewal of f l u i d l umps at the so l i d sur face . Dent 

a s s u m e d , that S is proport ional to V v / ^ (where Vv is the resultant 

v e l o c i t y of the l i qu id f i l m due to g rav i ta t ion (Nusse l t (18) and to tube 

V i b r a t i o n ) , and that X i s a m i x i n g length of the order of the condensate 

f i l m t h i c k n e s s . To s i m p l i f y the assumpt ion fu r ther , he regarded X 

to be constant a f ter some va lue of v ib ra t iona l in tens i ty at wh ich the 

heat t ransfer coe f f i c i en t ( h c r i t i c a l ) is j us t beginn ing to increase. Thus 

a s i m p l e express ion for ( h v ) was o b t a i n e d : -

c a l c u l a t i o n s of iVv)and(V c r i t i ca l ) were based on the same assumpt ions 

that Nusse l t used , n a m e l y , a Parabo l ic ve loc i t y d is t r ibut ion and a 

l inear tempera ture grad ient through the condensate f i l m . When 

equat ion ( 1 . 1 - 3 . 3 ) i s compared w i t h Rabens exper imenta l work , 
- 1 0 -



good agreement is obta ined at low amp l i t udes of v i b ra t i on , but the 

r e s u l t s dev ia te sharp ly at higher a m p l i t u d e s , apparent ly due to the 

d o m i n a t i o n of fo rced convec t ion currents in the condensate f i l m as found 

by Raben . Houghey ( 1 9 ) conducted work on condensat ion of saturated 

- 2 

ethaniol vapour on a long i tud ina l l y v ib ra ted 2 . 3 x 10 O . D . x 0 . 2 0 m 

long hor izonta l t ube . Phys i ca l va r iab les emp loyed for the exper iment 

were a range of a m p l i t u d e ( A ) of v ib ra t ion f r o m 6 to.0015 m , a range 

of v ib ra t iona l f requency ( F ) f r o m 0 to 140 tV^Z. and a coo l i ng water 

f l o w at Re > 4000. A detec tab le increase in heat t ransfer was observed 

a t a c r i t i c a l f requency of about 25cps for the ent i re range of v ibra t iona l 

a m p l i t u d e s u s e d . The exper imenta l graphs ind icated cont inuous increase 

in heat t ransfer coe f f i c i en t ( h v ) w i t h increas ing frequency and amp l i t ude 

of v i b r a t i o n . A t the m a x i m u m in tens i ty of v i b r a t i o n , a 20 per cent 

increase in ( h v ) occurred and t h i s was a lso the m a x i m u m increase 

observed under the en t i re range of exper imenta l cond i t i ons . The 

increase in ( h v ) was a t t r ibu ted to the f o rma t i on of s tanding waves 

deve loped in the condensate f i l m , thus p romot ing better convect ion 

and eddy t ransfer in the f i l m . No ana ly t i ca l or emp i r i ca l cons iderat ion 

was g i v e n , but i t was assumed that the increase in heat t ransfer was 

a f unc t i on of v ib ra t iona l Reyno lds number o n l y . Th is gave a l inear 

co r re la t ion of the data in the f o r m : 

hv 
Z— - = 0 .0018 A . F . 

^ ° ( 1 . 1 - 3 . 4 ) 

where the condenser d iameter and the condensate v i scos i t y are c o n s t a n t . 

The equat ion was on ly app l i cab le for A . F . > 20 . - 1 1 -



In cons ider ing inves t iga t ions of the e f fec t of t ransverse hor izonta l 

tube v ib ra t i ons on condensat ion heat t ransfer , the on ly ava i lab le 

l i te ra ture is prov ided by Dent ( 2 0 ) . For t h i s work a short copper tube 

- 2 - 2 - 2 " 
3 4 . 3 x 1 0 m long , 2 . 1 x 1 0 m G . D . x 0 . 1 1 x 10 m wa l l th ickness 

was used as the tes t p i e c e . The tube was mounted on a fork l inked 

to an e lec t romagne t i c v ibra tor and the test p iece w i t h i t s mount ings 

and c o o l i n g water connec t ions were enc losed in a steel vessel to 

w h i c h s team was supp l ied at a pressure s l i g h t l y greater than 1 bar. The 

exper imenta l work covered a f requency range of tube v ib ra t ion f r om 20 

- 2 

to 80 and a range of amp l i t udes f r om 0 to 0 . 4 2 x 10 m . Resu l t s 

w i t h v ib ra t i on showed a m a x i m u m increase of 15 per cent in the 

condensat ion heat t ransfer coe f f i c i en t ( h v ) over i t s va lue w i t h no 

v i b r a t i o n . In s tudy ing the mechan ica l per formance of the exper imental 

apparatus as ind ica ted by the exper imenta l da ta , i t can be seen that 

h igher a m p l i t u d e s of v i b ra t i on were not ob ta inab le at higher tube 

f requenc ies ( s i n c e t h i s was l i m i t e d by the per formance of the e lec t ro 

magne t i c v ib ra to r , ( see sec t ion 2 . 3 - 1)). A s a resu l t , the m a x i m u m 

poss ib l e a m p l i t u d e of v ib ra t i on was obta ined at lower f requenc ies . Th is 

method res t r i c ted the a v a i l a b i l i t y of higher v ibra t iona l i n tens i t i es . Tie 

m a x i m u m ( R e v ) a t ta ined in the exper iment was about 34,000 compared 

w i t h ( R e v ) in the order of 300,000 covered by the au tho r ' s exper imenta l 

i n v e s t i g a t i o n . D e n t ' s exper imenta l po in ts showed cons iderable scatter 

on the g raph ; a 15 per cent increase in ( h v ) was g iven at v ib ra t iona l 

i n t ens i t i e s of 0 .039 and 0 .079 m / s e c under the same exper imenta l 
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c o n d i t i o n s . Such cha rac te r i s t i cs may be due to large exper imenta l er rors . 

Expe r imen ta l observa t ions ( repor ted in Chapter 5) show that v ib ra t ion 

makes a very srha l l con t r i bu t ion to (hV) up to a v ib ra t iona l in tens i ty of 

0 .06 m / s e c . Dent a l so a t tempted to es tab l i sh theoret ica l ana l ys i s for 

co r re la t i ng h i s exper imenta l f i n d i n g s , t)ased'on N u s s e l t ' s theory of 

condensat ion on a s ta t ionary tube . A per turbat ion method was proposed. 

S ince condensat ion was not s i gn i f i can t l y increased w i t h v i b ra t i on , an 

a s s u m p t i o n was made that the downward f i l m ve loc i t y was due to grav i ta t iona l 

force and to a per turbat ion v e l o c i t y proport ional to the v ibra t iona l i n tens i t y . 

Dent in t roduced a per turbat ion parameter ( E ) and then made the assumpt ion 

that ( E ) is equal to the ra t io of v ib ra t iona l amp l i t ude ( A m a x ) over tube 

d iamete r (Di>. The supplementary v e l o c i t y was found by m u l t i p l i c a t i o n 

of ( E ) and the average v e l o c i t y of tube v ib ra t ion in the plane of grav i ta t iona l 

f i e l d . The ana l ys i s proceeded accord ing to Nuss^elt's theory assuming a 

l inear tempera ture gradient through the condensate f i l m and a laminar 

f i l m f l o w on the su r face . A d i m e n s i o n l e s s parameter for cor re la t ing 

exper imen ta l resu l t s was g i ven in the f o r m : 

2 
N D 5 _ 4 ( A m a x ) • R e v , ĥ g 

3 ' 3TT ( Do ) • K ( e „ , - e.) 
° ( 1 . 1 - 3 . 5 ) 

In compar i son w i t h ekper imenta f r e s u l t s , the ana l ys i s showed a re la t i ve l y 

rap id increase in heat t ransfer w i t h v ib ra t ions and thus i t s v a l i d i t y for 

co r re la t i ng the resu l t s is very l i m i t e d . The condensate ve loc i t y is retarded 

dur ing the lower d i sp lacemen t of the tube and t h i s e f fect was not taken into 

account in the a n a l y s i s . The increase in heat t ransfer was a n a l y t i c a l l y 

-13-



based on the pos i t i ve e f fec t of the c y c l e to increase drainage of the 

condensate and consequent ly to reduce the f i l m t h i c k n e s s . Th is a s s u m p t i o n , 

together w i t h the i n i t i a l a s s u m p t i o n s , render the ana lys i s i n a c c u r a t e 

for co r re la t i ng the r e s u l t s . No emp i r i ca l approach was a t tempted to 

cor re la te the exper imenta l r e s u l t s . 

1.2 

The Boundary-Layer 

When a f l u i d f l o w s a long a s tat ionary so l i d sur face, the f l u i d 

pa r t i c l es ad jacent to the sur face adhere to i t and thus are at res t . A t a 

ce r ta in d i s tance f r o m the sur face , the f u l l s t ream ve loc i t y is reached. For 

f l u i d s of low v i s c o s i t y such as a i r or Water, the r i se to the s t ream veloci ty 

f r o m zero ve loc i t y a t the sur face occurs w i t h i n a re la t i ve ly narrow layer 

of f l u i d known as the "Boundary -Layer " . The v i scous forces w i t h i n the 

f l u i d tend to retard the f l o w re l a t i ve to the boundary, thus es tab l i sh ing 

a v e l o c i t y gradient w i t h i n the boundary - layer . Reyno lds (21) showed 

that there are two b a s i c a l l y d i f fe ren t f o r m s of f l o w , laminar and turbulent 

f l o w . In laminar f l o w , the f l u i d runs in s t r e a m - l i n e s wh ich f l o w s ide by 

s ide in an order ly manner , w h i l e in turbulent f l o w , the s t r e a m - l i n e s are 

in terwoven w i t h each other in an irregular manner . A s a consequence, 

the ind iv idua l f l u i d pa r t i c l es develop f l uc tua t i ng m o t i o n s . Reyno lds 

v i s u a l i z e d turbu lence as a ser ies of eddies or vo r t i ces or ig ina t ing at or 

near a s o l i d su r face , caus ing d is tu rbance in the f l u i d s t r eam. The movement 

of the f lu id by an eddy current f r om a region in wh ich the ma in s t ream 
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v e l o c i t y is low to a region of Kighisr ve loc i t y invo lves a transfer of 

m o m e n t u m between the two reg ions . Taylor ( 22 ) assumed that the 

t r ans i t i on f rom laminar to turbulent f l ow occurs as a resul t of' 

momen ta ry separat ion in reg ions of adverse pressure gradient in the 

f l u i d s t r e a m . 

1.3 

Heat T ransm iss ion in Condensate F i l m 

Thermal t ransfer processes genera l ly occur as a resul t of 

d i f f e rence or gradient of temperature wh ich depends upon the 

phys i ca l m e c h a n i s u m of the p rocess . B a s i c a l l y there are two processes 

whereby therma l energy i s t rans fe r red . These are conduct ion and 

c o n v e c t i o n . In conduc t i on , t t « heat is exchanged between adjacent 

bod ies or par ts of a body wh i ch are at d i f fe ren t temperatures and the 

energy is d i f f used through the mater ia l by a thermal mo t ion of the 

m i c roscop i c pa r t i c l es of wh i ch the mater ia l is composed . If 

conduc t ion occurs in a m o v i n g f l u i d , the d i f f us i on of the thermal 

energy w i l l be a f fec ted by the re l a t i ve m o t i o n of the f l u i d layers . 

Th i s process is t e rmed c o n v e c t i o n . Condensat ion may occur in two 

d i s t i n c t l y . d i f f e r e n t f o r m s . F i l m w i s e and dropwise (Chapter 4 ) . 

Only f i l m condensat ion is dea l t w i t h in t h i s work . In cons ider ing 

condensat ion on a s ta t ionary hor izonta l tube , the condensate f i l m 

f o r m s on the sur face and f l o w s down in a laminar mot ion (Nusse l t 

( 1 8 ) ) under the in f luence of g r a v i t y . S ince the l iqu id f i l m adheres 

to the coo l i ng su r face , i t s temperature at t h i s locat ion is the same 
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as that of the su r face , w h i l e the temperature of the l i qu id vapour 

in ter face is s l i g h t l y lower than the saturat ion temperature of the 

vapour due to sufcx;ooling e f f e c t . The l i qu id f i l m prov ides the ma jo r 

res i s tance to the heat f l o w , a n d , s ince the f l o w is l am ina r , the 

the rma l t ransfer p rocess is m a i n l y of conduct ion through the f i l m . 

The condensate f i l m th i ckness increases at success ive downward 

loca t ions on the tube sur face due to vapour condensing on the 

in ter face at each l o c a t i o n . The magni tude of the res is tance to the 

heat f l o w therefore va r ies down the surface in proport ion to the 

f i l m t h i c k n e s s . For any condensat ion process on a stat ionary 

t u b e , i t i s apparent that the grav i ta t iona l fo rce prov ides the so le factor 

in d ra in ing the condensate and con t ro l l i ng the f i l m t h i c kness . The 

m a i n in ten t ion in t h i s work is to impose v ib ra t ion on the tube in an 

a t t e m p t to increase dra inage and therefore to decrease the f i l m 

t h i c k n e s s . Th i s may amount to reducing the temperature gradient in 

the f i l m and hence improve the transfer p rocess . The ef fect of 

v i b ra t i on on condensat ion heat t ransfer and i t s re la t ion to amp l i t ude and 

f requency of v i b ra t i on is exper imen ta l l y invest igated in t h i s t h e s i s . 

1.4 

Cor re la t ion of the Exper imen ta l Resu l t s 

1 .4 -1 S ta t ionary Tube 

In a t t e m p t i n g to .explain and predict behaviour in phys ica l 

phenomena, there are two poss ib le complementary methods ; 

exper imen ta t ion and a n a l y s i s . The former may general ly be considered 
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as the i n i t i a l me thod in any new f i e l d of s tudy . Observat ions of the 

phys i ca l process a s s i s t in the deve lopment of quan t i t i ve theory in 

t e r m s of general m a t h e m a t i c a l re la t ionsh ips govern ing the re levant 

phenomena. 

For f i l m condensat ion on a s ta t ionary tube , Nusse l t ( 18 ) 

in 1916 es tab l i shed ana l y t i ca l resu l t s descr ib ing the heat t ransfer 

cha rac te r i s t i c s associal fed w i t h the process (Chapter 4 ) . Nusse l t s 

c l a s s i c a l a n a l y s i s has become a standard for cor re la t ing exper imenta l 

r esu l t s for s ta t ionary condensers . L i m i t a t i o n of Nusse l t s ana l ys i s 

for app l i ca t i on to d i f fe ren t condensat ion processes ( e . g . for l i qu id 

m e t a l s ) have been shown by d i f fe ren t workers ( B r o m l e y (32 ) Sparrow 

( 3 9 ) ) . However the v a l i d i t y of Nusse l t s a n a l y s i s for such processes 

has been restored by in t roduc ing some m o d i f i c a t i o n to the theory . 

For f i l m condensat ion of s team on a s ta t ionary hor izontal tube , 

N u s s e l t ' s equat ion ( 4 . 2 - 1 9 ) is recommended by M c A d a m s (22 ) and 

t h i s equationWdS used to assess the exper imenta l work (Chapter 4) 

of condensat ion on a s ta t ionary tube before impos ing v i b ra t i on . 

1.4 - 2 

V i b r a t i n g Tube 

In dea l ing w i t h ana l ys i s of heat t ransfer and condensat ion on 

a ho r i zon ta l l y v ib ra t i ng tube , the condensate or ien ta t ion around the 

cy l i nde r is in a non -un i f o rm sta te ow ing to the mechanisum involved 

between tube v i b r a t i o n , g rav i ty and f l u i d m o t i o n . For a g iven frequency 

of v i b r a t i o n , the rate of d is turbance of the condensate f i l m var ies w i t h 
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respect to the instantaneous acce le ra t ion of the cy l inder and i t a lso 

va r ies a long the c ross sec t ion of the cy l i nde r . In add i t i on , the 

magnitu 'de of the induced d is tu rbances , depends on the in tens i ty of 

v i b r a t i o n . Each cyc l e of mo t i on ac ts as a d is turbance and increasing 

the rate of such d is turbances tends to increase the overa l l e f fect on 

the condensate instantaneous d i s t r i bu t i on around the cy l i nde r . 

