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ABSTRACT

An experimental investigation is presented for boiling of.
water ét atmospheric pressure on a singie copper sdrfadb. The distri-
bution of active sites was investigated at different levels of heat
flux and subcooling. The results obtained indicated that the Jactive
sites were distributed randomly on the heéting surface, sinfe the
distribution of active sites followed the Poisson distribution.

Changes in feat flux and subcooling did not affect the

distribution of active sites, although additional active sites
!

" formed among the sites which had been already activated when heat

Fd
5

flux was increased.

The frequency of vapour bubble emission and the bubble

>

’ flux density have(peen studied as well. The results obtained.

showed that the surface superheat had a great effect on the vapour
bubbte emission frequency, although the 1nfluence of subcooling was
of.]esser Significance. The bhbhle flux density showed a mafked
tendency to cluster and was not qgi%ormly distributed over the~

heating surfdce.
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CHAPTER I
. INTRODUCTION -

In the last few years, a sudden interest in boiling heat

“transfer was initiated to provide empirical information and to

clarify the mechanism of boiling heat transfer to meet the Qevelop—
ment of devices such as nuclear power plant reactors.

. Boiiing heat transfer is defined ag the mode of heat
transfer that occurs with chauge of phase'fr m 1iqu;h to vapour.

Pool béiling is the type of- bo111ng which occurs on & heating

wgsurface submerqed in poo] of quiescent liquid. When the surface

temperature exceeds the saturation temperature of the 11qu1d

Suff1c1ent]y, vapour bubbles form at Spec1f1c locations on the heatn -
\"‘

ing surface such as pits, scratches, and grooves which have an ab1]1ty ,’
‘

~ for trapp1ng_vapour. These 1ocat1ons of bubble origin are ca]led

active sites. The heat1ng surface conta1ns many potent1a11y active .

. sites which have traoped small amounts of vapour or gas but are not

necessarily active sites. According to the amount of heat flux
applied, some o0f the potentia11y active sites become active and the.

number of active sites increases, as the heat flux increases until
- ) : . . _ N
the entire surface becomes "vapour blanketed" at high rates of heat

-

flux. Fiqure (1) shows the different boiling regimes. The present

' 1nvestiqat{bn:is concerned with the "bubble" regimes and involves-

the study of the distribution of a?tive sttes on the heating

0
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CHAPTER 2
‘LITERATURE SURVEY

2.1 Effect of Surface.Condition'on Nucleate Boiling

Jakob (1] demonétratéd ;hat the rate of heat transfer‘n
increased as macroscobié'roughness increased and shifted fhe‘boi1ing
curve markedly as shown in Figure (2). " Corty and Foust [2] used a
profilometer, whidh meésured the surface roughness by ipterpretting
the motion of a 0.001 inch diameter diamond tip as it trave11ed
over the surface. The results obtained showed that both the s1opes
and posit%on of the boiling curve changed with the change in surface
roﬂghness. Corty and Foust-plotted the sdberheét-aé 3 functiod of
roughness for constant heat transfer coefficient as shown in Figqure
'(3i.' Hsu and Schmidt [3].a1sn showed that heat transfer ihtreased
with increasing surface roughness for.a po1i§hed 304:stain1ess‘stee1
surface. In a subsequent 1nvest1oat1on Kur1hara and Myers [4] studied
bdf]ing with d1ffenent surface finishes (emery paper d]O 310, 210, O,

1, 2 and also on a surface roughened by pdélishing with 140 mesh carbo-

r
-

randum) and found that the .number of active boiling centers increased

with increased surface roughness. Berenson [5] ipvestigated the effect

of two surface roughnesses using ifferent surface materials prepared’

by, 1apping and by eﬁery paper. The results indicated that heat transfer
was greater in case of the 1apped surface than in the case of the emery

paper finished surface . Thus, heat transfer decreased with an aoparent



Curve No. State of Heating Surfaco

i _Reeentiiroughengd by a sand blast -
2 . Same, oxidized by longer uso .
3 « Same, rouzhened once more by sand blast
4 Same, after long uso )
D Recently fitted with a roughneas sercen and cleancd
"% Same, after 4 hours of boiling, folloved by 24 hours of lying in
water '
. . 7 Same, after 8§ more hours of boiling, followed by another 24
) hours of lying-in water : - :
- LN -

K CAL/HR FT)

Q/A

3

_Fiqure (2) Effect of Surface Roughness on the -éo‘iling of Na*;er

- .
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inerease in surface roughness, contrary to the findings of the previous

investigators.

Vachon, Tanger, Davis and Nix [6] studied poo]iboiling'on
polished and chemically etched stafni ss' steel Surfaces with §urfaéei
roughnesses ranging from 2 to 61 u'{dthes at etméspheric pressure ‘-

.fusing eisti11ed wafer, and camewto the |same conclusion as Berenson [5],
in that an increase in roughness does rot necessarily meen an increase
in heat traﬁsfer. Their results are shown. in Figure (4). Shoukri
and Judd tT], who studied *pool boiling qf djgt111ed, degassed water “
at atmospheric pressure on a single copber surface with different
surfiace finishes, showed that decreasing surfége macror&ughhe9§ shifés
the boiling curve to higher superheat for the same heatiflex as -shown
in Figure (5). 'Nishikawa [8] observed the formation of bubbles from
a horizontal surface and observed a greater numbet of bubble columns

on a rough surface than on a smooth one. N1sh1kawa fourid the~b0111nq

[

N
7 N\ coefficients to be higher on the rough surface.
{\ The material of the boiling 5urface appears to have an effect -

v’\Bn the bo111ng characteristic curve. Marto Moulson and Maynard (9]

" studied two, surfaces wwth wafer@ht materials hav1ng the same surface
finish (mirror finish). Fiqure (6) shows that the copper surface
pﬁoduced.higher heat transfer coefficieﬁts~than~the nickel sgrface.

This observation was presented as Being due to the di%ference in ‘thermal

propert1es vﬁ seems that d1fference may be due to the d1fferences in

the mater1a1 hardness and thws.agrees with the f1nd1nqs of Berenson (5]
[ for copber syrfaces. However, %erénson explained that the differences

» in material hardness would tend to change the cdvitv size and density

t
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distribution on the surface. Marto, Moulson Maynard [9] also showed
b Eh )

that the ﬁncreése §f surface roughness improved heat transfer coeffi-

cients and demonspfated that any coating material like grease or O g
Teflon would sﬁ}ft the boiling cyrve. This observation implies that

more superheat would be needed to get the same value of heat transfer
coefficieﬁt, & shbwn in Figure'(7% 

¥ From this survey of the effect of surface condition an
nucleate boiling, it ﬁay bevcgnc1uded that surface roughness, cannot
.be used in the characterization of bbi]inq surfaces, because surface
roughness répre;ents the macroroughness of the surface; however, éur-
face Fgughhess may be useful for comparison purppsesfwhen using the

same technique for the preparatfdn of boiling surfaces from the same

" material.

A vbprasttas

2.2 The Role of Cavities

v

Since it is apparent that cavities are important in

e ern

determining the rﬁtg of nuc]eatg boiling heat transfer, then it is -
éssentia] éo understand the role of the cavity in the process of : .
bubb]é nucleation. One 1mp69tant aspect in nucleatign theory .is .the
action of thg‘quitiesgin trapping residues o% vapourfor gas.

| . Bankoff [10] presented the condi tions for‘éntrapment of
gag upoﬁ the advance of a.semr-in%igﬁte liquid sheet across a groove. | *
[t can be seen in Figure (8) that if.the“contact angle 0 is greater . ‘
than Wedqe angle 5 , the advan&1ng 1iqu}d front will strike the opposite
wall of the cavity beFofe it hag completed itg advqncé'down the near wa]&.i

Consequently, a\(ggidue of gas will be trapped, which can serve as the

9 L

.
- - m— s
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nucleus for subsequent bubblé emission. [If 0 < 4 , the gas will be
completely displaced by the liquid and the cavity'wil1 be deactivated.
[t can be cqncluded that cavities are generally more stable, vapour.
traps than the grooves. Steep walled cavities will almost alwavs be
filled wifh vapour wherea{, moderately sloped cavities may be filled

o
wetting conditions.

'

\
with vapour, ope instant ahi with liquid the next, dependiﬁi on the

" Lorenz, Mikic and Rohsenow [11] determined that the radius
of the bubble nucleus could be eaual to or less tﬁan the-radius of the
cavity.i)lf r is the effecpive radius of the nucleus and R is, the
cavity radius, then the ratio r/R will determine whether or not the Qb_,//
residue of gas/vapour will fill the cavity completely. In the c%sq
of r < R, (e.g. organic fiuids), the cavity will not be filled com-
pletely with the gag/vaoour residue, whereas i¥n-the casé‘of r - R
(e.g. water) the cavity will be filled completely and the bubble
nucleus will stand at the mouth. For cylindrical cavities, Singh,
Mikic and Rohsenow [12] determined that the volume of trapped vapour
depends upon the cavity radius R, denth D and advancina contaét angle .
From the available data, values'of 0 in the range of '40° - 50° (copper

0

[
surface) have been c¢on$idered for water, and g% 15~ for ethanol and

methanol, [t is apparent that due to smaller o | organics will pene-

trate deeper into a cylindrical cavity and that less volume of vapour

S

will be trapped as compared with water.

Rohsenow |13] postulated that the bubbles form at a heated

surface from cavities whiche have already trapped some gas or vapour,

11
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These so called active cavities grow by evaporation at the liquid-
vapour interface near the heated wall as shown in Fiqure (9.a). When
the bubb]g detacpes,some vapour is trapped inside the cavity to form'
the nucleus for the next bubble as depicted in Figure (9.b). In the
case‘ofxxssy high subcooling, two different cases must be consideréa
for contact angle 0 giving opposite curvature of the interface. 1In

/ 4

. case of P, > P as depicted in Figure (9;c), it is seen that a convex

L
meniscus forms when the surface cools and the bubble wail temberature
'will never become great enough to produce equilibrium. Consequently,
the nucleus collapses and the cavity comoletely fills with liquid

and becomes inactive. In case of p, <P, aS depjcted in Figure (9.d),

2
it is seen that a concave meniscus forms because when the surface cools,
the radius of the interface decreases, reducing p, - Then the saturation

temperature of the-)aoour decreases and the cavity does not collapse but

~/ .
bécomes a potentially active nucleus for subsequent bubble formation.