Fur thermore , if the tube f l e x e s dur ing each c y c l e of v i b ra t i on , the 

condensate near the cent re of the tube is sub jec ted to larger 

acce le ra t ion than the condensate d ra in ing near the ends of the tube . 

A s an e f f e c t , the condensate o r ien ta t ion a long the tube becomes 

non -un i f o rm^ Under a l l these c i r cums tances the process becomes 

three d imens iona l and t i m e dependant and comp le te ana lys i s of the 

p rob lem w i l l be very c o m p l e x . Consequent ly e m p i r i c a l methods 

wou ld be very usefu l in es tab l i sh ing poss ib le re la t ions for 

co r re la t ing the impor tant exper imenta l va r i ab les . Such a procedure is 

exp la ined in Chapter 5 . The var iab les considered were tube 

f requency and a m p l i t u d e of v i b ra t i on and those assoc ia ted w i t h 

N u s s e l t s theory of condensat ion on a hor izonta l tube . 
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2 . INSTRUMENTATION AND M E A S U R E M E N T S 

General 

In order to des ign exper imenta l apparatus capable of 

f u l f i l l i n g a l l requ i rements s a t i s f a c t o r i l y , a l l work ing cond i t i ons should 

be cons idered together w i t h a l l poss ib le d i f f i c u l t i e s that cou ld cause 

f a i l u r e . Some exper imenta l d i f f i c u l t i e s may not be pred ic tab le beforehand 

and consequent ly the in t roduct ion of some m o d i f i c a t i o n to the f ina l 

apparatus may be necessary . 

In t h i s i nves t iga t ion into the e f fec t of v ib ra t ion on condensat ion 

heat t rans fe r , i t was dec ided to pos i t i on the condenser tube hor izon ta l l y 

and to arrange a sat is fac to ;y means of v ib ra t ing the tube w i t h d i f fe rent 

a m p l i t u d e s and f requenc ies in the p lane of the grav i ta t iona l f i e l d . An 

adequate method of ;seal ing the s team in the pressure vessel dur ing tube 

v ib ra t i on had to be f ound . Fur thermore it was envisaged that the 

exper imen ta l p rogramme cou ld invo lve accurate measurement of mean tube 

tempera tu re , coo l i ng water tempera tu res , f l ow ra te , s team pressure and 

tempera tu re . F i g . 2. A shows a schemat i c d iagram of the s team and 

coo l i ng water s y s t e m s . F i g s . 2.B and 2.C are photographs of the actual 

appara tus . 

2.1 Test Sec t ion 

Th is compris,ed the Pressure vessel and the test condenser 

( F i g . 2.1). t h e vesse l incorporated four w indows for v iew ing the 

condensat ion p rocess , and two condensate drainage pocke ts . F ive tubes 

were we lded to a c o m m o n dra inage tube that leads to the aux i l i a r y 
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F i g 2,3 The instrument panel 

F i g 2.C The experimental apparatus 
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condenser . The vesse l was ex terna l l y heated to the s team saturat ion 

tempera tu re by means of E lec t ro -The rma l f i b r e - g l a s s coated heat ing 

e l e m e n t s taped around the ent i re sur face of the she l l wh ich was packed 

w i t h ' s t i l l i t e ' m inera l wool i n s u l a t i o n . The ent i re vessel and 

insu la t ion were enc losed in a l u m i n i u m cover . 

The tes t condenser cons is ted of^1.019 m long EN58B s ta in less 

steel t ube . Th is tube passed through the pressure vessel end covers , each 

cover be ing secured to the vesse l by means of twe l ve b o l t s . 

2 . 2 S t e a m Seal Des ign 

The mode of v ib ra t ion of the condenser tube necess i ta ted a 

re l i ab le seal to prevent the s team escaping to a tmosphere under 

v ib ra t iona l c o n d i t i o n s . 

S ince re la t i ve l y h igh amp l i t udes of v ib ra t ion were to be 

e m p l o y e d , it was dec ided that steel be l lows or any fo rm of rubber seal 

wou ld be inadequate. It w a s therefore dec ided to design a seal wh ich 

had f reedom to move w i t h the tube wi thout in t roducing any f l exu re . 

F i g . 2 2 shows a d i a g r a m m a t i c sketch of the s e a l . Th is compr ised a 

' T e f l o n ' d i sc mounted on the condenser tube ins ide the pressure v e s s e l . 

A spr ing loaded s ta i n l ess steel d isc was screwed to the ' T e f l o n ' d isc 

to prevent d e f o r m a t i o n . The spr ing pressure, together w i t h the s team 

pressure on the d i sc prov ided su f f i c i en t th rus t to prevent the s team f rom 

escap ing round the ' T e f l o n ' s e a l . Two high temperature v i ton ' o ' r i ngs , 

c h e m i c a l l y s tab le at tempera tures up to 200 C were embedded in grooves 

mach ined ins ide the ' T e f l o n ' and steel p la te bores in order to prevent the 
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s team f r o m escap ing to a tmosphere round the oondenser tube . ' T e f l o n ' 

was chosen because i t comb ines a low coe f f i c ien t of f r i c t i o n w i t h a 

r e l a t i v e l y h igh m e l t i n g po int (about 2 2 0 ° C ) . 

2 . 3 V i b r a t i o n Generat ing Sys tem 

2 . 3 - 1 General 

O r i g i na l l y the in ten t ion was to adapt two E lec t ro -Magne t i c 

V i b r a t o r s , one l i nked to each end of the tube , to generate the required 

t ransverse v i b r a t i o n . The v ib ra to rs wou ld be fed f r om an osc i l l a to r 

through a t w i n channel a m p l i f i e r . A f te r a comprehens ive inves t iga t ion on 

the per formance of t h i s s y s t e m , it was rea l i zed that many d isadvantages 

were assoc ia ted w i t h i t . A t h igh f requenc ies , the usefu l power of the 

v ibra tor is d i ss ipa ted in acce le ra t i ng the m o v i n g par ts of the v ib ra tor . A s 

a resu l t h igh a m p l i t u d e s of v ib ra t i on can on ly be obta ined f r om very large 

v i b ra t i o r s con t ro l led through ex t reme ly powerfu l a m p l i f i e r s . The cost of 

these is r e l a t i ve l y h i g h , and such v ib ra tors occupy a large f loor a rea . 

Th is p rob lem was so lved by des ign ing a v ib ra t ion sys tem incorporat ing twD 

eccen t r i c c a m s powered by an e lec t r i c mo to r . 

2 . 3 - 2 Des ign Conf igura t ion 

The motor was mounted on the base of the pressure vessel 

support ing f r ame and drove a s o l i d steel sha f t . The shaft ran in two 

Ho f fmann 0335 sel f a l i gn i ng double ro l ler Journal bear ings wh ich were 

mounted on two r i g i d supports we lded to the support ing f r a m e . These 

bear ings were capable of tak ing moderate ax ia l loads and shaft de f l ec t i ons . 
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A va r i ab le p i t ch eccen t r i c c a m was mounted on each end of the d r ive 

s h a f t . A 0 .026 m l ong , steel t ube , connected each cam to the condenser 

t ube . A rec ip roca t ing mode of tube v ib ra t ion was thus e m p l o y e d . The 

tube was cons t ra ined to m o v e on ly in a ver t i ca l d i rec t i on by means of two 

' T e f l o n ' l ined channe ls mounted on the vessel support ing f r a m e . The 

' T e f l o n ' served to insu la te the tube e l ec t r i ca l l y f r om the connect ing a r m s . 

2 . 3 - 3 The E l e c t r i c Moto r 

One of the m a i n requ i rements for the exper imenta l work was 

that s teady f requenc ies of v ib ra t i on were to be e m p l o y e d , and, s ince the 

componen ts of the m o v i n g s y s t e m were re la t i ve l y heavy , a powerful motor 

was needed . A Kopp AC var ia tor was acqui red for t h i s purpose. Th is 

motor has a m a x i m u m of 3 .8 K . W . power ou tpu t , a speed range of 480 -

4320 r . p . m . and has a hydrau l i c c l u t c h dr ive wh ich incorporates an 

accura te m e c h a n i s u m for contro l of motor shaf t speed. The var iator was 

coup led to the condenser d r i ve shaf t by means of a tw in V bel t and pu l ley 

s y s t e m . 

2 . 3 - 4 The Eccen t r i c C a m s 

One of the exper imenta l requ i rements was that the inves t iga t ion 

cou ld be car r ied at d i f fe ren t a m p l i t u d e s of condenser v i b ra t i on . Therefore 

two iden t i ca l va r iab le a m p l i t u d e m i l d steel c a m s were constructed to 

f u l f i l these requ i remen ts ; each c a m cons is ted of three pa r t s ; 

i - S l i de r 
i i - Holder 

i i i - Screw ad jus ter 
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F i g . 2 . 3 - 4 shows a sec t i on through the c a m . The s l ider was su i tab ly 

shaped to run smooth ly in a T sec t ion groove mach ined across a 

d iame te r of the ho lder . The screw adjuster, wh ich passed through the 

holder a long the groove was made to operate on the s l ider through a 

threaded ho le mach ined in the T sec t ion of the s l i de r . A lock ing screw 

was emp loyed in the cam holder to screw the s l ider in pos i t i on dur ing 

c a m ope ra t i on . The p ro jec t ing shaf t of the s l ider impar ted mo t ion to the 

connec t ing a rm v i a a Ho f fman 0325 double ro l le r se l f a l i gn ing ba l l 

journa l bea r ing . The c a m holders were counterbored to f i t the 

overhang ing ends of the d r i v e - s h a f t , and locked by three sc rews . 

2 .4 S t e a m Generat ing S y s t e m 

A l l the exper imen ts were carr ied out at a constant s team gauge 

pressure of s i x ba rs . The s team was supp l ied by a C lay ton o i l - f i r e d s team 

generator model RO G-110 . The sys tem incorporated a s team accumula tor 

w h i c h served as a s team separator as we l l as a l i qu id storage for the 

s y s t e m . The s team f r o m the bo i le r was supp l ied at a constant gauge 

pressure of ten bars and then passed through a diaphragm, operated contol 

va l ve set at a gauge pressure of s i x ba rs . A t t h i s work ing pressure the 

measured t ismperature in the condenser corresponded to that of dry 

saturated s t e a m . The rema in ing uncondensed s team together w i t h the 

condensate was dra ined o f f to an aux i l i a r y condenser where i t was 

t o t a l l y condensed and passed to the m a i n d r a i n . 

2 .5 Coo l i ng Water S y s t e m 

The condenser coo l i ng water was obta ined f rom a m a i n reservoir 
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s i tua ted about th i r teen meters above the exper imenta l r ig and i t was 

passed through a f l owmete r at the in le t to the. condenser (F ig 2 . A ) . 

A f l e x i b l e po ly thene tube was used to make the in le t and out le t 

connec t ions to the condenser tube thus g i v i ng i t f reedom of movemen t . 

Dur ing one stage of the exper imenta l wo rk , a range of in let 

coo l i ng water t empera tu res was required and th i s was achieved by 

connec t ing a l ine between the aux i l i a r y condenser coo l ing water ou t le t and 

the tes t condenser coo l i ng water pass ing to the f l o w me te r . The des i red 

coo l i ng water temperature was obta ined by ad jus t i ng the amount of 

c o o l i n g water int roduced f rom the aux i l i a r y condenser. . The total 

f l ow ra te of coo l i ng water pass ing through the test sect ion, was cont ro l led 

by v a l v e s p laced on each of i t s s i d e s . These va lves were ad justed to 

m a i n t a i n a h igh water pressure to obv ia te cav i t a t i on (see chapter 3 ) . 

2 . 6 M E A S U R I N G INSTRUMENTS 

2 . 6 - 1 Condenser Tube Temperature 

2 . 6 - 1 A In t roduct ion 

In heat t ransfer i nves t i ga t i ons , one of the most c r i t i ca l 

measu remen ts i s that of the tanpera ture of the wa l l separat ing the 

heated and cooled f l u i d s , sur face temperature being of par t icu lar 

i n te res t . 

In the process of condensat ion of s team on hor izonta l tubes , 

the condensate f i l m th i ckness var ies around the tube (Nusse l t ( 1 8 ) ) . 

Th is means that the local temperature of the f i l m , and , hence of the 

tube , w i l l vary at any po int around the tube . Nusse l t assumed a 

constant tube ou ts ide wa l l sur face temperature for h i s theoret ica l 
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cons ide ra t i on . B r o m l e y . e t . a l . ( 2 3 ) have reported exper imenta l 

and theore t ica l i nves t iga t ions of the temperature d i s t r i bu t i on around a 

condenser tube . For the i r exper imenta l par t , a s ta in less steel condenser 

. - 2 

tube was used as the test s e c t i o n . The tube was enclosed in a 7 .6 x 10 

m d iame te r g l ass j acke t and revo lved mechan ica l l y at the rate of one 

revo lu t ion per f i f t een m i n u t e s . Four thermocoup les were ins ta l led at 

regular in te rva ls around the tube c i r cumfe rence . N-bu ty l a lcohol vapour was 

condensed on the outer sur face of the tube , and water was used as the 

c o o l i n g m e d i u m . The exper imenta l data revealed a pronounced 

va r ia t i on of the tube local wa l l temperature w i t h r ^ p e c t to the angular 

pos i t i on of the tube . The d i f fe rence in temperature between the top and 
o 

bo t t om sur faces of the tube was of the order of 11 C at water in let and 
o o 

ou t le t tempera tures of 19 .7 C and 2 4 . 4 C respec t i ve l y . However the 

authors theoret ica l data showed that errors introduced by us ing N u s s e l t ' s 

equat ion (based on constant wa l l temperature) for ca l cu la t i ng the heat 

f l o w across the condenser t ube , were n e g l i g i b l e . 
It was thus conc luded that a number of thermocouples would 

have to be mounted on the condenser wa l l in order to obta in a reasonable 

_ o 

accuracy of average wa l l sur face temperature in the order of +1 0 . The 

d isadvantage of t h i s method was that the sensors would interfere w i th 

the condensat ion p rocess , and further more the v ib ra t ion of the test 

sec t i on m igh t cause the sensors to break aw-ay f rom the sur face . In 

a d d i t i o n , the inser t ion of thermocoup les in ho les or grooves under these 

c i r c u m s t a n c e s wou ld cons iderab ly weaken the test p iece and d is turb the 

sur face cond i t i ons . 
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It was dec ided that the use of thermocoup les for t h i s 

measuremen t wou ld present cons iderab le d i f f i c u l t i e s , and therefore 

a t ten t io r i was turned to an e lec t r i ca l method whereby the condensate tube 

i t se l f i s used as a res i s tance the rmomete r . The tube suriPace temperature 

i s d e r i v e d f r o m the mean tube temperature and the corresponding heat 

f l u x to the coo l i ng wa te r . 

2 . 6 - 1 B Constant Current Supp ly 

The bas i c p r i n c i p l e under ly ing the measurement of the mean 

condenser tempera ture was to pass a constant e lec t r i ca l current f r o m a 

s tab le supp ly through the condenser tube and measure the vo l tage drop 

a long the tes t s e c t i o n . 

W a t s o n . e t . a l . ( 2 4 ) used an A . C br idge c i r cu i t incorporat ing 

an i nduc t i ve vo l tage d iv ide r for measur ing the va r ia t i on in tube 

res i s tance w i t h respect to tempera tu re . A s i m i l a r procedure was used 

by Dent ( 2 0 ) who emp loyed a K e l v i n double br idge D . C . c i r c u i t . The 

d isadvantage of t h i s me thod i s that the accuracy is dependent on the 

s t a b i l i t y of s tandard res i s to rs in the c i r cu i t and on the accuracy of the 

br idge ba lance . The c i r c u i t s are a l so subject to stray thermal e m f ' s 

a l though these can be e l i m i n a t e d by revers ing the po la r i t y of the tube 

connec t ions and repeat ing the read ing . It should be noted that these 

measu remen ts do not d i sp lay instantaneous temperature va r ia t ions and 

t h i s cou ld be a d isadvantage if a record of the s ignal is requ i red . 

The constant current supply employed for the work is based on 

the ' H o w l a n d ' current generator w i t h a t r i p l e output stage capable of 
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c o n t r o l l i n g currents up to 15 a m p s to w i t h i n + 0 . 1 A m p ( s e e F i g . 2 . 6 -

I B for the c i r cu i t d i a g r a m ) . The current through the load res is to r ( t he 

condenser tube) i s g i ven b y : -

IL = V i n 
RB 

and RC RA ^ . u • / \ 
——= - — • ( M a t c h e d res i s to rs ) 
RD RB , 

where I L : Load current 

R D : CGS HSA 50 power res is tor 

R A : 5 CGS HSA 50 power res is to rs 

V i n : reference vo l t age . 