2.3 Identification of Active Sites

In 1960 Gaertner Bnd Westwater [14)] inQestigated a method to
determine the nimber of active sites up to 1130 sites/%nz. :This method
wasrbdsed on the electroplating phenomena by which an jmpresséd current
at low heat flux‘resulted in a nickel film being plated on the surface.»
This technique ind%cated the location of the active sites, ;ince during
the e]ectroplating,‘vapour bubbles originating at ‘the ac£ive sites,
would push the p]atihg sontion away from the surface so fhat very

Tittle metal coutd be plated at the location.. High contrast phdtograohs
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(a) _ (b). . (c}-

/
- Figure (9) The Formation of Vap})ur Bubbies Over
Cavities in a Heated Surface




artificial cylindrical pit. The results indicated that the size

14

were taken of the plated surface to permit counting of the pinholes
representing the active sites. However, this technique is restricted
to-electroplating solutions only.

In 1967, Heled and Orell [15] proqosed another technique

which greatly facilitates the identification and Tocation of active

. sites. Their technique was based on the observation of thin scale

denosits (5 to 30 pin.) which férmed on highly polished surface

(first polished to a high degree and then electroplated with either

chrome or nickel). The tap water or distilled water which was boiled 0
cohtained soluable salts which formed ring shaped deposits dbring,

nucleate boiling. At first, Orell tried this technique usina an

" of pits range from“¥590 to 2000 pin. at a temperature différence

2

of 189F'in thé presence of a thermal boundary layer of 3000 Uh1,4_
thickness which are in good agreemént with the heoretical size range
predicted by Hsu. With this technique, active.Zit§ density could be
obtained up to 15,700 sites/ftz.. Furthermoﬁe, thgs technique can be
usedn}br different f}u1ds in the presence of a highly polished surface
so long as suffic{ent salts can be digsolved. '

In 1974 Nail;-Vachon and Morehouse [o] studied pool boiling
over a cold ro&]ed, 304 ;taip)ess s£ee1 test specimens. ' A-C power was
controlled so that the first twelve to twenty bubb]eé formed on the-
surface.ﬁﬁemained on the surface sufficfertly long to allow the bubbte

1oca5pr to be Dositiéned over ‘the center of selected bubbles.  The

positians of ‘all the cehters were'reporded and the surface was removed

»
L)
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for study in the scanning. electron microscope. This method is
restricted for low heat flux only.
These are the only different site identifying techniques

which are known at'the'present time.

o

S A -

2.4 Effect of Actijve Site Distribugions on the Rate of Heat Transfer

Jakob and‘Fritz [17] advanced the.theory thét each active

site contributes a ou@n&ié?d amount to the gverall rate of heat transfer.
If the number of active sites were doubled, the rate of heat transfer

would increase proportionately. References [4] and [14f have 1ndicatgd

that ‘the average rate of heat transfer attributed to an individual active

site is not a fixed value but 'devends on thg active site density. Zuber

(18} found the relationship ;
372 m—

(48) o (25).

Combining this .equation with Gaertner's [19}] equation

— L . *
= - 1N . ‘ --=-2
S T 7R ,
gives the relationship _
' . 3/2 --==3
oA T .
et ATsup)

N/A

[t is.seen that at constant \T_ _, the averaae rate of

Sup
heat transfer associated with one active site decrease.as the active

. site.density becomes larqer or as.the mean nearest-neighbor distance

between sites decreases. Zuber [18], concluded that the heat trans-

fer characteristics of nucleate boiline are determined bv hvdro-
* . Q
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dynamic processes. As the distance between the sites changes the
hydrodynamic processes change. Zuber divided nucleate boiling into
two regions. .The first region (active site isolation) is the region-

where the distance between the bubbles is relatively-large. The
N ‘

b

predominant mechaﬁism of heat trapsfer is natural convection ard the
turbulence and microconvection caused bx the growth of the bubbles
affect heat transfer only slightly. The second region (active site
‘congestion) is the region-wheré the temverature at~the surface has

ingreasea such that the fmaller nuclei on the surface have ‘started
becoming.activated aﬁd more active sites have.been.created. As the
activé sites come closer together, they start competi}q for a suoaly
of 1iquia from the suoerhééted boundary layer and hyd?od?namic insta~'
bilities begin' to take ptace. In reference [14], Westwater and
faertner studied the effect of heat flux dq the average-diameter of
the vanoﬁr aureofe, the circular aréé of bubble cantact on the surfacé
.befbre denarture. From Figuré‘(10), at low rates of heat traﬁsfer the
aureole diameters are seen to be indenendent of héat f]dx: Howéver,‘
at high rates of heat transfer the diameters of. the aureole de&rease
with an increase of %eat flux or -active s1fe dénbit&. Zuber [18]
interpreted the knee in thé curve in Fiéuré'(10)ia§ a transipion
from the active ;1te isoTétion reqion to active site congestion
reaion which occirs when the average distance between active sites
is qpprbximate]y twice the averaqe_diaméter of the aureole.