The res i s to rs RA and RB are of the low temperature w i re -wound t ype , 

mounted on large heat s i n k s . A l l the c i r cu i t par ts were mounted on a 

' T u f n o l ' p la te w h i c h was enc losed ins ide a steel box ( F i g . 2 . 6 - 1 8 5 ) . 

A fan was used to carry heat away f r o m the s i nks to e l i m i n a t e damage to 

the heated par ts of the c i r c u i t . 

2 . 6 - 1C E lec t r i ca l Coup l ings to Tube 

The constant current was app l ied to the tube v ia large brass 

c l a m p s at each end and the vo l tage was meaisured between two po in ts 

1.019 m apart ( t he tes t sec t ion ) where the w i res to the voltmieter were 

we lded to the tube tx idy . A standard ammete r was connected in ser ies 

w i t h the load to check that the current was cons tan t . S ta in l ess steel 

w i r i n g was used to avo id t he rmo -e l ec t r i c e m f ' s at the j u n c t i o n s . 

2 . 6 - I D S e n s i t i v i t y of Tube Temperature Measurement 

The ma te r ia l and d i m e n s i o n s of the tube are impor tant fac tors 
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in Choosihg the tube to per form a s a res is tance the rmomete r . The tube 

res i s tance between e lec t rodes . 

— P o h m s ( 2 . 2 ) 
A 

where E: Speci f ic res is tance of tube mate r ia l jT^.m 

L: Length between e lec t rodes m 

- • • • • 2 
A : C ross -sec t i ona l area of tub e m 

If a cur rent I- ' ;ahnp is app l ied through the tube , then the vADltage d rop , 

V"= IR 

V = - ^ v o l t s ( 2 . 3 ) 
A 

If c ° ^ is the temperature coe f f i c i en t of res is tance of the m a t e r i a l , 

the s e n s i t i v i t y of vo l tage va r ia t i on w i t h respect to temperature change 

i.'SJ^ V7C° ( 2 . 4 ) 
A 

From t h i s re la t ion and the e lec t r i ca l proper t ies of m e t a l s , taken f r om 

Kay?and Ldby ( 2 5 ) i t was found that s ta i n l ess steel has a higher 

s e n s i t i v i t y compared w i t h other m e t a l s , i t a l so has superior s t ructura l 

p rope r t i es , and i t was therefore dec ided that s ta in less steel was a 

p rac t i ca l cho ice for the tube m a t e r i a l . 

From equat ion 2 . 4 the s e n s i t i v i t y of the test sec t ion of the tube 

was c a l c u l a t e d , us ing the f o l l o w i n g va lues based oh the mean compos i t i on 

of the s ta i n l ess s tee l tube e lemen ts and i t s phys ica l d imens ions : 

oc : 0 .001 °C"*-

- 8 
B : 78 x 10 Il,.m 

L : 1.019 m 

- 4 2 
A : 2 . 39 X 10 m 
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From equat ion 2 . 2 

- 3 
R = 3 .33 X 10 ohm 

If a constant current of 10 a m p s i s app l ied to the tube , the vo l tage drop 
. V ' = IR 

= 3 3 . 3 m v 

and f r o m equat ion 2 . 4 

S = 3 3 . 3 rV/°C 

Using a d i g i t a l vo l tme te r w i t h a s e n s i t i v i t y m u l t i p l i e r of ( x 4 ) 

t h i s g i v e s a va lue for S of 9 5 . 6 / v / ° C . The actua l s e n s i t i v i t y obta ined 

f r o m the tes t apparatus is found f r o m ca l i b ra t i on to be about t w i c e t h i s 

v a l u e . 

2 . 6 - I E Sel f Hea t ing E f f ec t of Condenser Tube 

For a constant current ( I ) of 10 a m p s f l ow ing through the tube , 

2 

the hea t ing e f fec t is I R where the tube res is tance is approx imate ly 3 .33 x 

- 3 

10 o h m s , hence the heat ing e f fec t is 0 .333 Wdit .From the exper imenta l 

r e s u l t s , the heat t ransfer rate ( Q ) due to condensat ion is of the order 

of 20 KW and thus the heat ing e f fec t due to the e lec t r i ca l current 

represents .WI3 per cent of ( Q ) . \i i s therefore reasonable to neglect 

t h i s e f fec t in these e x p e r i m e n t s . 
2 . 7 S t e a m Temperature and Pressure 

The temperature of s team was measured in the v i c i n i t y of 

the condenser tube by means of three pyrotenax. c r / A l thermocouples 

hav ing an accuracy of + 0 . 5 per c e n t . These thermocoup les were mounted 
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P i g 2.6-IB2 The constant c u r r e n t t r a n s i s t o r i z e d c i r c u i t 

/ 

F i g 2.8 The c o o l i n g water thermocouples and holder 
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in d i f fe ren t pos i t i ons in the upper half o f the pressure v e s s e l , and thei r 

output t e r m i n a l s were j o i ned to a se lector sw i t ch connected to an 

e lec t r i c the rmometer (Comark type 1601) having an accuracy of 

_ o o 

+ 2 C over a range of 0 - 300 C . A m e r c u r y - i n - g l a s s thermometer was 

a l so mounted ins ide the vesse l behind one o f the g lass w indows to 

check the temperature in t h i s v i c i n i t y . The s team pressure in the 

condenser vesse l was measured by a Budenberg standard test goUge w i t h 

accuracy of + 0 .25 per cen t . 

2 . 8 Coo l i ng Water Temperature Measurement 

t h e coo l i ng water in le t and out le t temperatures were each 

measured w i t h a pair of c u / c o n thermocoup les enc losed in a s ta in less 

s teel shea th . Each thermocoup le was prepared and spot we lded 

acco rd ing to the method of L ink ( 2 6 ) . F ina l l y it was covered vj'dh a th in 

layer of ' A r a l d i t e ' res in to prevent cor ros ion and breaking down of 

i nsu la t i on due to the ingress of wa te r . The thermocoup les were tes ted 

for e l ec t r i ca l i nsu la t ion f r o m the sheath and for temperature response 

before i n s t a l l a t i o n . A pair of thermocoup les were mounted on each 

of two s ta i n l ess s teel f o r ks ( F i g . 2 . 8 ) const ruc ted to support the 

thermocoup les r i g i d l y i ns ide the condenser t u b e . The length of each fork , 

was ca re fu l l y chosen so that when the te rmocoup les were inserted ins ide 

, the condenser , they were exac t l y pos i t i oned at the in le t and out le t 

of the tes t sec t i on of the condenser ( c o i n c i d i n g w i t h the pos i t i ons of the 

. condenser vo l tage t a p p i n g s ) . The supports were f i xed to the polythene tube 

by means of brass screws sof t we lded to the ends of the f o r k . The 
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the rmocoup le leads were taken out of the water l ine through ho l low brass 

sc rews secured to the tube w a l l . ' A r a l d i t e ' res in was used to seal the 

ho les in these s c r e w s . The thermocoup le leads were connected to a 

Comark m u l t i - c h a n n e l se lector un i t t ype 1697. A s ing le oold j unc t i on 

was used in the c i r c u i t , cons i s t i ng of c u / c o n thermocoup le pos i t ioned 

in a Zere f i ce -po in t reference charhber . The sys tem main ta ined a wa te r / 

ice m i x t u r e at a tmospher i c pressure g i v i n g a convenient ice po in t 

_ o 

reference to w i t h i n + 0 . 2 C w i t h great s t a b i l i t y over a w ide range of amb ien t 

t empera tu res . The voltage output f r om the thermocoup les was accurate ly 

measured by a So lar t ron d i g i t a l vo l tme te r type LM 1 4 2 0 . 2 . Vo l tme te r 

s e n s i t i v i t y ( X 4 ) was used dur ing exper iments to improve accuracy . 

2 . 9 Tube Frequency 

Accura te measurement of tube frequency was obta ined by a 

d i g i t a l f requency counter type Advance TC " " lA . The signal source was 

ob ta ined f r om an e l ec t r o -magne t i c transducer in co-opera t ion w i t h a 

s lo t ted steel d i s c . S i x s l o t s were mach ined at equal in te rva ls round the 

d i sc r i m . The d i sc was mounted on the condenser d r i ve sha f t , and the 

t ransducer was p laced rad ia l l y w i t h respect to the ax i s of the d i s c . 

( F i g . 2 - 9 A ) . A s the shaf t ro ta ted , an e lec t r i c pu lse was generated each 

t i m e a f te r a s lo t passed the magne t i c p i c k - u p ( F i g . 2 . 9 B ) . Thus for 

one shaf t r o ta t i on , s i x cons is ten t s igna ls were generated. These s igna ls 

were fed to the counter wh ich was ad jus ted to count over a per iod of ten 

seconds , thus d i s p l a y i n g a shaft f requency of cyc les per m i n u t e . 
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P i g 2.9A magnetic pick-i-up 
a n d s l o t t e d d i s c 

P i g 2.9B s i g n a l d i s p l y 
from nick - u T 3 and d i s c 
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Owing to the mechan ica l cons t ruc t ion of the v ib ra t ion s y s t e m , 

the d r i ve shaf t f requenc ies g i ve d i rec t measure of condenser f requenc ies . 

2 . 10 Ins t ruments Gal ib ra t ions 

2 . 1 0 - 1 Thermocoup les Ca l i b ra t i on 

• • . " j • . • • • • . • ' 

The c o o l i n g water thermocoup les were ind i v idua l l y ca l ib ra ted 

aga ins t a standard m e r c u r y - i n - g l a s s thermometer hav ing an accuracy of 

o 

+ 0 . 5 C . Water was brought to b o i l i n g po in t , and the ind iv idua l 

the rmocoup le hot j unc t i ons and the thermometer were inserted near the 

cent re of the water bat|> The water was a l l owed to cool to room 

tempera tu re dur ing w h i c h per iod success ive readings of thermocouple 

e m f s and corresponding thermorneter temperatures were recorded. The 

c a l i b r a t i o n curves obta ined for the thermocoup les were found to correspond 

w i t h those g i ven in standard tab les for c u / c o n thermocouples to w i t h i n 

-rf 0 . 5 ° C . The accuracy of the thermometer used for measur ing the s team 

tempera ture was checked by s i m i l a r procedure. . 

2 . 1 0 - 2 Tube Temperature Ca l i b ra t i on 

The condenser wa l l temperature was ca l ib ra ted by heat ing the 

tube ins ide the pressure v e s s e l , and was then a l lowed to cool -down over a 

long per iod of t i m e (8 h o u r s ) . The pressure vessel heat ing elements were 

u t i l i z e d a s the heat source . I n i t i a l l y they were re-wrapped round the 

vesse l in success ive s tages . A f te r each stage the vessel was 'hea ted 

over a per iod of 16 hours , and the temperatures ins ide the vessel at the 

m i d d l e and ex t remes were observed . By means of t r ia l and error, a stage 
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was reached where a constant temperature w i t h i n " i - I ^C was 

m a i n t a i n e d i r is ide the v e s s e l . 

Pr ior to c a l i b r a t i o n , the tube ends and the vessel w indows 

were lagged in order to m a i n t a i n a constant temperature a long the test 

o 

s e c t i o n . The tube was then heated to a temperature of 180 C. and 

m a i n t a i n e d at t h i s temperature for a per iod of 10 hours to a t t a i n stisady 

s ta te c o n d i t i o n s . The ins ide sur face wa l l temperature of the condenser, 

was checked by a thermocoup le t raversed a long the tube to ensure that 

the temperature on both s ides of the wa l l and a long the tube was 

constant when tak ing ca l i b ra t i on read ings . The tube was a l lowed to cool 

down to room tempera tu re . Dur ing th i s pe r i od , the tube temperature 

and vo l tage drop a long the tes t sec t i on war,? recorded. Because of the good 

the rma l i n s u l a t i o n , the ca l i b ra t i on per iod lasted about 8 hours . A 

number of ca l i t ra t ion po in ts (about 10) were further obta ined by t h i s 

m e t h o d , s i m p l y by a l ter ing the i n i t i a l set temperature of the apparatus. 

The tube res is tance was checked regu lar ly dur ing exper iments to detect 

any d r i f t but was found to be ex t reme ly cons i s tan t . The ca l ib ra t ion curve 

is shown in f i g . 2 . 1 0 - 2 

2 . 1 0 - 3 Tube A m p l i t u d e 

Under work ing cond i t i ons , the condenser tube f l exed as expec ted . 

The magn i tude of f l exu re increased w i t h the frequency of v ib ra t ion as the 

tube approached i t s natural f requency of v ibrat ion (about 26OOC-pi¥0. Th is 

necess i ta ted measurement of dynamic amp i i t ude wh ich was ca l ib ra ted 

w i t h respect to the s ta t i c a m p l i t u d e and to tube f requency. A t rave l l i ng 

m ic roscope was pos i t i oned level w i t h the condenser tube wh ich was focussed 
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on the top of the tube when at i t s h ighest pos i t i on : the tube was then brought 

down to i t s lowest pos i t i on by manua l l y turn ing the dr ive sha f t , and the 

to ta l ve r t i ca l d i sp lacemen t was measured on the m ic roscope vernier s c a l e . 

The d y n a m i c tube d i s p l a c e m e n t s wercs im i l a r l y measured at a range of set 

f requenc ies f r om 0 - 2,000 ;C.f>Yr\-

For a l l exper imenta l c a l c u l a t i o n s , hal f the average peak- to -peak 

a m p l i t u d e s were cons ide red . The mean dynamic amp l i t ude over the length 

of the tes t s e c t i o n , was found to be equal to the s ta t i c a m p l i t u d e , p lus 2 / i r 

t i m e s the increase over the s ta t i c a m p l i t u d e , as f o l l o w s : 

i 

i: ^ s ta t ic A m p l i t u d e 

N - F 

F i g . 2 . 1 0 - 3 

For the de f l ec t i on of the tube , due to v ib ra t ion (see F i g . 2 . 1 0 - 3 ) ; 

a - a s i n w t ( 2 . 1 0 - 1 ) 

Av s in iT ( 2 . 1 0 - 2 ) 

A v : m a x i m u m de f lec t i on 
a : M a x i m u m de f lec t i on at x 

The mean de f l ec t i on of the tube over the length L is 

*'• dx ( 2 . 1 0 - 3 ) 
A = Av ( s i n T T • ^ 

= 2 Av_ 

The mean dynam ic a m p l i t u d e = + A 
= s ta t i c amp l i tude+_2_ A v . 
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2 . 1 1 P romo t i on of F i l m Condensat ion 

Condensat ion of vapours on a meta l sur face can occur in two 

f o r m s ; d ropwise and f i l m w i s e condensat ions . The mechan isum or the 

rate of heat t ransfer assoc ia ted w i t h f i l m condensat ion is qu i te d i f fe rent 

f r o m that assoc ia ted w i t h dropwise condensat ion . For prac t ica l reasons 

( s e e chapter 4) f i l m condensat ion was emp loyed dur ing a l l exper imenta l 

w o r k . Be fo re each run , the condenser surface was prepared accord ing 

to the method of Drew ( 2 7 ) to g i ve sa t i s fac to ry f i l m condensat ion over a 

pro longed per iod of t i m e . The meta l sur face was i n i t i a l l y c leaned and 

washed w i t h water and then scoured w i t h very f i n e emery paper. THs 

was f o l l owed by thorough wash ing w i t h Decon 75 degreasing agent . Then 

i t w a s r insed and rubbed w i t h powdered magnes ium and f i n a l l y , 

thorough ly r insed w i t h wa te r . Th is treatment was found to p romote a 

very sa t i s fac to ry f i l m for at least 24 hours of condensat ion . 