Gaertner [19] investiqated the distribution of active sites

on.a heating surface with three levels'of heat flux and showed a good
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agreement wfth”results predictéd by the Poisson distribution as shown

in Figure (11). The Poisson equation:

P ‘ P
Py = Eplial |
where Pﬁé(Na) is the-probébii{ty'thét event Na will occur when the
mean or expected. value of Na is Na. Therefore, PN;CNa) 2 % ZN& ---=-5
' .Gaertner [19] pnostulated that as the 'surface temperature rose
the active éiteadensity'wou1d'1ncrease accprding to %— = C_(%) m'----6'

and obtained values of m and C. The value of m was equal to 0.66.
| Shoukri and Judd [7] obtained a value of ﬁ equal to 0.5, Gaertner and\
Westwater [14] obtained a value of m equal to 0.49 and Staniszewski [20]
found m = 1, deéreasing tom = 0.5 as O/A 1ncréased. It is ciear.that
the va]ue'of m lies in the range from 0.5 to 1. Gaertner [15] also
proposed a site activation theory in which the égtivé,site dens}ty'was
related to the fRaid Drope?ties, system‘oressur; ana surface témnérature

. by the-felationship® B ' '

\ &

N

3.? . 3 ‘ s
= N_exp <- 1675 ¥ N & (l~) T ---=7
0 23

T
30, R lon Ei _ v
‘ ‘ » ’ . " P
® v .

in which N0 and & are two arbitrary constants which“wi11°vary with each.

» s

f]uia/surface combinaiioh. The exnonential term describes the fﬁactioﬁ
of the potentially active éites activated bv a particular comq{natioﬁ
of system pressdre,,fluid'characteristics and surface temperature,
whereas the coefficient reoresents the number of potentially. active .

" X C e ) “ . ) .
sites ner unit area.- Fiqure (12) ‘shows that the straight lines

/ . ‘ ;
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correlating active site density with inverse surface temperature cubed
for different authors, are observed to be nearly parallel and that

. . ]6 03M2N* .
therefore, the value of j —a—l 1 ¢ 1is almost invariant for

— . 2
) | |
. P

Brown.TZI] suggested that the site density (N/A) of nucleation

different fluids. -

cavities of radius greater than or equal to R could be correlated accord-

ing to (N/A) a (]/Ry)jf"ich will vield the total active ite density (N/A)

when the minimum’ cayi radius.Rm is substituted. Shoukri and

in
Judd [71 fo@nd that the relationship advanced by Browntco?re]ated
their active siie density data with cavity radius, and recommended
the.parameter group ZGTS/pvhfg(Tw T'T;) to prediét the minimum
nucleqtion cavity radius. Therefore, the usage of this parameﬁer
group with Brown's corre}gtion is recommended as a sufficient

© method desgribing the boi1ing nuc1¢aﬁ§on cgarabteristics.

R

2.5 IDﬁstribhtibn of Neérest—Ngighbor Distance Between Active Sites
The distribution of nearest-nejghbor dfétances between |
po%nts in a random]y.scattered spatié]-array.is of gré;t ihterest in
,rmgny.areas of the biological apd physicalofciences. Gaertner [19]
applied thg'anaiysis of Ciark and Evans " and considered}g random
array of sites as shown in Figure (13a). %F an arbitrarily sé]ected
:act%ve site A] {s chosen as the center of a circle having a radius s

which is the approximate distance to its nearest-neighbor Aé’ the pr06a¥

bitity of finding N active sites in. area nsz fhere the active site

21



Figure (13)
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density over the heating Surface is % is given by
N .2 "
- ® WS i
e AT st .
P(N) = - ----8
(N):! T ‘

Therefore the probability that no active site (N = 0) will be found
" 1n the area ns? other than A, which is specified to be in the center

(probability equals one) is given by a Poisson equation

N- . 2 . . ;'-n . 7
P(O) - e" "A' TTS' “‘; . .

where tg; active sites are assumed to be uniformly distributed over L

~¥.-9

'the.surf ce. Similarly, the probability of finding N active sites
in an area 2rsds surrgtnding the area nsz is given by
-_%-Znsds T N
' e . . (K-Znsds) ' N
P(N) = : . —===10

Consequently, the probability that one active site (N = 1) will be

. found in a shéll of area 2rsds is
P(1) = K-Znsds : : ----11

No .. ' . L

because e E'Z"Sds approaches unity. ' _

The probability that A, is the nearest-neighboy of A where

the distance between them lies between s and s + ds is givgﬁ by the

dict of equations (9) and (11)

N _ .2 ’
ds) = 2ns% e™A " .ds . -m=2T2

P(s<s<
& deriner [19] then differentiated the probability density o

function as presented in equation (12) and set the result equal zero to

D oo : .
obtain the most probable nearest-neighbor distance N
N - N ¢+ 2 .E(-2 sg)e' % ws? 0 | —ae-13
ZHKG'AH ﬂ_SA “A : Co . .