2 . 1 2 Exper imen ta l Test Procedure and Measurements 

Pr ior to each exper imenta l r un , the pressure vessel was 

o 

heated to a tempera ture of 2 C above the s team saturat ion tempera ture , 

thus avo id ing condensat ion of s team on the vessel inner w a l l . Th is 

insured that a s team dry sa tura t ion temperature was ma in ta ined ins ide 

the v e s s e l . The coo l i ng water was set to f l o w at a cons tan t ra te . The 

s team contro l va l ve was ad jus ted to g i ve a pressure of 6 bars , at wh ich 

pressure , the s team was int roduced to the v e s s e l , dry sa tura ted. Th is 

cou ld be observed f r om the s team pressure and temperature ins ide the 

v e s s e l . Be tween each change of exper imenta l cond i t i ons , a per iod of 



f i f t e e n m i n u t e s was a l l owed to pass before tak ing readings so that the 

who le apparatus cou ld a t ta in a steady s ta te . 

2 . 1 3 Source of Expe r imen ta l Er rors 

The v a l i d i t y of the exper imenta l measurements for es tab l i sh ing 

the phys ica l nature of the process under cons ide ra t ion , is largely 

dependent on the accuracy of p red ic t ion of the exper imenta l 

uncer ta in t i es assoc ia ted w i t h var ious exper imenta l measurements . These 

uncer ta in t ies may be introduced due to the per formance of the 

measu r i ng ins t rument or due to the random nature of the measured quan t i t y . 

The ind iv idua l measurements are combined to g i ve a par t icu lar resul t wh ich 

is of m a i n fn te res t . It Is of impor tance to assess the uncer ta in ty in 

t he f i na l resu l t due to uncer ta in t ies in the p r imary measurements wh ich 

are in t h i s c a s e : -

i . - Coo l i ng temperature 
i i . - S team temperature and pressure 
i i i . - Condenser wa l l temperature 
i v . - Condenser surfaice area 
V . - Condenser ampI i tude and frequency of v i b ra t i on . 

The coo l i ng water in le t and ou t le t temperatures were measured to w i t h i n 

b . 5 ° C . The error was m a i n l y caused by f l uc tua t ions of the water 

loca l tenhperature due to the eddy m i x i n g of the thermal f l u i d layers . 

Consequent ly judgement of the temperature depended on average observed 

• o 

v a l u e s . The s team temperature measurement was w i t h i n + 3 C and 

s i n c e a standard ca l i b ra t i on pressure gauge w a s used , errors in 

i nd ica t ion of s team pressure were very s m a l l . The condenser wa l l 

tempera ture was observed to be qu i te s tab le when exper imenta l steady 
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s ta tes a re m a i n t a i n e d . The accuracy of wa l l temperature ind ica t ion was 

m a i n l y dependent on the per formance of the constant current c i r c u i t , 

and was in the order of ( 0 . 5 - 1 ° C ) . The condenser f requency was 

very accura te ly ind ica ted by the d ig i t a l counter and the error - d id not 

e x c e e d + 5 counts for t yp i ca l experi^mental f requenc ies . The errors 

i nvo lved in measur ing tube a m p l i t u d e were very s m a l l s ince a p rec is ion 

ins t rument was used for t h i s purpose. 

The overa l l error in the measurement of the condensation heat 

t ransfer c o e f f i c i e n t , was in the order of (5 - 8 )%. Th is is a typ ica l 

va lue assoc ia ted w i t h such exper iments -



3. CAVITATION 

General 

In s tudy ing the e f f ec t s of v ib ra t i on on condensat ion heat 

t rans fe r , i t i s of ma jo r impor tance to inves t iga te and e l i m i n a t e the 

p rob lems that m a y a f fec t the heat t ransfer p rocess . Some prob lems 

concern ing the condensat ion process have tjeen dea l t w i t h in the prev ious 

chap te r . I t i s of equal impor tance to cons ider the p rob lems assoc ia ted 

w i t h the coo l ing f l u i d s ince the per formance of the f l u i d is d i rec t l y re la ted 

to the t ransfer p rocess . 

The r i sk of f o rma t i on of a i r c a v i t i e s in the coo l ing l i qu id when 

sub jec ted to severe v ib ra t iona l i n tens i t i es is the p r ime concern . L iqu ids 

have a very s m a l l coe f f i c i en t of c o m p r e s s i b i l i t y and qu i te large changes 

of pressure are accompan ied by s m a l l changes in the spec i f i c vo lume of 

the l i q u i d . A l i qu id wh ich has not been spec ia l l y t reated cannot 

w i t hs tand t ens i l e s t r esses , and tends to f o rm cav i t i e s wh ich then expand 

to r e l i e v e the nega t i ve p ressure . Th is phenomenon is be l ieved to be 

assoc i a ted w i t h t i ny pocke ts of und isso lved gas (usua l l y a i r saturated 

w i t h vapour ) in the l i q u i d . The inward force at the boundary of sma l l 

spher ica l bubbles due to sur face t e n s i o n , is too strong to be balanced 

by the vapour p ressure , and gas sub jec ted to t h i s pressure w i l l qu ick l y 

pass in to so lu t i on in the l i q u i d . When the l i qu id is d i sp laced , the tens i l e 

s t resses w i t h i n the cav i t a ted por t ion drop , and the cav i t i e s co l lapse v i o l e n t l y . 

Cav i t a t i ons were o r i g i na l l y observed w h i l e tes t ing sh ips 

p rope l l e rs , when the p rac t i ca l s i gn i f i cance of t h i s e f fec t was s tud ied and 

i t was found that the drag of submerged bodies m o v i n g through a l i q u i d , 
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r i ses when cav i t a t i on appears . Consequent ly the e f f i c iency of pumps 

tu rb ines and prope l le rs drop w i t h the deve lopment of c a v i t a t i o n . 

Fur thermore s ign i f i can t damage is impar ted to such, components if 

c a v i t a t i o n is p ro longed. 

Riesset ( 2 8 ) s tud ied the cav i t a t i on phenomenon of l i qu id 

f l o w over a submerged body . He def ined three l i qu id f l ow reg imes ; 

non c a v i t a t i n g f l o w , c a v i t a t i n g f l o w w i t h r e l a t i ve l y s m a l l number of 

c a v i t a t i o n bubbles and a cav i t a t i ng f l ow w i t h a large s ing le cav i t y 

about the body . H i s m a i n cons idera t ion was to der ive the equat ion of 

m o t i o n for the second mode of f l o w . He assumed that the pressure 

c o e f f i c i e n t in the f l o w f i e l d is the same as that for non-cav i ta t i ng f l o w , 

and then app l i ed t h i s to a n a l y s i s of exper imenta l observat ions made in 

a h igh speed water t u n n e l . Su t ton (29 ) carr ied further invest iga t ions 

to f ind the e f fec t of t rans ient s t ra in waves caused by c a v i t a t i o n , by 

e m p l o y i n g an U l t r a - h i g h - s p e e d photographic technique and he reported 

8 2 
that the s t resses due to c a v i t a t i o n cou ld be as h igh as 1.38 x 10 N / m . 

3 . 1 Fo rmat ion of Wakes and C a v i t i e s 

When a body wh i ch is not pa r t i cu la r l y s t r eam- l i ned moves 

through a f l u i d with h igh enough v e l o c i t y , the f l o w separates f rom the 

body sur face thus f o r m i n g a wake region or a vapour-gas cav i t y in the 

in ter ior of. the d i sp laced f l u i d . The fo rma t i on of cav i ta t ion a r i ses f rom 

the e f fec t of pressure d i f fe ren t ia l f o r m i n g w i t h i n the l iqu id m a s s . The 

m o t i o n of the body in the f l u i d g i ves r i se to a reduced pressure ( P r . ) 

in the f l u i d , when (Pi-) i s decreased to a va lue below the vapour pressure 



( P v ) , vapour bubbles suddenly f o r m and their ex i s tence is prolonged 

un t i l ( P r ) r i ses to a va lue above ( P v ) at some stage in the p rocess , 

when the vapour condenses caus ing the c a v i t i e s to c o l l a p s e . 

The f o rma t i on of water cav i t a t i on is more pronounced w i t h the 

greater amount of gases d i sso l ved In the wa te r . Hov/ever, if the water 

is a i r f r e e , i t can w i ths tand higher t ens i l e s t resses and a pressure 

be low the vapour pressure , w i thou t the f o rma t i on of c a v i t i e s . Changing 

cond i t i ons of pressure v e l o c i t y and temperature to va lues favourable 

for enhanc ing vapor i za t ion ra tes , w i l l cause cav i t a t i on g rowth . 

3 . 2 Types of Cav i t a t i ons 

The cav i t a t i on phenomena may be c l a s s i f i e d into four main 

groups 

1. Travel I ing cav i t a t i on 

2. F ixed cav i t a t i on 

. 3. Vor tex cav i t a t i on 

4. V ib ra t i ng cav i t a t i on 

W i t h t r ave l l i ng c a v i t a t i o n , ind iv idua l t rans ient bubbles f o r m and 

expand in the l i qu i d and m o v e w i t h i t , then they shr ink and c o l l a p s e . 

The movemen t of such c a v i t i e s is the d i s t i ngu i sh ing factor f rom other 

t rans ien t c a v i t i e s . They may be observed at the low-pressure po in ts a lc*g 

a s o l i d boundary or in a h igh turbu lence region in a turbulent shear f i e l d . 

F ixed cav i t a t i on Is iden t i f i ed by a l i qu i d f l ow wh ich detaches 

i t se l f from a r i g i d i m m e r s e d body or a f l o w passage forming a c a v i t y 

attached to the s o l i d tXDundary. Th is m a y have the appearance of a h igh ly 
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tu rbu lent b o i l i n g su r face . 

Vor tex c a v i t i e s have the charec te r i s t ies of s low rates of 

co l l apse and occur in the cores of vo r t i ces wh ich f o r m in zones of h igh 

shear. They can be c l ea r l y observed on the t ips of propel lers and may 

take the f o r m of t r a v e l l i n g or f i xed c a v i t i e s , vor tex cav i t i e s can a lso 

f o r m in the wake caused by the boundary- layer separat ion f rom some ' 

o b j e c t s ( e . g . a sphere) i m m e r s e d in the l i qu id f l o w . In t h i s case , 

vor tex c a v i t i e s may be iden t i f i ed f r o m t rave l l i ng c a v i t i e s , in that 

the c a v i t a t i o n occurs on the sur face of the separat ion zone but not on 

or ad jacen t to the i m m e r s e d body . 

V ib ra t i ng cav i t a t i on is the m a i n type concern ing t h i s work . 

It has a ma jo r fea tu re , In that a g iven e lement of l i qu id is exposed to 

many c y c l e s of c a v i t a t i o n ( i n the t i m e order of few m i l l i s e c o n d s ) whi le 

in the a l t e rna t i ve types of cav i t a t i ons descr ibed above, the l i qu id 

e lement passes through the cav i t a t i on stage on ly once . For a 

v i b ra t i ng c a v i t a t i o n f o r m i n g in a f l u i d cont inuous ly f l ow ing through a 

t ransvers ly v ib ra t i ng tube , the fo rces that cause cav i t i e s to fo rm and 

c o l l a p s e , are due to h igh- f requency h i g h - a m p l i t u d e tube v ib ra t ions 

w h i c h cause severe pressure pu lsa t ion in the l i q u i d . Cav i t i es are 

f o rmed when the magn i tude of the vary ing l i qu id pressure drops to a 

va lue be low or equal to the vapour p ressure . 

3 . 3 E f f e c t of Cav i t a t i on on Heat Transfer 

When c a v i t i e s w h i c h con ta in apprec iab le amount of gas co l l apse , 

the gas tempera ture at the end of co l l apse is very h i g h , since the t i m e for 
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co l l apse is so s m a l l that there i s not su f f i c i en t t i m e for coo l ing by 

a surrounding l i q u i d . The co l l apse of c a v i t i e s near a m e t a l l i c sur face 

may ra ise I ts temperature to a s ign i f i can t l e v e l . S ince the heat t ransfer 

coe f f i c i en t between the so l i d and the l i qu i d increases w i t h increased 

tempera ture d i f fe rences between the so l i d and the m a i n body of the l i q u i d , 

the presence of cav i t a t i on in a t ransfer sys tem w i l l cause cons iderable, 

exper imen ta l and theore t ica l errors when pred ic t ing the va lues of heat 

t ransfer c o e f f i c i e n t s . The errors are further exaggerated by the fact that 

some c a v i t a t i o n s tend to decrease the area of the transfer surface in 

contact w i t h t h e ; l i q u i d . The l i qu id ga ins heat much more rap id ly than 

the vapour ow ing to i t s higher thermal conduc t i v i t y , and th i s tends to 

decrease the heat t ransfer r a t e . 

In general when heat t ransfer coe f f i c i en ts are to be measured , 

c a v i t y f o r m a t i o n shou ld be avo ided in order to improve exper imenta l 

accu racy . 

3 . 4 C a l c u l a t i o n for the R i sk of Cav i t a t i on in Condenser Coo l ing Water . 

The m a i n fac to rs that a f fec t the i n i t i a t i on and growth of c a v i t i e s 

in a f l o w i n g l i q u i d a r e , the f l o w pressure , the v e l o c i t y of the l i q u i d , the 

txDundary geometry and the c r i t i c a l pressure at wh ich cav i t i e s are f o r m e d . 

Other f ac to rs inc lude the var ious proper t ies of the l i q u i d , such as v i scos i t y , 

sur face tens ion and vapor i za t ion cha rac te r i s t i c s . It is ex t reme ly d i f f i c u l t 

to inc lude a l l these fac to rs In deve lop ing cav i t a t i on parameters , but the 

usual p rac t i ce is to cons ider the bas ic parameters , and then the e f fec t of 

secondary va r iab les may be Ind icated as a dev ia t i on f r o m the pred ic ted 
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bas ic pa ramete rs . 

In cons ider ing water f l ow ing through a t ransvers ley v ib ra t ing 

t ube , the p r imary exper imenta l concern is d i rec ted toward the var ia t ion 

in pressure across the water pa th . Th is has a va lue ( P L ) at some point 

in the l i qu i d s t ream and ( P w ) at the tube w a l l . Vapour w i l l suddenly 

f o rm when ( P w ) is reduced be low the vapour pressure of the c a v i t i e s . 

Prandt l ( 45 ) gave the f o l l o w i n g re la t ion as a measure of the r isk 

of c a v i t a t i o n : 
(PL - P w ) 

( 3 . 4 ) 

where \ i s a non -d imens iona l cav i t a t i on factor and V i s the l i qu id 

v e l o c i t y in the d i rec t i on of o s c i l l a t i o n s . 

A t a par t i cu la r va lue of tube f requency ( W ) and us ing the 

m a x i m u m a m p l i t u d e of v ib ra t ion ( 0 . 0 1 5 m ) emp loyed dur ing exper imenta l 

t e s t s , the r isk for presence of cav i t a t i on in the coo l ing water f l ow ing 

i ns ide the tes t pe i ce may be found as f o l l o w s ; it is assumed that a i r 

w i l l c o m e out of so lu t i on when ( P w ) is reduced to a tmpspher ic pressure 

( t h i s i s the least poss ib l e va lue at wh i ch cav i ta t i on could deve lop) i . e . 

when ( PL . - P w ) is equal to the ava i l ab le head of water . Prandt l (45) 

i l l us t ra ted a cav i t a t i on d iag ram for h i s exper iment on a v ib ra t ing iso la ted 

b lade p r o f i l e , immersed in a water tank . It i s considered that the 

cha rac te r i s t i c s of the cav i t a t i on process for a v ib ra t ing blade are s i m i l a r 

to those for a v i b ra t i ng tube. Therefore, the largest cav i ta t i on factor 

( A = 1.0) for the b lade g iven by Prandt l d iagram was used in 

equat ion ( 3 . 4 ) to pred ic t the least p o s s i b i l i t y for cav i ta t i on to fo rm in 
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the water p a t h . 

From equat ion ( 3 . 4 ) 

2 PL - Pw : N / M 

.2 2 ( P L - P w ) p . K g / M 

V A • e 

WhereNT = AW Head = 13 m e t r e s . 

Therefore , 

2 X 1.3 X lo"* X 9 . 8 1 
W ^ = 

3 

2 - 4 
1000 X ( 1 . 5 ) X 10. 

W = 1030 rad /sec 

W = 9840 

t h i s demonst ra tes for the exper imenta l env i ronments that 

i ta t Ions do not deve lop be low a frequency of about 10,000 C,pVV1- Th is 

i s w e l l above the m a x i m u m frequency used (2,0006i|i;X!ri) in the exper imenta l 

p rog ramme and the r i sk of such e f fec t was therefore not p o s s i b l e . 

cav i l 
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4 . C t )NDENSATION ON STATIONARY SURFACE 

4 . 1 F i l m w i s e and Dropwise Condensat ion 

When saturated vapour comes in contact w i t h a surface whose 

tempera tu re i s lower than the saturat ion vapour tempera ture , l i qu id 

condensate f o r m s on the su r face . The condensate thus fo rmed w i l l be 

subcooled to some extent f r o m be ing in contact w i t h the cooled sur face, 

and the process of condensat ion w i l l proceed as long as the surface 

tempera tu re i s lower than the sa tura t ion tempera tu re . If the l i qu id 

condensate we t s the su r face , i t spreads out and f o r m s a s tab le f i l m . Th is 

process i s te rmed f i l m w i s e condensa t ion . When the condensate f i l m 

has es tab l i shed i t se l f on the su r face , the vapour condenses on the l i qu id 

at the in ter face and the heat i s t ransferred to the sur face through the l i qu id 

f i l m . F i l m condensat ion can be promoted by us ing c lean s team condensing 

on a c l ean sur face or on a sur face con tamina ted w i t h a non-we t t i ng agent . 

The vapour condenses in the f o r m of very t i ny drops that grow in s i z e , adhere 

to each other and then ro l l down the sur face under the in f luence of g rav i ta t iona l 

f o r c e . Th i s process i s te rmed dropwise condensati.on and i t s s ign i f i can t 

'. fieature i s that a large part of the condensing sur face is not covered by a 

condensate f i l m . A s a r e s u l t , the heat t ransfer coe f f i c i en ts assoc ia ted 

. w i t h t h i s process can be more than f i v e fo ld greater than those of f i l m 

condensa t i on . Th i s was demonst ra ted by M c A d a m s (22 ) and Shea et 

a l ( 3 0 ) . 

Dropwise condensat ion can on ly be ma in ta ined under care fu l ly 
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con t ro l l ed c o n d i t i o n s . In p r a c t i c e , f i l m w i s e condensat ion i s predominant 

and i t cou ld be more advantageous to expand the knowledge of f i l m 

condensat ion in order to improve the e f f i c i ency of the process for use in 

d i f fe ren t a p p l i c a t i o n s . 

F i l m w i s e condensat ion was so le l y emp loyed for the work 

presented In t h i s repor t . 

4 . 2 N u s s e l t s Theory of F i l m w i s e Condensat ion on Hor izonta l Tubes. 

Nusse l t in 1916, developed an equat ion for ca l cu la t i ng the 

heat t ransfer coe f f i c i en t of pure saturated vapour condensing on a co ld 

c lean su r face . T h i s theory was based on the f o l l o w i n g a s s u m p t i o n s : -

1. t h e vapour condenses in the f o r m of cont inuous f i l m f l o w i n g In a 

l am ina r f o r m down the tube , due to the e f fec t of g r a v i t y . 

i . t h e tempera ture d i f fe rence between the vapour and coo l ing surface 

is cons tan t . 

i l l . the e f f ec t s on the condensate f i l m th i ckness caused by the vapour 

v e l o c i t y a re neg lec ted . 

i v . the heat g i ven up by the vapour i s the latent heat and i t i s t ransferred 

through the f i l m pure ly by conduc t i on . 

V . t h e tempera ture gradient through the f i l m is l inear . 

In de r i v i ng the theory , Nusse l t cons idered sma l l e lement of 

condensate film on the sur face of a tube of ou ts ide d iameter D o , s i tuated 

at an ang le (j6 to the hor izonta l p lane and mov ing downward round the tube 

w i t h a loca l speed ( V ) tangent ia l to the tube sur face and at a d is tance 

( y ) f r o m the sur face ( F i g . 4 . 2 - 1 ) . The shear s t ress occur ing in the l i qu id 

e lement at ( X ) can be expresse^by - ' -



\ 

r i g 47-1 
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dv 
dy 

(4 .2 - 1) 

The equation of mechanical equilibriunn for an elennent of filnn between 

(y ) and (y + dy) of unit length gives 

( - ^ + y) d Ql.d - r 
Do 

^ .gs in 0 . d y . ( — + y) d0 

d Y 
dy 

^ .g sin 85 
(4 .2 - 2) 

Equating equations 4 .2 - 1 and 4 . 2 - 2 g ives:-

_ . g . s i n <̂  
( 4 .2 - 3) 

By integration: 

( 4 . 2 . - 4) 

From Nusselts assumption, the vapour is vir tual ly at rest, no sensible 

f r ic t ion occurs at the vapour-l iquid interface, and the liquid adheres to the 

tube w a l l . 

Hence the boundary conditions arer -

dV 
dy 

= O 
y = Y 

V = O at y = O 

Applying these conditions to equation 4 . 2 - 4 gives:-

e .Qs\nQi (y - 2 y . Y ) 
(4 .2 - 5) 
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This expression shows that the velocity distribution across the f i lm is 

parabolic. . The mean velocity of the l iquid f i l m i s : -

Y 
\Am = \ N^.dy 

o 

V m = P . g . s i n 0, 

( 4 . 2 - 6) 

Consider one side of the tube (Qf = o -TT ) ; the mass f low of l iquid in 

the f i l m ; 

( - 4 ^ ) = Y . P . V m 
^ . ( 4 . 2 - 7 ) 

Mc : TotaT mass f low 

the heat f low due to condensation of mass Mc can be expressed by; 

Combining equations 4 .2 - 6 , 4 .2 - 7 and 4 .2 - 8 gives; 

^ 2 - ) . V Y^ . s i n g 

(4 .2 - 9) 

d ( - | - ) = e - g . ^ f g . d ( Y ^ . sin 06) 
3 . f 

(4 .2 - 10) 

From fbu r i e r ' s law of conduction, this amount of heat is equal to the 

heat conducted through the f i l m (curvature is neglected since it is sma l l ) , 

t h u s : -

(dQ) K- (9 . - © . ) _ -
— -_ _ s a t _ o Do_ ( 4 . 2 - 1 1 ) 

let B = 3. V . K . D o (9gg^^ - ©^) 
2- f .g .h fg (4 .2 - 12) 

J 
58 



Combining equations 4 .2 - 12, 4 .2 - 11 and 4 .2 - 10 gives 

B . dOf = Y . d (Y . sin 0) (4 .2 - 13) 

Solution to this equation gives: 

( 4 .B ' ( fs in^gl d(2l)1^ Y = 
( 3 . s i h ^ 0 )l (4 .2 - 14) 

The local heat transfer coeff icient (h,^y) at 0 becomes 

h 
NU 

K_ 
Y 

(4 .2 - 15) 

The mean heat transfer coeff icient {h^^) is obtained by integration over 

0 ^ o -

NU 

thus; 

_K_ d0 
Y 

(4 .2 - 16) 

combining equations 4 .2 - 16, 4 .2 . -14 and 4.2 - 12 gives; 

( 2 . K ^ . P . g . ^ f̂g 
3 . v D 6 ( 9 _ - © 5 ) 

n 0.25 

(4 .2 - 17) 

where A = \ sin ^Ql . d0 

I Csin̂  0.d0 ( 4 . 2 - 1 8 ) 

By graphical integration, Nusselt reported a value of 2.52 units for A . 

The values for the integral at 0 between O to IT are tabulated in Jakob (31) 

From equation(4.2 - 17), 

( e .g . ^̂ fg • ) 
( V . D 6 . ( 9 ^ ^ - e J j 

1 0.25 

(4 .2 - 19) 

The constant in Nusselts equation depends on the evaluation of the integral 

'•— • \ s in^ 0.d0. Nusselt reported a value of 3,428 at = TT . 
3 ; o 

Bromley.et .a l (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 t o : -
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( e . g.hfa. ) 
0.25 

(4 .2 - 20) 

4.3 Improved Analysis of the Condensation Process 

Nusselt , in h is theory of laminar f i l m condensation, ignored 

the effect of condensate subcooling below the vapour saturation temperature. 

Bromley ( 3 2 ) , Working on the effect of the heat capacity of condensate, 

modif ied Nusse l t ' s theory of condensation on horizontal and vertical tubes. 

His analysis of the condensation of vapours at high pressure and with large 

temperature difference between the vapour and cooling surface, revealed thd 

the contribution of the sensible heat associated with subcooling, to the 

heat f low, may have an appreciable magnitude in comparision with the 

latent heat of vapourization. As a result , the subcooling effect could have 

a signif icant effect on the predicted values of the heat transfer coeff ic ient. 

Nusselt derived an alternative expression to equation (4 .2 - 19) in 

order to account for the effect of subcooling, but his theory predicted a 

decrease of heat transfer coeff ic ient. Bromley 's argument contradicted this 

effect on the basis that Nusselt had made a fundamental error in writ ing 

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

temperature profi le across the condensate f i l m , his correction for calculatirg 

the heat transfer coeff icient presented a mult ip l icat ion factor to the r ight 

hand side of equation ( 4 . 2 - 19) . This is of the fo rm: -

0.375 C ( © , - © . ) 1 0.25 
1 pc sat o 
. hfg 

Rohsenow (37) varif ied and improved Bromley 's theory by 

attempting to f ind the correct non-linear temperature distribution in the f i lm . 
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His analysis gave the fol lowing correction factor: 

0.25 

1 -f-
0.68C (© - © . ) 

PC sat o 
h. 

fg 

For condensation of steam, the val ues of h are relatively large 

C ( 0 - ©- ) 
therefore the term pc sat o is very srhal I and the effect of 

•^fg 
subcooling on steam condensation is insignif icant. 

0 ' 7 3 3 

1/4 
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Sparrow and Gregg's 
Heat transfer results for 
Laminar Condensation 
on horizontal cylinders 

F ig . 4 .3 - 1 
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aa 

Nul l t l l ' l 

.01 10 

Sparrow.and Gregg (38,39) applied the boundary-layer approach 

to their analysis of f i l m condensation on vertical plates and horizontal 

cyl inders. Inertia and convection terms in the condensate f i l m were 

considered and a zero shear stress at the interface was assumed. Solutions 

presented for condensate Pr range from 0.003 to 100. The results were 

are shown together with Nusselts results in f i g . 4 . 3 - 1 . 

It can be seen that for values of C ( 0 - Q.) 
pc sat o 

K 

and pr ^ 1 , there is a very close agreennent between Nusselts theory and 

Sparrow and Gregg's analysis (the maximum deviation is about 3 per cent ) . 
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In general, it can be shown from the preceeding discussion 

that for condensation of steam on horizontal tubes, the effects of inertia 

in the l iquid f i l m , the non-l inearity of temperature distribution in the f i lm 

and the subcooling effects are insignificant due to the high values of K 

and Pr. 

The experimental results reported in this work were carried out 

at Pr = 1.16 and C _ • (© - ©_) / h, . \ ^ ^ / . 

Pc sat o fg in the order of 0.03. Thus the 

contribution of the analysis for the subcooling effect and the boundary 

layer analysis has a negligible effect on using Nusselts theory for 
predicting the values of the heat transfer coeff icients presented in the thesis. 

4.4 Evaluation of Experimental Data 

The method employed for evaluating the heat transfer coefficient 

(ho) from test data is applicable to the case of both a static and an 

osci l la t ing tube. A sample calculation for f inding (ho) and (h j^y) 'S shown 

below to demonstrate the procedure involved in determining the two 

quant i t ies. The fol lowing data are recorded from a typical experimental 

test for condensation on a stationary tube and from standard tables; 

Steam pressure = 6 Barg 
Steam saturation ternperature Qsai ~ '^^^•^ 
Mass flovy rate of cooling water Mw = 1204 Kg/hr 
Inlet cooling water temperature Tjn = 26.2°C 
Outlet " " " To = 41.5°C 
Mean condenser tube wall temp. 0 m = 131.5°C 
Steam shell temperature = 161.0°C 

Specific heat of cooling water Cp^ = 4180 J/kg°C 
Thermal conductivity of tube K = 2 6 J / s . m ° c 

- • 2 
Outside surface area of test piece So = 0.108 m 
Outside diameter " " " Do = 0.034 m 
Inside " " " " Di = 0.029 m 
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The heat f lux Q = Mw-.C (To - Tin) 
pw 

=21389 J /S ( 4 . 4 - 1 ) 

the difference between the inside and outside tube temperatures can be 
found from Fourier ' s law of conduction: . 

. Do , 
- ©i ^Q. logg BT • ^ ° ' 

K. 2 . So (4 .4 - 2) 

©6 - ©• =^21.54°C 

Assuming a linear temperature drop across the wa l l . 

©m = ©i + ©6 
2 (4 .4 - 3) 

©o = 142.3°C 

also the heat f lux Q - ho.So (© , - 0 - ) ( 4 . 4 - 4 ) 
sat o 

ho = 11903 J / m S C 

4.5 Comparision of Experimental Results with Nusselts Theory 

In order to compare the experirhental results with the 

theoretical equation of Nusselt for laminar f low of condensate on a 

horizontal tube (equation 4 .2 - 19) experimental data of static tube 

tests were obtained at a range of cooling water Re from 12000 - 19000 

for a range of (© - 0 - ) of 13.7 - 17.6°C and a constant steam 
sat o 

pressure of 6. bars. Corresponding values for the heat transfer coefficient 

were obtained from Nusse l t ' s theory, using condensate physical • 

properties (v isoc i ty , thermal conductivity and density) based on average 

f i l m temperature. The results are tabulated in Appendix 1. It can be 

seen that the experimental values are + 5% to + 15% in excess of the 

i corresponding values predicted by Nusselts equation. The average increase 
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is about 9%. Simi lar observations were reported by McAdams and Frost 

-2 

(34) on their work of steam condensation on a 1.65 x 10 m O.D. 

horizontal tube, at a range of A t (saturation temperature - tube surface 

temperature) of 12 to 24°C and a range of experimental heat transfer 
2 o 

coeff icient (hexp) of 19307 - 11925 J / m S C. They reported increases 
of 0 . 3 - 3.0;,% in the values of (hexp) over those of ( h j ^ ^ ) . Wal lace.et .a l 

_2 

(35) working in the same f ie ld and using a 2.1 x 10 m O.D. tube 

reported 50 - 70% increases of (hexp) over ('^[^y) for ^ range of hexp from 

21579 - 24418 J / m ^ S°C and A t between 5 - 6°C. Othmer (36) condensed 
-2 

steam on a large diameter tube (7.35 x 10 m O.D.) at a range of A t 

from 1 - 11°C and (hexp) of 9653 - 28393 J / m ^ S ° C . In comparision with 

( h j ^ ^ ) , the deviation of (hexp) was reported to be - 30 to + 20 per cent. 

From these results, it can be seen that the accuracy of 

Nusse l t ' s theory is dependent on A t and on tube diameter. 

The experimental results reported in Appendix 1 are in good 

agreement with McAdam^ s results which were carried under s imi lar 
physical condit ions. 

In general, the average ratio of (hexp) to the predicted (h j^y) 

may vary between +5 to +30 per cent. 
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5 . DIMENSIONAL ANALYSIS 

5 . 1 Application of the Method of Dimensions for Correlating 
Experimental Data. 

A purely analytical solution to the physical processes 

involving condensation on a vibrating tube is extr.emely complex (as 

explained in Section 1.4 - 2 ) . Alternatively the experimental results 

may be treated by the theory of dimensions to establish correlations for 

the experimental data. In this method the dimensions of the physical 

quantit ies involved in the process can be manipulated algebraically, and 

the results can be interpreted graphically to provide a great deal of 

information. 

In general, dimensional analysis involves the combination of 

the individual variables into dimensionless groups which are fewer in 

number than the original variables. The method indicates the relative 

importance of the various parameters by consideration of their orders of 

magnitude. 

The method of dimensions has the l imitat ion that it is 

concerned with physical dimensions as the main properties and not with 

numerical measures; therefore it yields no numerical values to express 

the form of which one dimension varies with the other. However it 

proves a general functional relationship between the physical quantities 

and it provides a logical kjasis for an empirical representation of the 

experimental results. 
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5.2 Derivation of the Dimensionless Equation for F i lm Condensation 
on a Vibrating Horizontal Tube. 