23
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Thereforg the expression obtained for the most probable nearest-neighbor

distance 1 ‘given by:

-1
%

>l =]

S P . * ﬂ 14

The mean and root mean square ngaxest-neighbor distances were obtained

by an averaging technique

-5

-e-15

:t>|z|

= _ 1
S = 2

~-=-16

/3

Figure (14) shows .the plot of eauations (14), (15) and (16). None
. R (

of the-nearest-neighbor distances defined by these equations agree

N -
>z

*with- the data of Gaertner and Westwater [14] presumably because the
data represented is not the average nearest- newqhbor d1svanve as will

be discussed later.

2.6 . .Djstribution of .Bubble Emission.Frequency
' The preQiction-of bubble freouency for bubbles growing on

é‘heating surface iéfnot well established, although work still conti- |
nué§ in this direction. The-informatian‘Whichnis available has been
‘péimari1y generatéﬂ at McMaster Uniyeréity._ Aﬁ understanding of
bubble emission frequency is essential in the aévelopment of nucledte
ﬁboi]ing models. ,

‘ A]th0ugh heat flux may be cons1dered to be un1form1y

d1str1buted over the heating surface the distribution of active sites

is not.necessarlly un1f0rm. Consequently, the bubble emission fre-
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quencv may not be the same for all of the active sités and accordinaly
the frequency may vary from one site to another over the heating
surface. The distribution of bubble emission freauency 1s one aspect
of nucleate boilina which has.received 1ittle attention. .

Judd [22] studied pool boiling of Freon 113 on a glass

-~

s

nlate coated with an e1ectr1ca11y cenducting ox1de f11m by us1nq results
obtained from two high speed motion victure film str1ps The first
Cfilm strip was exoosed at 2,000 frames/second and the second film strin
waé exvosed at 1,000 frames/second. The framina rates chosen-énabled a
complete cycle of vaoouf bubble emission incIudinq active and inactive

S

periods to be ohotogranhed on one or both of the f11m strips for bubb1es

n

-3

forming at a number of active nucieation sites. Each .of° the film strips
obtalned was analysed to determine the frequencv of vapour Bubble
emission for a narticular combination of heat flux and subcoolina. The
: averagejfrequency of vapour bubble emissipn was determined St ten .
different nuc?eatioh sites chosen at random on the heating surface, by
tak1n§ the average value of frequency of vaoour bubble emission for
each active site and then summinqhuo these averages and qiv1dihq by
the number of active sites. Judd showed that the value of the averag@
friequency of vavour bubble emission varied directly with heat flux and
indirectly with subcoé]ing. These results may bg a qood renresentation
provided that the sites chosen to compute the %renuencv are representa-
tive and a large numbér of active sites arehexamined.

Voutsinos [23] studied thg inflyence of heat'%1ux and sib-

coolinauoon the freauencv of vaoour bubble emission for dichloro-

- * <~
~

‘e
[

<



duration. Voutsinos showed that the averaae freauencv of vaoour bubble

methane boiled on a glass surface coated with an electrically conductina
oxide film. Using the resilts obtainea from high speed motion picture
film strips, Voutsinos obtained a "time interval” averaqe‘frequency of
vapour bubble emission by counting the £0t51 number of bubbfes observed

during the length of motion nictukg film and dividing by the fj]m

emission decreases slightly with increasing subcoolina. This nhenomena

"was explained by arguing that a bubble Eakes longer periods of time to

L

reach departure size. This explanation is not auite adeauate because

it is contrdry to the results obtaiped on a éimi]ar surface with the

“*same fluid by Judd and Hwanag [24] who showed that at the same heat

flux, the bubb1e departure size decreases with increasing subcoo11nq.
Inn197§, Judd and Hwang [24] studied pool boiling of
diéﬁ]orométhane on a glass plate coated with electrically éonduétihg
oxide fi&m by means of high speed motion pictures. The averaqé
fréquency was computed.at each site which emitted two or, more’

bubbles. A "surface weighted”.aveﬁaée fréquency was obtained by
summing up the average frequency for all oﬁ'the active sites selected
anaﬁthen diYidjnq by thg number oﬁ,éctive si%§§ to obtain the average
fréquency per site. This'reézﬁﬁ/;as multiplied by the averaae
activity ratio for the various Sites-on the heating surface. The
dverage act1v1ty ratio. is defined as the averaqe ratio of the t1mes
for which each site is active.divided by the to al- durat1on t1me

Judd and Hwanq showed that within the small range of subcoo]tnq

which was investigated, the freauency of vabour bubble emission

’
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1ncreaséﬁ by up to 233% when heat flux increased by 120% and also

showed that for constant heat %de, the'average frequency of bubble
emissiop increased by 120%.when éubcoo1inq increased by 11.3% from

'the §a£uratig; condition. However, these authors arqued that the.
frequency of vapour bubble émissibn must decrease as subcooling increases
further sfnce céssation of bubble. formation is expected undgr high levels
of subqoo]ﬁng. These results are Cdntréry to the resuits gbtained by

Judd [22] and YOutsinos [23}. Judd [22] studied the average frequency

for only a small number of active sites and with a wide ranoe of

subcbo]ing and these effects at the lower subcooling may'have been
. missed. The film duration in Voutsfnos.study was’quite short, so ’
that the results may not be répresentative.

' From tﬁis.survey of the'frequgncy of vapour bubb]e,émission,
it may be.seen that as heat flux is increased, the frequency of vapour
bubble emission.incfeases and that with inckeasinq.subcoo1ﬁng, the
frequency of bubble emission ffrgt‘incréases to a certain value and
‘then decréases.aqain. These findinas are however, extremely tenuous

_at the presént time.