It is important to establish a proper understanding of the 

problem related to condensing systems undergoing mechanical osci l lat ions 

in order to choose the important variables that may have a significant 

influence on the phenomena. When steam ̂ saturation temperature 

( 0 ) is passed over a smooth horizontal tube whose temperature is 
sat 

A 0 below the saturation temperature, the condensate forms on the 

wall a f i l m which acts as an insulating layer to the heat transfer. As a 

result , the rate of condensation is influenced by the condensate coefficient 

of thermal conductivity ( K ) . The main geometric variable in the problem 

is the thickness of the f i l m which depends on the rate of condensation and 

on the nature of drainage of the f i l m . The rate of condensation depends 

on the latent heat of vaporization (h ) of the f lu id . The faci l i ty with 

whicl^i the condensate f lows from the wall is determined by its viscosity 

( « / ) density ) and the gravitational force. Furthermore, since the 

thickness of the f i l m varies round the tube's cross-section, the tube 

diameter (Do) has an influence on the magnitude of the heat transfer 

coeff ic ient. 

If the tube is undergoing mechanical osci l lat ions, the 

vibrational intensity w i l l affect the condensate drainage and it wi l l 

consequently influence the f i l m thickness. Thus both the frequency and 
(A) 

amplitude of vibration become important in assessing the magnitude of 
s 

the heat transfer coeff icient ( h v ) . 
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In view of the preceding discussion, there exists a relationship 

of the form : — 

hv = F ( g , Do 

A © , w 7 A) 
(5 .2 - 1) 

For given condit ions, the unknown functions yeilding 

(hv) may be written in exponents form, and by substituting for the 

fundamental dimensions, using the (H M L T t ) ^ s t e m suggested by 

Ede (46) and Welty ( 4 7 ) , equation ( 5 .2 - 1) becomes:-

H 

L^ . t .T . 
F1 

H 
M 

L 1^ 
t^ J 

Lt J I- •' 

M 1 r M 

" r L -

(5 .2 - 2) 

The dimensionless coefficient F1 and al l exponents are of given value 

only at point condit ions. If any condition (such as frequency) is changed 

then F1 and all the exponents may change. This indicates a 

relation between ( h v ) , the variable, and F 1 . If al l variables that are 

related to the system are included in equation (5 .2 - 1 ) , the relative 

-size of the various components necessary to render equation (5 .2 - 1) 

dimensional ly homogeneous can be estabi ished. . 

Since the net dimensions on each side of equation (5 .2 - 2) 

must be the same, the s jm of the exponents involved in any one 

dimension must be the same on both sides of the equation. Thus solving 

for the exponents y ie lds : -
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a 
hv = F, (g) (D6) (y^) 

e-d d e 
(6) ( h , ) (K) 

fg 

-l-e 

-e d-2a 2d-a-b-1 
{^0,) (W) (A) 

(5 .2 - 3 ) 

Separation of the variables g ives:-

hv .A = F2 
K AW 

Do 
'fg 

K • A e 

( 5 . 2 - 4 ) 

Equation (5 .2 - 4) may be interpreted for correlating the 

performance of the vibrating heat exchanger. 

5.3 Interpretation of the Dimensionless Parameters 

It is advantageous to relate the correlation process to 

Nusse l t ' s theoretical analysis for condensation on a stationary tube 

(Chapter 4 ) . This can be achieved by changing equation (5 .2 - 4) 

into a new set of dimensionless products. It is permissible to mult iply 

any of the non-dimensional groups by any dimensionless quantity, 

provided that a new function and exponents are presented. Thus equation 

( 5 .2 - 4) can be interpreted as: -

hv.Do 
K 

Nuv 
2 

_AW_ 
^1 ' A V " ^1 r 

. g Do • g 
f .Vq .Do • Do 

/ 
fg 

K.A© (5 .3 - 1) 

Where F|,a^,b|,c,and d̂ , are non-dimensional constants. 
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It is clear frpm this equation that the last two dimensionless 

parameters involve al l the physical quantities associated with the analyse 

of condensation on a stationary tube (equation 4.2 - 19). Eqjation 

(5 .3 - 1) can be written as : -

Nuv = B 

B, 

1 • 

A W ' [ A V 1 
g Do . g -

K ^ © 

P / g.Do.Do 
^2 

K . A © 

(5 .3 - 2) 

If c^and d^are taken as equal to c^ and d^ respectively, t h e n : -

Nuv 

p./g. Do' . Do la. 
K . A© 

^ 1 + 
2^^1 

A.W 

^ 2 

Do g 

(5 .3 - 3) 

. Where B^ and B^ are dimensionless constants, it w i l l be 

seen that if c^and d^are substituted by the numerical ya I ues of (0 .25) 

and (0 .5 ) respectively, the denominator on the left hand side of 

equation (5 .3 - 3) becomes proportional to the theoretical Nusselt 

number for condensation on a stationary horizontal tube. Its value is 
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dependent on the constant B^, since, if either A or W tends to zero, 

the right hand side of equation (5 .3 - 3) w i l l be reduced to B^. 

On the basis of this discussion, the values of C^ and d^ can 

be taken from Nusse l t ' s theory (as 0.25 and 0.5 respectively) and the 

values of the dimensionless constants B^, B^, a^ and b̂  must be 

deduced from empirical correlations; thus equation (5 .3 - 3) becomes: 

Nuv 
• 0.25 r w 1 

D.5 
C /osgDo \^'\] 

. K Ae . 

AW^ ^1 r . 2 2 i 
A W 

g .Dog 

(5 .3 - 4) 

or ^ N u =^ B^ + B^ ^ a V - ^ b ^ 
(5 .3 - 5) 

whereTT ,-rr iTT are non-dimensional parameters which correspond 
Nu a b 

to parameters in ( 5 . 2 - 4) 

Thus the number of the non-dimensional parameters has been 

reduced to three, and further procedure to develop equation (5 .2 -4) 

w i l l be entirely dependent on experimental results for f inding 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^ and the exponential relationship in the equation 

can be found from experimental data. Two series of experiments 

are required. In one series, the relation between the group TT,^^ 
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with the group TV may be determined for selected values of the group 
a 

"Yj- ^, and in the other series, the relation between the groupTTj^^ with 

the group TT, may be determined for selected values of the group 
b 

T T . The di f f icu l ty in this procedure is that the amplitude of vibration 
a , 

is entirely dependent on the frequency of osci l lat ions (because of tube 

f lexure) . Therefore the selected values of AW and AW^ are obtained 

by governing the frequency of vibration and f inding the static amplitude 

that gives the required value of the dynamic amplitude at any particular 

frequency. This relation is obtained from calibration curves of amplitude 

with respect to frequency of osci l lat ion (F ig . 5.4 - 1 ) . One series 

of experimental results was obtained for each of seven constant values 
2 2 of AW ranging from 0 - 302.7 m/s at a range of freiquencies from 1500 

to 2000 cpm (Appendix 2 ) . The second series covered a range of seven 

constant AW values of 0 to 1.47 m/s at a range of frequencies from 

1250 to 2000 cptv> (Appendix 3 ) . It is emphasized that the ranges of 

experimental variables were chosen to cover the maximum obtainable 

performanciB of the condenser. Experiments at low frequencies were 

avoided since, at low ampli tudes, no significant increase in the heat 

transfer coeff icient was observed. The effective regon of condenser 

dynamic performance (at higher values of Rev) on heat transfer 

coeff icient is indicated by the constant AW and curves of Fig. 5.4 - I. 
i 

5.5 Correlation of the Experimental Data 

The function B. was simply calculated from the experimental 

data at W - 0, giving equal to T T N U (see equation ( 5 .2 - 5))and the 
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numerical value of this function was found to be equal to ( 0 . 7 3 ) . 

This corresponds to the value of Nussel t 's constant ( 0 . 7 2 ) for his 

theoretical analysis of condensation on a horizontal tube. 

The exponents a^ and b̂  in equation ( 5 . 3 - 4 ) were found from 

graphical plots of the experimental data as fo l lowsi For evaluation 

of a^, f ive groups of experimental points were plotted, each group 

representing a plot of 'OQ^Q ^'^|^J^J - 0 - 7 3 ) as a function of 'OQ^Q f^g} 

and at a different constant value of ( I T ^ ) . The graphs showed some 
b 

scatter of the experimental data. To improve the correlation, it was 

necessary to programme each group of experimental points to f ind the 

equation of least square f i t through the results. The experimental 

and computed results are shown on Fig 5 . 5 - 1 and are represented by 

straight lines having approximately the same slope. This just i f ies 

a relation of equation ( 5 . 3 - 4 ) . The value of the exponent a^ 

represents an average slope of the f ive l ines, evaluated at ( - 0 . 4 7 ) . 

By adopting the same procedure and plott ing log . (TT - 0 . 7 3 ) as 

a function of log,„ (TT, ) for constant values of ( iT ) (F ig . 5 . 5 - 2 ) , 
1 0 b a 

the data were best represented by a line of slope ( 1 . 0 8 ) which is the 

value for the exponent b^. 

The function is evaluated by plotting 'og^Q ('^|^J^J " ^ . 7 3 ) 

as a function of log,- (TT ) ~ ^'"^^ + log (TT ) ^ ' ^ ^ (F ig . 5 . 5 - 3 ) 
10 a b 

for the same data used in Figs. 5 . 5 - l a n d 5 . 5 - 2 and for further data 

obtained at a range of tube frequencies from 0 - 2 0 0 0 rpm and amplitudes 

- 2 

from 0 to 1 X 10~ m (Appendix 4 ) . B^ is found to be equal to ( 0 . 2 1 ) 
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at the intercept when: 

-0 .47 , ^ 1.08 
'10 b 

1.08 

or 

The experimental data for condensation of steam on vibrating, 

tube can now be represented by the fol lowing equation: -

Nu 
0.25 0.5 

K . A 0 [ j: \ 

0.47 

0.21 A V " 
g 

1.08 

(5 .5 - 1) 

or in alternative f o r m : -

hv 
ho 

= 1 + 0 . 2 9 

-0.47 

AW^ A V 
° 5 9 

i .08 

(5 .5 - 2) 

and the Nu is determined from equation 5.5 - 1 a s : -
V 

0.5 A/ 0.25 r 
/ h • 

0.25 r 
Nu = 0.73 . fg 

V K . A 0 
f / g Do" . D6 + 

0.21 
K. AO 

_0.25^ 
P y g Do Do 

.D.5 0.47 ' . 2,.,2 -1 
A W 

1.08 

(5 .5 - 3) 

If the exponents a^ and b̂  are approximated to the values 

of 0.5 and Unity respectively then equation (5 .5 - 3) can be 
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interpreted as: 

Nu = Nu + 0.21 
V o 

_ A*- 0.25 0.5 
^ . g .DoDo 

- K. 0 

0.5 
AW [ A ' 

LDO 

( 5 . 5 . - 4) 

The vibrational Reynolds number (Rev) may be formed from 
this equation giving the re la t ion : -

0 . 2 5 / 0.5 _ . 0.25 

Nu = Nu + 0.21 
V o 

^ . ^ g 1 [Pev [w^ iDo_ l I" A " 
K. o j -I L g J L Do 

( 5 . 5 . - 5) 

The graphs of Figs. 5.5 - 1, 5 .5 . - 2, and 5 .5 . - 3 representing 

equation ( 5 . 5 . - 1) reproduce al l the data within a deviation of 

about - 6 per cent. (F ig . 5 .5 . - 4 ) This provides a reasonable 

correlation of the experimental results within the employed ranges of 

frequencies and amplitudes of vibrat ion. 
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6. COMPARISON OF THE RESULTS OF CONDENSATION AND 
COUPLED MECHANICAL OSCILLATION 

General 

It was reported in section 1.1 - 3, that the available 

information on the effect of mechanical vibration on condensation heat 

transfer has a very narrow scope and only three different workers have 

contributed their knowledge of exploration of this new f ie ld . 

It would be of interest to compare the available literature by 

relating the different results to one parameter and in this way,characteristic 

relations between the individual sets of data may be obtained. 

Raben et al (14) of the U . S . Department of Interior, were 

the f i rs t workers who attempted to explore the f ie ld of coupled transverse 

vibration and condensation on a vertical tube in ah effort to promote 

drbpwise condensation and thereby signif icantly increase the rates of 

heat transfer. Their experimental observations showed no indications 

that vibrations of the condenser element could assist in breaking of the 

condensate f i l m (see section 6 - 5 ) . Consequently f i lmwise 

condensation was predominant. However increases in heat transfer 

coeff icient of the order of 58 per cent were obtained. The results 

were expressed as a function of frequency and amplitude of vibration 

wi th in an accuracy of + 5 per cent. Maximum (Rev) employed was 

in the order of 200,000. 

From his project on condensation of ethanol vapour on a 

longitudinal lyosci l lated horizontal tube, Houghey (19) obtained 20 

per cent increase in both v a p o u r — s i d e and water-side heat transfer 
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coeff ic ients at a maximum (Rev) of about 80,000. The increase in 

heat transfer wi th vibration was assumed to be a function of (Rev) only, 

giving an accuracy of correlation of experimental results within + 5 

per cent of the mean value. 

Dent (20) employed transverse mechanical vibration for 

improving condensation of steam on a horizontal tube. The experiment 

covered a comparatively smal l range of vibrational intensities and a 

maximum (Rev) of 32,000 gave a maximum of 15 per cent increase in 

the condensation heat transfer coeff ic ient. Gravitational force was the 

dominating factor in draining the condensate. Analytical correlation 

of the experimental data was 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 Perturbation Parameter 

It was pointed out that Dent 's (20) experimental results 

for condensation on a vibrating tube covered a small range of (Rev) , 

thus the contribution of vibration to increasing the heat transfer was 

relat ively small and it was attributed primari ly to a better conduction 

through the condensate f i l m . Correspondingly a perturbation method of 

analysis was attempted to give an indication of the init ial effect of 

vibration on condensation heat transfer. However this does not describe 

clearly the actual mechanism involved in the process. The basic 

approach to the perturbation analysis is stated in section 1.1 - 3. 

The perturbation parameter (E ) introduced in the theory, was based on 
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simi lar assumptions stated by Schlichting (40) in his analysis of 

convection and streaming from horizontal cylinders undergoing a 

transverse mechanical osc i l la t ion. 

In order to compare al l the available literature concerning 

the effect of transverse vibration on condensation heat transfer, with 

2 

relation to the parameter (NDo /S) , from perturbation analysis it was 

necessary to establish a perturbation analysis for condensation on a 

vertical tube, to account for Raben's results. It was found that the 

evaluation of the local f i l m thickness under vibrating conditions, is 

given by a s imi lar expression of the local f i l m thickness for condensation 

on a horizontal tube, with the exception that the f i l m thickness for the 

vertical tube case varies with respect to tube length rather than angular 

posit ion sin (D (as for Nussel t 's equation). 
The vapour saturation temperature and the outer surface 

2 

temperature of a condenser must be known if the parameter NDd / 3 

has to be evaluated. Raben did not report any measurements of tube 

wall temperatures and his calculations for the condensation heat 

transfer coefficient were based on experimental-data for steam and 

cooling water temperatures, and physical properties as fo l lows : -

The heat f lux 

Q = 2] A T 

Ji)c Ab + XS^.A5 + Jhvj A\ 
(6 .2 - 1) 
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where:-

A T 

A ' 

ho 

hw 

Xs 

Mean overall temperature difference 
(steam to inlet water) 

Surface area 

Condensate heat transfer coefficient 

water side " " 

Wall thickness 

Ks 

i 

o 
a 

wall thermal conductivity 

inside 
outside 
average 

The water side heat transfer coefficient ( h w ) , was calculated 

from empirical formula developed from init ial experimental investigation 

on the effect of vibration on ( h w ) . The error involved in calculating 

(hw) by using th is method was reported to be + 20%, however it was 

necessary to use these values of (hw) for deriving the outer wall 

temperature ( 0 o ) as fo l l ows : -

Q = hw.2.Tr . r i .L(Qi - Tm) 
( 6 . 2 - 2 ) 

L - . T u b e \-ev\9'tVv. 
(Tm : mean cool ing water temperature) 

and ( 4 . 4 - 5 ) 

and 0o was obtained from equations(4.4 - jL),- .Neglecting subcooling, 

the temperature drop across the f i lm was found by subtracting Go 

from the saturation temperature. Fig 6.1 - 1 shows all available 

data of steam condensation on transversely vibrated tubes, together 

with the analytical perturbation results plotted in terms of the ratio 
2 

hv/ho as a function of the dimensionless parameter NDo/3. A l l 
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experimental results showed considerable scatter on the graph, and it 

was therefore decided to programme each group of results to f ind mean 

values from third order polynomial equation of least square f i t through 
• A • . • • 

the experimental points. The curve from the perturbation analysis is 

plotted within a comparatively small range of N D 6 / 3 since De.v>:tr; found 

that above a value of 0 .7 , the curve deviates very sharply from the 

experimental resul ts. This demonstrates a signif icant increase in the 

rate of heat transfer wi th vibrat ion. The l imi tat ion of this analysis is 

governed by the magnitude of the numerical value of the perturbation 

parameter ( E ) , which v\^s assumed to be very smal l . Dent 's 

experimental results, although very scattered, appear to be in close 

agreement wi th the results given in this report. Raben's experimental 

data for condensation on vertical tube seems to demonstrate simi lar 

characteristics of increase in heat transfer with vibration to those for 

a horizontal tube. 

6 .2 The Vibrational Reynolds Number (Rev) 

It Fs very common to display the results of coupled vibration 

and heat transfer problems in the form of Nusselt number as a function 

of the vibrational Reynold number (Rev ) . This simple relation can 

clearly identify the influence of vibrational intensity on heat transfer. 

It was assumed by Haughey (19) that, the increase in 

condensation heat transfer was solely a function of (Rev) and he 

obtained reasonable correlation of his experimental points (see section 6) 

considering that the maximum increase in (hv) was about 20 per cent 

- 8 5 -



k 
h . 

Author 

3 ? 5 7 0 f Xo 30 AO 5 ° 

Rev/ X lO 

- 8 6 -



over ( h o ) . Fig 6 . 2 - 1 represents a plot of hv/ho as a function of (Rev) 

for the results given in th is work and those reported by Haughey and 

Raben. Dent' s results were conducted wi th in a comparatively small 

range of (Rev) and also showed a considerable scatter when plotted 

on th is graph. Fig 6 .2 - 1 demonstrates a linear relationship between 

hv/ho and (Rev) for longitudinal osci l la t ions. For transverse oscil lat ions, 

1 2 

hv/ho was given approximately as a function of (Rev) * for both 

horizontal and vertical tubes. The graph also indicates that the 

increase in heat transfer coefficient due to transverse osci l lat ions is 

more favourable wi th vertical tubes than with horizontal tubes. This 

could well be due to the different nature of drainage of the condensate 

f i l m associated with each process (see section 6 . 4 ) . H<x«Jtc^V\e<j'j anci 

6 .3 Effect of Cooling Water Temperature on Condensate Nu 

The experimental results previously given in this report, were 

conducted without control of the inlet water temperature which was 

dependent on the temperature of the water stored in the main reservoir. 

o 

The inlet temperature varied from 13 to 23 C during the entire range 

of the experimental results, therefore it is an advantage to f ind the 

effect on condensation Nu of varying the cooling water temperature. 

Tests were conducted:at a range of inlet water temperatures from 10 to 

40 C° for stat ic conditions and also at a constant tube frequency of 
-3 -3 

1500 cpnri, wi th a range of amplitudes from 2.2 x 10 - 7.5 x 10 m 

(see appendix 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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o 

at an inlet temperature of about 32 C and that below this temperature, 

both the heat f lux (Q) and the heat transfer coefficisnt (h ) demonstrated 

a continuous decrease. Eagle and Ferguson (41) conducted an 

experimental work to determine the way in which the heat transfer 

coeff icient yaries with the physical properties of a f l u id . For this 
-2 

investigation an electr ical ly heated 1.9 x 10 m diameter tube was 

used, through v\/hich, water was circulated at various constant veloci t ies. 

Their results showed that an increase in (h) was followed by an increase 

in the water temperature and also by an increase in the water nominal 

veloci ty. The increase in (h) wi th respect to water temperature was 

much more rapid at the higher water veloc i t ies. 

The heat f lux is closely dependent on the magnitude of the 

Reynolds number (Re) of the cooling water and as the cooling water 

temperature decreases, (Re) decreases very rapidly due to a significant 

increase in the v iscosi ty . The condensation (Nu) is related to both (Q) 

and the temperature drop across the f i l m . 

The analysis of steam condensation (Nusselt (18)) showed 

that (h) is less favourable with lower temperatures of condenser surface, 

since this has the resultant effect of increasing the temperature drop 

across the f i l m . However, increasing the cooling water temperature 

towards the boi l ing point, decreases its viscosity and considerably 

increases ( R e ) . The value of (6) wi l l be l imi ted since nucleation 

w i l l occur on the heating surface, thereby decreasing the surface area 

through which heat is transferred. It was observed from the experimental 

tests, that at a mean outlet temperature above 60°C, small vapour 

bubbles were present in the water outlet l ine. The bubbles become more 88 



pronounced in s i z e and quant i t y w i t h a further increase in the coo l ing water 

tempera ture and thus the t es t s were l i m i t e d to a m a x i m u m out le t 

o 

tempera ture of about 60 C to avo id the occurrence of a phase change. 

R a b e n ' s exper imenta l resu l t s were conducted a t a s i m i l a r va lue of 

( R e ) to those presented in t h i s repor t , but at in le t water temperatures 
o o 

rang ing f r o m 56 to 80 C and at a saturat ion temperature of 100 C . 

These resu l t s ind ica ted a rap id decrease in ( Q ) w i t h an increase in the 

c o o l i n g water tempera tu re , w h i l e ( h ) remained approx imate ly constant 

over the range of coo l i ng water temperatures e m p l o y e d . Th is independent 

re la t i on between ( h ) and ( Q ) was a lso observed by B i r t et a l ( 42 ) who 

worked on exper imenta l methods to increase the s t e a m - s i d e heat transfer 

c o e f f i c i e n t . Their resu l t s showed for f i l m w i s e condensat ion on a ver t i ca l 

c y l i n d e r , that ( h ) decreased w i t h an increase in ( Q ) and they concluded 

that ( h ) was large ly independent of ( Q ) in the range of ( h ) f r om fV'OOO 

2 o 

to I57v 000 J / m . S . C . S i m i l a r observat ions were a lso reported by 

M c A d a m s ( 3 4 ) , Hampson (42 ) and Nagle ( 4 3 ) . 

The m a x i m u m increase in ( Q ) obta ined dur ing the exper imenta l 

t es t s vJiih v i b r a t i o n , was in the order of 20 per cent over i t s va lue w i t h 

no v i b r a t i o n . R a b e n ' s ( 14 ) resu l t s for ver t i ca l tube showed a m a x i m u m 

of 30 per cent increase in ( Q ) w i t h v i b r a t i o n . However D e n t ' s (20) 

resu l t s ind ica ted f l uc tua t i ons in the va lues of ( Q ) in the order of - 4 . 2 

to + 8 . 6 per cent w i t h v ib ra t i on over the s ta t i c va lue . 

6 . 4 Condensate Dra inage and V ib ra t i on 

Dur ing exper imenta l t e s t s , the o r ien ta t ion of the condensate 
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f i l m was observed under v ib ra t iona l cond i t i ons w i t h the a id of a 

s t roboscope. The nature of the f i l m appeared to be p r imar i l y dependent 

on the v ib ra t iona l i n tens i t y , or (Rev ) F ig 6 . 4 - 1 ; in the range of (Rev ) 

f r o m 0 to 120 ,000 , drainage of the condensate was s t r i c t l y f r om the 

lower ha l f of the tube . Th is occurred in the f o rm of drops shear ing 

away f r o m the condensate f i l m and f a l l i n g downwards under the ac t ion 

of g r a v i t y . The dra in ing drops under s ta t i c tube cond i t i ons , appeared 

to be large in s i z e and the dra inage process was compara t i ve ly s l o w . 

A s the v ib ra t iona l in tens i ty was increased, the dra in ing drops became 

more dense ( c lose r to each o ther ) but sma l l e r in s i ze and faster in their 

downward t r a v e l . A t h igher ranges of v ib ra t iona l in tens i ty (Rev 120,000 

to 1 8 0 , 0 0 0 ) , t h i s i n i t i a l l y resu l ted in es tab l i sh ing very th in condensate 

r idges wh ich appeared to move downward f r o m the top of the tube to 

i t s lower ha l f , where they accumu la ted and dra ined away rap id ly due 

to the m o m e n t u m impar ted to the condensate by the v ib ra t ing tube. The 

r idges tended to d i m i n i s h w i t h an increase in the v ibra t iona l i n tens i t y , 

but an accumu la t i on of condensate on the top half of the tube became 

v i s i b l e in the f o r m of a s t ra ight band a long the tube . Th is band var ied 

in w id th w i t h respect to the t u b e ' s c y c l i c pos i t i on and appeared to 

spread dur ing the upper d i sp lacement of the tube, and then contract 

dur ing the lower m o v e m e n t . A t v ib ra t iona l in tens i t ies above (Rev ) 

of 180 ,000 , the r idges d isappeared, but the contlensate accumu la t i ng 

on the top tended to leave the tube dur ing the start of the lower d i s 

p l acemen t . However i t eventua l ly returned under the ac t ion of g rav i ty 

Th is s tage was predominant at ( R e v ) up to 220 ,000 . Above t h i s va lue , 
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the condensate appeared to have es tab l i shed a h igh ly f l uc tua t ing mode 

of movemen t and the dra inage occurred on both the upper and lower 

par ts of the tube . On the upper par t , the condensate drained of f dur ing 

the commencemen t of the lower d i sp l acemen t , but it spread out on the 

tube sur face dur ing the rest of the c y c l e . 

For condensat ion on a ve r t i ca l v ib ra t i ng tube, Raben reported 

that the condensate swept t^ack and for th on the tube dui ' ingeach cyc l e 
J 

thus f o r m i n g two stagnant po in ts and very l i t t l e condensate was thrown 

f ree f r o m the tube . Haughey reported fo rma t i on of s tanding waves in the 

condensate f i l m on a long i tud ina l l y v ibra ted hor izonta l tube . These waves 

appeared at a c r i t i c a l v ib ra t iona l in tens i ty ( 3 . 2 x 10 m/s'- i ) and 

the wave leng th was independent of v ib ra t iona l i n t ens i t i es . The drainage 

was observed to take p lace f r o m the r idges wh ich increased in amp l i t ude 

w i t h an increase in v ib ra t iona l i n tens i t y . 



7. CONCLUSIONS 

The purpose of t h i s pro ject was to f i nd the in f luence of 

t ransverse v ib ra t i on on condensat ion heat t ransfer c o e f f i c i e n t . The 

f o l l o w i n g conc lus ions can be drawn f r o m the exper imenta l data descr ibed 

in t h i s repor t : -

1 . The average condensat ion heat t ransfer coe f f i c ien t was increased 

by as much as 78 per cent w i t h o s c i l l a t i o n s compared to the coe f f i c ien t 

w i thou t o s c i l l a t i o n s . Th is increase was obta ined at a m a x i m u m v ibra t iona l 

Reyno lds number of about 300,000 (o r AW = 1.73 m / s ) employed 

dur ing the exper imenta l t e s t s . 

2 . The improvement in ( h v ) was genera l ly fo l l owed by an increase in 

f requency and a m p l i t u d e of v i b r a t i o n . 

3 . At a v ib ra t iona l in tens i ty 0 ^ A . W ^ 0 . 4 6 m / s , the.mechanica l 

v ib ra t i ons had no apprec iab le e f fec t on the heat t ransfer coe f f i c i en t . 

4 . The exper imenta l heat t ransfer coe f f i c i en t s obta ined for f i l m w i s e 

condensat ion on a s ta t i c tube , agreed w i t h N u s s e l t ' s iequation ( 4 . 2 - 19) 

to w i t h i n an error of +8 per cen t . 

5 . A n e m p i r i c a l cor re la t ion of a l l exper imenta l data was obta ined in 

the f o r m : -

Nuv = 0 .73 
r h 1 0 .25 J. 

/ c . ^ g 
K. A O 

0 .5 
P y 9 « D 6 . D o + 0 .21 •/ c . !2_ 

K. A O 

0.25 

g / 9 . D o . Do 

A 
-,0.5 r 

g 
A . W ' 

0 .47 , - ^ , 1 . 0 8 

D o . g 
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This reduces to N u s s e l t ' s equat ion ( 4 . 2 - 19) v^/hen ei ther A or W tends 

towards zero . 

6 . The v isua l observa t ion of the condensate f i l m , detected that grav i ty 

was the dominant factor in d ra in ing the condensate at 0 ^ R e v ^(,120,000. 

However , at the h igher v ib ra t iona l i n t e n s i t i e s ( Rev > 2 2 0 , 0 0 0 ) , the 

condensate d i sp layed a c y c l i c mode of f l u c t i a t i o n s and the condensate 

dra inage took p lace f r o m both the upper and lower parts of the test p i ece . 

7 . The increase in heat t ransfer coe f f i c i en t w i t h v ib ra t ion i s assumed to 

have resu l ted f r o m a reduced f i l m th ickness and ag i ta t ion of the f i l m ! 

8 . The exper imenta l data showed a m a x i m u m increase of 20 per cent in 

the heat f l u x w i t h v i b r a t i o n , over i t s va lue at s ta t i c tube cond i t i ons . The 

resu l t s a l so ind icated that the heat f l ux was independent of the heat 

t ransfer c o e f f i c i e n t . 

9 . The descr ibed method of preparat ion of the tube surface was found 

to g i v e a sa t i s fac to ry f i l m condensat ion on the s ta in less steel sur face 

over a pro longed per iod of the condenser opera t ion . i 

10. In compar ing the methods of ver t i ca l (Raben ( 1 9 ) ) and hor izontal 

tube o s c i l l a t i o n s , the two methods showed a s j m i l a r charac ter is t i c of 

increase in the heat t ransfer coe f f i c i en t w i t h v ib ra t ion when these resu l ts 

were p lo t ted on a base of the v ib ra t iona l Reyno lds number . 
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A P P E N D I X 1 

TABLE OF E X P E R I M E N T A L 

RESULTS FOR CORRELATION 

WITH N U S S E L T ' S THEORY 

- 9 7 -



O ON • • • K \ 
o\ CM 

00 as 
ON ON • • • r<N 
r— ON 
r H t-i r- l r H 

O 
00 • rH in 00 

i - l • o rH O 

in in CVJ rH • H H rH r H 

o o 
00 

CM in 
o • • NO H 
r H CO 

in 
in 

ON tn 
00 in • tn • CM 
r H r H 
CM CM r H 

fn rn 
• in O i rH 

o • ON C7N 
in NO rH O H r H r H H 

ON 

o 
8 
NO 
CO 

NO 
in in o • i n 

i n • * ^ ~ 
ON - t t in KN o 
r— CM • ' ^ r H CM 

KN 
CM 
ON 
OO 

in rH O 

o • • • in CM 
O N in rH H r H 

KN H 
CO KN rH 

• NO rH 
KN CM H • rH rH rH rH 

o o m 
<NJ 

O • ON • • * 
O KN CM KN 
ON CM r H 

r H KN 
NO KN • • NO • 00 CTN ON 
r H r H rH r H 

NO CM O 

• in rn 
H • "St CM 
in CM H 

r- l H H 

o 

NO 
KN O CVJ • CNI • • KN 
O KN o KN 
r H CM x * r H 

CM o 

K \ 

CO 

in 
o 
CM 

ON 

KN 

O H 
• ON ON ON 

rH • in ON 
in CM O 
r H rH r H 

in 
o in t— m 

CNI 
in 

00 NO NO • 00 
KN • • rH • r H CM CO KN in 
r H CM KN r H rH 

O r H rH 
in • • CM CM 
rH CM KN 

• o o 
KN in 
r H r H 

CM 

O 
t -
f-
r H 
CM 

00 o 
CTN • • • CM o o in CM H r H 

CM O 
ON • • 
• o r H in CM r H r H 

r H KN 
00 CTN NO 

• KN 00 
H O 

H r H H 

VO 
00 r- NO in KN NO 
KN r- o H o • r H r H 

o 
CTN 
rH 

5 ^ o o C3 O 
O 

O O 
CO o o 

o o 

o o 

CM 

O 

u 

I 
+> 

<1> 
H 
c 
H 

O 
E H 

4» 

+» 

H 

I 

'CD 

4» 
• r l 

o 
EH 

'o 

i 

I D J H O 
a A O 

O 5 ai 

- 9 8 -



A P P E N D I X 2 

TABLE OF E X P E R I M E N T A L RESULTS 

FOR D I M E N S I O N A L ANALYSIS 

(Constant ( A . W ^ / g ) Se ts ) 