A privéte communication with Dr. Judd concernina some
unquljshed expérimenta] results obtained on June 29, 1976 for
“dichloromethane Boi]ihg on an oxide.coated qlaés surface by usinq

high speed pictures is discusseq betow. The nictures obtained were
examined by using a projecto?, not only to determine the 1ocation§ of
active sites over the Heatinq surface bup also u§51umme} of the

frame at which each bubble started to arow.

- e e



The‘everage frequency‘o% vapour bubble emission for each
{actire site in buBb]es/fOOb frames was cdmputed by:summtng up the
inverse of d1fferences in frame numbers for each cycle durlng 1000
frames and then d1v1d1ng by the number of bubbles observed at the '
- part1cu1ar active s1te. Figure (15).shows'ln_quelltatlve sense that
bubble emission frequency is not.distributed uniformly over the heating
surface. o - |

~

2.7 Distribution of Bubble Flux Density

It-is important’to:know how the bubble* flux density varies
over a heat1ng surface in order to understand the mechanism of nucleate
boiling heat transfer. The fact that very little bubb]e f]ux density
data exists may be due to the fact that frequency of vapour bubb]e
emission is not well established. Voutsinos [15] stud1ed the influence
of. heat flux and subcooling-upon the bubble flux density. .For dichloro- -
methane botling on a glass eurface the bubble flux density was deter- -
mined as the product of the "time interval" averaqe bubble frenuencv
mu1t1p]1ed by the active s1te den51tv .Voutsinos showed that the
bubble f1ux dens1ty increases with 1ncrea ing heat flux and decreaees
with 1ncreas1nq subcooling. ' ‘ '

More recently, Judd and Hwang [24] stydied the influence
of heat. flux and subcoo11nq upon the buhb]e flux densitv as well,

For dichloromethane boiling on a g1ass surfhce the bubble flux dens1ty

9

was determined-as the product of the "surface weighted" averaqe bubble’

29
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f}equéncy by the active site density.  The resu]ts oﬁtéihed are in good
agreement w1th the effect of heat flux. but contrary to the effect of
subcooling when compared w1th the results obtained by Vouts1nos [23].,°
-;} . The different subcoo11ng effects may be due to the different methods
| of obtaining the average frequencv of vapour bubb]e emission as discussed

. i
. +in the previous Section.

.
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CHAPTER' 3
EXPERTMENTAL APPARATUS

At the cémmencemeﬁt of the resegrch,-an experimental
'dpparatgs cons£ructed by‘wiébe [25] iﬁ 1970 to measure teﬁperature
profiles near to the.heaﬁing.suﬁféce a]réady existédﬁ Howéver} the
opéfafing Fritefia for the present investigation were considergb]y

changéd from the previous réduirements'and consequently, the apparatus

described below is esséntia11y a modified design.

3.1 Design Criteria

*/ The apparatus was modified to be capable of:.
) ' V] )
1. Beiling water .up to a maximum heat. flux of .

150,000 BTU/hr. Ft.°

2. Subcooling the bulk liquid by at least 70° F

. ) "
\ at the maximum heat, fTux condition.

3. Determining the different locations of the active

nucleation sites on the heating surface.

3.2 Boiler Assembly

A sectional view of the comp1ete“boiler assemblb is pre-
sented in Figure (16) The vessel was made from schedu]e 40 sta1n1ess
stee] nipe, 18 1nches in Tength by 8 1nches 1n51de d1ameter Tvio

sta1n1ess stee] f]anges 3/4 inches in th1ckness were we]ded on the

A
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B * . . . .‘q'
outside diameter at both ends of the pipe. A stainless steel cover

.plate 17? inches in thickness by 11 1/2 1nchee in diameter was attached
;olthe flange at the top enu of the vessel with eight 3/8 inch diameter
cap screwe_which compreseed a rubber gasket between the f]ange'and_the
cover plate. Two.circular sight glass windows 1 inch in'diameter uere
located diametrica11y opposite at a level whfch_permicted‘ebservation,

:of the bubbles and the probe location over the heating surface.

The heater block was made from a cooper cy11nder 6 1nchesl
in d1ameter -reduced to 2 inches at the bo111ng Surface Th1rteen
"Firerod" cartridae heaters (Watlow .Electric Manufactur1ng Company) )
with a total power racing-of 4OQQ watts were 1nsta11eu {n symmetrica11y

. Tocated hqies.in the base of the copper heater. A stainless steel skfrt
1/8 inches in thicknese was brazed flush with che.top of the copper .
p]ocﬁ to provide a continuous extension of che boiling surface. A

stai 1ess‘stee1‘f1ange weLded inside the vessel supported the skirt

x\w,d;gosit}ohed the heater block within the vessel. _é{ght cap screwe

, served to compress en "0" ring seal which provided a water tiaht'joiut
at the flange. The boi]ing surface‘wés finished after the skirt was
brazed before the heater b]ock assembly was 1nsta1]ed in the vessel.