- 9 9 -



in 
o ON U3 • c y v o ' ^ 

ON ir\ • • ' ^ • 2 ' ^ 
t— t -rt fr\ K\ OS o o 

O ^ < M CV" 

CO KN 
« VO T -

• T— * 
t o , • T - X— T - T - KN CM 

> ^ KN 
• 00 

T - O 

o 
CO 

00 

T - O 1 -

oo vo r— • co o • T— • VO vo 
• • 00 • K N T— O 

K ^ 00 O N o \r\ CM • 
T - 1— T - T - T— T— r -

CM 

o 
t ~ CO 
o t> -

00 

o 
o 

VO 
o 
o 

O CO 
VO CM VO • CM VO • o 

• • • • CM « 

• CM K > 00 ON VO 
o 

CM OS 
o • in CO • T— • • • VO • 00 » 

• CO KN o o 
T— T - . CM CM CM T -

CO VO 
• CO VO 

o o o 
in T - • 

CM in in 
O hfN CM 

• • • • in o o in 

in in O 

• 00 CM m 
tn in • • in 00 • CTN 

T - CM CvJ CO 

in 

<D o 
VO o 

CM 1 -

. 8 

o 
m 

O 
in 
CM 

CM 

in 8 
in 

00 

O 1 -

in cr\ C7N 
CJN 00 • vo 00 00 • CJN 

• VO • VO • VO • VO KN CTV O o 
KN T - CM CM T— 

CTN KN ON 
<yv • VO KN VO KN <yv 

CM ON in • • in in • KN CM • T— CM in 

VO 
CM 

CM 
CM 

O 

o\ 
o o 

in 
in 

O » -

o 
o 
in 

VO 
VO 

VO 
1 - o T -

VD CM 
00 • o in CM • « in • o • in • in KN ON o o KN 
KN T - T - CM CM '— 

o 
CN4 

T— o 
VO KN 

in KN • O 
KN • • • t— VO KN 

V O i n 
• 00 

T - O 

T - O 
CM in 
r - crv 

KN 
in 

KN o 

• 
KN CM • ON in t— * 

• • 
VO 

• 
in KN 

• • 
CO 

ON 
ON • 

o 
• 

o KN T - • r - T - CM T— T— 

VO CM KN 

• CM CM KN 
r - t— CM • in 
in CM • • T— T— r - CM 

KN O T -
• 00 

t- • 
t- o 

1 - in 
00 r-
o "d-

CM 

^ > O 

CM 00 
CM 

in 

in 00 
KN « in CM • • KN • in • KN 

KN 00 ON CJN in 
. •<;t CM 

T - vO 1 -

in T - • 

VO 
00 

in 

(TN 

in 

in in 
in T - in CM in 
KN o 
• • • • • o in o o o 

O (JN 
• o 

KN O 
T - KN 

t ~ I 'N _ CM _ 
• ON ON O • VO 

CM ' C O • C M • 
KN r- 00 ON T l - VO 

in CM 
• in 

in o 

ON 
VO 

o 6 

CO 
o 

8 

a 
9) 

a 
P I 
O 

0> 

CM 
I 

X 
< 
1+ 

o 
o 

o 

o o 
o o 

o o o o 

^ .o 
• or <3> 

o 

13 
.O 00 

o 
o 

m 

< H 

<3> A 

r- KN 

CM 

I Pi 

to 

KN 

O 

I 

o 

o 
I 

-100-



OO 

N O 

i n 

K N 

CM 

CM 

8 
o 
CM 

CM 

O 
O 
O 
CM 

_ 4 . en CM NO CM 

0 ? ; ? ; ^ C M C M C M i - r - t - t - i -

o 
CM 

O 
i n 

o 
i n 

O T - K N * - C M C M C M T - ' « - ' - T - T -

O CO O • CM NO 

. KN KN KN ON O O 
O T - IVA T - T - CO CM 

00 

5 

® 10 
O • ON t~-

. CM CM 
i n K \ • 

KN 

^ _ <yx -4- in 
» T - N O K N ' O N ' Si ^ NO 

KN » C O » K N • r - t - « -

0 * - » n r - ^ - » - C M ^ T - t - T -

i n i n KN 00 - J - O 
{VI • . KN • CO 

8 ?! 
t~ NO in 

^ ~ . CM* ~ • O 

r A c l J n o o o N c r v ^ ' ' ^ ^ } 
r- KN T - T - r - » - < -

CM 
o ^ . ^ CD* § 

o 

ON 

CM 

T -
CM 

CM J5 i n ^ . 00 ^ a ^ 

00 

KN 

KN 
ON 

T- OO 

NO 

? o 
• N O 

CM • 
CM 

OO 00 

• ^ 
f"- -I 

o 
CM 

K N 

CM 

i n 

OO 00 

• o 
NO KN 

i n CM 
CM CM 

O K > 
r- NO • • 
CO NO 
CM T -

CO 

K N 

O 
i n 

00 

NO 
NO 

NO 

CO 

CM 

v o 
r - CVJ 
K N • 

• CM 
K N C J 

CM NO 
CO • 

. VO 

oo o • 
O r -

OX 

• • 
O I fN 

i n 
00 

• 
o 
KN 

in 
o 

6 

6 

o 

' O 

o 

U N 

•CH. 

.;.o 

0-

o o 

O 

in 

- O 

•Q -

^ ^ !l 
2̂  

I P 

o 

In 
O 

O 

_ o — 

O 
in 

K N 00 VO ^ 

O N 

K \ 
o 

i n 
CM 

NO 
CM 

CM 
C J 

C 3 -

\£ S: 

00 

o 

a 

E H 

o 

OJ 
I 

1 + 
O O O 

o o o 

I I 
31 JULI973 

BEOTIOM , 
LiBRAR'f 

i 
- 1 0 1 -

KN 

CM 

to 

1 . 
CM < 

» • 
C J ' » 

o ; 
I 



A P P E N D I X 3 

TABLE b p E X P E R I M E N T A L RESULTS 

FOR D I M E N S I O N A L A N A L Y S I S 

(Cons tan t ( A . W ) ^ / D 6 . g ) S e t s . ) 

- 1 0 2 -



CM 
O 
in 

ON 
CM 

o 

KN 
NO 

KN VO • 
• . KN • 

^ KN KN ON 
T - KN T - T -

KN T -
t— in 
KN • 
o o 
CM CM 

ON 

KN 
CTN 

LfN 

VO 

CM 

^ • KN o •<4-
ON CM 00 

• • • • 00 T— o 

CO KN CM 
o CO 

CJN CO o CM 
• • • • • 

CJN o o o 

VO 
CM 

O 
in 

o 

K N 
CM r - • O N 

. • K N • 
r^- K N K \ CO 
T - KN T - T-

o T— 

in • • ON • KN • T -
ON o in in 
T— CM »— T— 

VO 

• ^ • • 

in VO ON CM 
CM CM T - VO 

• • • o o 

CM CM 

5 
CO 
o 

in 
CM 

O 
o 
o 
CM 

o vo CO 

K N 

VO 

VO 
KN 

CO 
VO 
in 
O N 

O 
CM CM 

CM 
CM 

K N 

KN 
in 

VO T -
T - VO 
00 • 

O N 

CM 

00 

O CD 

T - VO 

o in in 
KN 00 in 

• o KN 
* • 

KN o 

CJN 

CM 
o 
o 
o 
CM 

CM 
VO 

O VO 

K N 

in 
KN 

VO 
in CM 

VO 

O T -
CM CM CM 

in 
• KN • KN 

VO . • CM CM 
CM in vO 
r- T - T -

5 
T— in t>-

oo o 
CM • • CM in 

CM VO VO 00 
ON VO c~ 

• ON CM 

• • • CM o o O 

KN 
CM 

O 
CM 

O 
in 

O CM 

T - KN 

00 

KN 

KN 
CM CM 5 

KN 
O T -
CM CM CM 

in 
• KN 

in • 
•<i- KN 

CM 

CM 
in 

CM 
CM T -r— KN 

in 
00 

VO 
CM KN 

KN • • • CM 
KN CM 

O in 
CM CJN 
<3N T - 00 

• • • O O o 

CM O 
CM O 

O 
CM 

r- o 
• •«;̂  

O 

ON KN OO 
CM • CM CM 00 

• KN • KN • KN O r - I T -

KN CM CM CM 

O 
00 VO CO 

• oo T— 
ON CM • in KN • KN 

T— T— T -

in CM in 
00 • • • VO 

CM 

in in 
in 

CM 
V-

in 
o 

CM 
o 
o 
o 
CM 

in o • 
Cvi • • KN • 

. ' ' N KN ON 
O T - KN T - , CM CM 

CO CM CJN ON 
VO • • • • KN ON T— 

O in 
CM T - T -

O 
CM CM KN 
VO r - ON 
CM • • t— 00 

in 
o 

00 CO CM r-
CO vo 

s O CM 
• • • o o o 

o 9 
CM O 

CM 

CM 

o 

o 
CM in 

00 • co 
• KN 00 

CM KN CO CJN 
KN 

52 * ^ v « 
ON • VO 

• KN • 
CJN -<*• in 

o in • 00 in 
' T - VO O CM 
in • • 

KN 
CM 

ON KN 

in 

ON 
in 

CJN 
CM 
o 

VO 

CJN 

- 5 t 
O T -

ON KN c- CO 
VO • VO KN t— • • CM • VO • CM 
CM KN 00 CJN ON 
KN T— T— T - *— 

VO 

V O 

00 

O 
in 

00 
VO 
CM 

KN 

CO 
O 

s 
4 * 
m 

a 
CM 

•o 

M 

1 + 

o 

o o o I 
> O _S ' O 

><*> 

o 
o o 

o 
• H O 

.Of '5 

o o 

CM 
a 
»-» 

^o 

I 
K N 

' O 
CM 

KN 

i 

I 

-103-



N O 
K N 

in 
00 

CO o CO 
NO CM • in O • o 
• • in • OO • NO • r— 00 KN o T— CM CM 

KN T- CM CM CM T— 

00 

CM 
in N O 

o 
CM CO 

CM 
C J 

00 
NO 

CVJ CJN ON VO 
CO 00 CO 

o « o CM KN 

• o • • • in CvJ T— o 

in 
KN 

o o 
in 

NO 

CO NO 

o • KN NO ' • • • in • in CM • KN o • ^ •sj- CM 
KN T-. CM CM CM T- T-

in 
CM NO 
in in 

CJN ON 
KN 

in 
00 

N O 

T— 00 00 ON 
00 NO KN VO 

KN - • CTN CM CTN 
• NO • • • 

KN o o o 

KN 
in 

o 
in 

t- O ^ 

O NO in 
UN KN • 00 o o • KN 

• • in • ON • in • NO VO KN CJN o T— KN 
K \ t— , CM CM 

CM 

CM 
in 

o 
KN 00 CM 

K N 

KN 
5 

r T- KN r- r-

CTN KN KN KN 
Cvl O r~ 00 
CO • ON in 

CM • • • o O o 

KN 
KN 

in 
KN 

CM KN NO 
NO • in 00 • CM • • • • in • • T-

NO in KN CT\ o o in 
KN T— CM CM r— T-

CvJ 
T-
KN 

VO V O 
00 K N 

CTv 
O N 

00 
CJN 3-

CO r - O 00 o o 

KN 
O 
KN 

CM 
KN 

O 
O 
in • 
T- O 

NO VO 

in -51-
T- KN 

r— 
CM in 00 K N 

in in • CO CTv • • K N in in 
K N • 00 • K N • 00 o CM 
K N 00 <7N CJv in in • T— 1̂  T— 

KN 

ON 
CO CO p-
VO KN CO 

o O o 
• • • • o o o 

KN 
O 
in 

o 
CO 

CM in 
KN • KN CO VO • KN 

• ' • VO • "Sf • • in NO KN T— CM CM 
r- T- T- CM CM CM 

CVj T-
• r - CM 

KN CM NO 
in CO • 

ON 

C J 

in 
OO 

CM • 
T- N O 

NO NO 
CM ON VO r-
•• • • O K \ 
o • • • 
KN T- o CM 

o 
KN 

O 
in 
r-
1 - o 

r - CTv NO 
o 

NO • in O • • in • 00 • VO • in KN o Cvl CM 
CM CM CM 

• 00 
CM T-
in NO 

5 
KN KN 

• CTN O • CM • • CM CO in CM 

t-ON NO CO 
CTN C J C J 
• • • o o T-

CTN 
CM 

O 
in 

00 
in 

T- o 

NO 00 CO 
o KN CM in • • • • in 
in KN o i — 
KN T- CM CM CM 1 ^ 

K N 

00 o 
CM VO KN 
in 

CTN CM 

r - t - 1 - in 

CM CJN <JN t -
t — VO T— 00 o 
K N • CJN ^— CJN 

• CTN • • • K N o o o 

00 
CM 

o 
in 

00 ' ' i -

O 1 - K N 

o VO 00 00 

• O CM • o • • • • KN O T- in 
CM CM CM 1— 

KN VO 
KN T- KN C J in 
CM • 00 00 • 00 

• - KN • • • 
T— C J T- o 

V O C J 

in 

§ 
+» 
CQ 
» 

E H 

I 
CM 

I 

^ O O 
1+ O o 

0 -rl 

o o 

CO 

o 

o 
• H O 
c» 

o 

m 

o 

CM 

0 ^ ^ i I 
K \ 

l O 
CM 

i 
CM < 

KN CM l O 

o 
I 

- I Q i f -



A P P E N D I X 4 

TABLE OF E X P E R I M E N T A L RESULTS 

AT V A R I O U S F R E Q U E N C I E S AND 

A M P L I T U D E S OF V I B R A T I O N . 

-105-



CM 

o 

ON 

CO 

o 
l A 
CM 

O in 
CM 

o 
CM 

o 
CM 

o t-
• o 

T- CM 

O 
OO 

t- O 

O CTN 

in in 
?1 

CM 
V D • 

• V O 
t - r n 

-d- CM 

o 
CM 

O 
CM 

O 

o 

o CO CO 
• ON CO 
O T-

in m 

o 
t n 

a\ in CO 
T- • • 

• OS 

T- in 
O N VO CM • in • T-
• O • • o CM CM T- in 

CM CM CM T— 

y— r— in 
CM CM • • « • • CM 
o 1— CM in in 
CM CM CM t— 

CM O : 
o CM • • ' in 

• in • C\J CM 
o hn in 
CM CM CM r - r -

vo 
K N r- in • in • o 
• K N • • r— O N 

C7S o o in CM 
.CM CM 

'd- o 
• ON in tn • ON t>- fn cOv ON rn T- t - ^ 

• KN 
O 
CM T-

in 
O J 

in 

t n 

ON 

CM 
CM 

in 
CO 

i n 

o 
ON 

o 
in 

KN 

KN 

O 

00 
CM CM 

CM • O CO • • • • o r -

r n r»-
CTN r— CO o 

r- CO r— o 

in ON KN 
O CM KN KN 

• • • • • T- o o KN 

CM CM KN 
VO KN r -
O KN in 
• • • r— o T-

KN KN KN 
in CM in ON CVJ o • • • o O 

\£> 
ON NO N^ 
CO 
• • • o o o 

CM ON KN 
OO o KN 

o o O 

CTN CTN o 
KN r-o ON 

• • • o o o 

KN 
O O 
in 

CTN 
O 
CO 

i n 

T- O T- K N T-

KN in in 
• in CJN CO • r— 

V D • V D • • KN CM CM 
CM CM CM 

K \ 
i n 

in 
CO vo 

CTv 

CM 

in CM 
vo OO in CM 

• • r -
ON • KN • vo CM 

CM 
ON 
KN 

00 O 
O r-

00 O 

CM 

O 

+» a 
9 

O 

1 + 

o o 

o o o o o o 

o 
EH 

• H 

o 

O 
O O 

o o (X o 
03 

.o d) 

•o 
I 

CD 
CD 

o o 

I 
KN 

CM 

60 

% 

CM bp 

KN c i * IC) 

O 
I 

I 

-106-



in 

o o 
l A 

CM t— 
^ ^ ^ C M • ^ *, ^ o ^ ^ 

CO ON V£> • 
ON • • VO 

• 00 ON KN 
O T- r rs T-

LPV 
iTv • • ON • KN 

CM T" LfN 
CM CM *— 

CO ŝO 
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