The heat1ng surface was initially prepared w1th a fine slow _
§peed 1ethe cut, taken across "the surface. In f1na] finishing, the
heater block assembly was rotated ju a ]atue chuck.aud the -heating
surface was polished using a group of "Diamond Grit; bﬁpers with

numbers (200, 400 and 600) respectively. The root mean square surface

roughness was measured in ten different directions by using a Talysurf’

-
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prof%]ometer. ‘The average value of root mean square roughness for
the heating surface was 10 win. .

The present investigation requ1red that the subcoo]1ng in the
buik 11qu1d be varied. This condition was sat1sf1ed by us1nq a s1ng1e

pass héat exchanger ompr1sed of e1ght .3/16 inch d1ameter stainless stee]

tubes, semi-circular ¥

I'd

and located ore inch fr

hane, birazed between two sta1n1ess steel pipes
the ski}t to 5rov1de the bulk  subcooling. To

condénse tBé vapour which formed at thefree surface of water, a single

pass condenser comprised of two 3/16 inch diameter of stainless steel

tubes arranged in a semi-circular form between' two stainless steel

pipes was positioned one inch below the cover plate. The cooling

‘water flow rate through each of the coils was controlled by using

needle valves. -

The vessel was fitted with a vent located“en cov
p]atg to allow-any non-condensed vanour to escaoe to the atmosphere
anﬁ.also‘to keep thg_app1ied pressure at the atmospheric 1eve1;

~ To minimize the héat flow in the radial direction.through

the heater block, vermiculite was located between the heater block and

" the vessel. Furthermore, to minimize the heat loss from the outer wh]l‘

of the vessé], twelve fégt'of'3 inch wide hedting tape?.(E]ectrotHéyma]‘
Ehgineering Limited, Model HT 362) with the capacity of 500 watts was

helieally wrapped arround the vessel to sefve as a-quard heater.

.Fiberglags insulation 1 1/2 inch in thicknéss covered the quard heater . .

and the vessel Which.was then covered with liqht‘qaugé galvanized steel

ey

sheet. An asbestos disc was attached to the bottom of the heater block

35
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to minimize the heat loss in the downward direction.

Two 36 gauge n}]on insu1ated.cﬁr0me1‘constaptan thermo-
couples fhserted in stainless steel tubes were esed to measure the
~bulk 11quiq temperature. Both thermocouples wefe introduced into the
vesse] ehrough "Swagelok” fittings in the co;er nlate at 2 inch radius
_frdﬁ the vessel centerline and were Tocated at levels of é inehesf;nq
& inches above the heating surface. .

E]even additional thermocoup]es were used to measure the
temperature at different locations, The constructlon of the: thermo-
couple assemblies is discussed in Section 3.3. '

An.“x - Y st’pe”'pfqyided with two micrometers capable of
reading 1L’0.'0001~inch was fixed to the cover pfate on errAsupports.
The stage provided a controlled and aepurate travel of the bdbb?e vrobe
in two‘nprﬁei directﬁons-

The. bubb]e probe descr1bed 1n Appendix C was mounted on-a
vertical trave111ng mechanlsm to contro] the vert1ca] distance between
probe t1p and the heat1ng surface. '

._jﬁhotOgraphs showing three different views of the test assembly

and the associated equipment are presented in Figures (17), (18) and (19).

v

3.5 - Thermocouo]es

Chromel constantan thermocoup]es were selected because the

’

HF character1st1c for this comb1nat1on‘of mater1a]s 1s aopr0x1mately
36 u Volts/ %, Yo determing the ax1a1 temperature -gradient in thik

copper block near the heatingssurface, three fhermoceqp]es A, B and C
Lo ) . ;

L

a




Figure (17) Nucleation Site Location System
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Tmental Arrangement

Figure (19) Experi



a0

as shown 1n Figure (20) were inserted in the block centerline at
aoproxymately 1/4 inch intervals from the heating surface. The ragwa]
temperature distribution in the neck of the cooper block was measured
" by three thermocouples D, E and F as shown in Fiaure (20) located at
1/4 inch, 1/2 inch and 3/4 inch radii from the axis in the nlane
pervendicular to the ax1s 1/2 inch below the heat1ﬁq surface which
included thermocouple B as well. i

These six thermocounles were constructed of 30 gauce
thermocouple material as shown in Fiaure (21). Bare 30 gauge thermo-

couple wire was threaded through lenaths of 1/16 inch diameter two-hole

ceramic insulators. A drop of Epoxy cement was ‘used to hold the wires

4

in place in the insulator. A small lipped collar of brass was cemented |
to the ceramic. insulator in such a nosition that when the thermocounle
"was fully inserted into the positioning hole, the sensin§ junction was
pressed firmly against the bottom of the hole. Three soring loaded wires
were used to ho{d the six thermocouple assemblies snuqgly in nlace.
Another thermocouo1g was located in the center of the cartridqe heater -
cluster to nrovide a check on the maximum block temperature. Tﬁo more
thermpCOuoles‘weré nlaced at different rad1i one on the conner b]ocK
and the other on the vessel wall in the vermiculite insulation 1n'
order to check on radial heat loss from the conner block and two "

thermocounies were sp]dered to the underside of the skirt in 1/8 deéo

holes at 1 3/4 inch and 2 1/4 inch radii respectively.
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HOLE HOLE DEPTH " VERTICAL DISTANCE
: Y (INCH) Z (INCH)
A | 1/4
B | 172
e c | '3/4
D 3/4 1/2
E 172 T2
A F 174 /2
\ .
TABLE (1) LOCATION. OF. THERMOCOUPLES IN THE
NECK . OF THE COPPER HEATING  BLOCK N

-
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3.4 Power Circuitry and Measurement

Tw& separate circuits have been used to power the apparatus.

The first circuit controlled the block heaters as shown in Figure (22a).'
The 1ine-vdlta§e was applied directly to a 110 volt, 2.1 maximum KYﬁ
(Super%or Electric Company, type\226T) "Powerstat" variable -output
autotransformer, which controlled the power input to.the thirteen
“Firerod" block heaters. A wattmeter w;s used to measure the power
dissipg%ed in the heaters which were connected in parallel. A ]6 ampere
fusg was uéed as indicated for protection and an indication lamp wq§
installed in the circiit to show that the line voltage .was apb]ied to
the primary windinqs‘of the "Powerstat". '

| The second Eirfuit controlled guard heaters as shown in
Figure (22b). The line voltage Qas applied directly to a.-110 volt,
1.4 KVA "Powerstat” variable output altotransformer, which controlled
the perr input ?o the guard.heaf%rs.. A 3 ampere fuse was*used as
indicated also for pro%ection and an indication lamp Qq;*ins£a11ed in
tﬁe circuit to show that the Tine voltage.was applied to the guard heaters.
A wattmeter was connected before. the commencément of—tegfinq and a graph
representing the relationship between the output from the autotransformer:

/
«and dial indicator was obtained. Afterward, during the test program,

.

the wattmeter was disconheéted from electric circuit of the quard
heaters, and Lﬁe qraph was used ‘while adjusting the power setting of
\ .

the quard heaters. ' ’ . _ L

vz
3

.3.5, High Intensity Lanmp |

‘A high intensity lamp was used td nermit visual observation

a3 .
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. INDICATION LAMP

.__..@____? r FUSE
1O VOLTS A-C -~ e v
— “ |1
WATTMETER

POWERSTAT VARIABLE
OUTPUT AUTOTRANSFORMER - FIREROD- CARTRIDGE
’ ‘ HEATERS

BLOCK HEATER El:ECTRlC CIRCUIT

(Q) ’
\ )
. INDICATION LAMP
' & . .
A . FUSE
- O i - ¢
L R P Bt

HO VOLTS A-C

' GUARD HEATERS

»

POWERSTAT VARIABLE
3 "~ OUTPUT AUTOTRANSFORMER

. - .
. -
S
it P
»

GUARD HEATER ELECTRIC CIRCUIT
' (b)

© Figure (22)" ©ower Circuit Diacram
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of the region above th at1nq surface. The 1amp system is shown

in Figure {23) which is comprised of a high voltage power supply and

& high intensity mercury vapour lamp protected by an aluminum casiné

which emits a concentrated beam of white Tight on to a:double convex
lens. The focussing lens was located such that a parallel beam of
11ght was projected across the heatlng surface when the axis of the

viewing ports was carefu11y a11gned with the axis of the lens.

3.6 Temperature.Measurement4§ystEm

A typical thermocouple circuit is shown in Figure (24).
To conserve chromel constantan wire, a transition was made to single
strand nylon insulated thermocouple grade copper wire at ice batlhs

in all thermocouple circuits, The leads were connected to'the center -

copper knife switches which directed the output_ in two directions The

first direction connected to the twelve channel Honeywe]] record1ng

-

potent1ometer (Model #15303836) capable of reading w1th an accuracy of
Y 6. m1111vo]t The second direction connected to single channel

manua] balanced Honeywe]l potentiometer (Model “2745) capable of reading

‘w1th an accuracy of - 0.0ﬂ millivolt.

Figure (25) shows the thermocouple switching arranaement in

both directions. “In one'direction, ten thermocouples were tonnected to

ten’ channe]s of the twelve ‘channel record1nq potent1onmeter In the

~other dlrect1on, fourteen terminals were connected in parallel to allow

connection to the manually balanced notentfonmeter, to obtain the read-

ing of each thermocoupie individually.

45
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3.7 Bubble Detection System

Reference [26}'redBrted'that:eIectrical probes are widely
* used for obtaining information on the flow sﬁructure in two-phasé
gas;1iquid flows. Tﬁe conductance probes, which depend for their
operation on the fact'that the e]ectr%taT conductivity of a ﬁwo phase
mixtu;e is. strongty dependent on the phase d}striﬁution, can be used
_for flow regime detection, void fraction méasurement, bubbTe and drop
size determination and f11m thickness measurement. The same conceot
_was used in the present 1nvest1qat1on to determine the locations of
the active s1tes on the heatlng surface and also the frequency of
vapour bubble emission. Appendix C presents design details of the
bubble detection prove. The probe circuit as shown in Figure {26)
was designe& by Shoukri -[27]. - .

The probe cireuit utilized a.signal generator operating.

at 11,000 Hz and 10 volts* to Qénerate the carrier signal. Figure (27).

shows the influence of thanging carrier frequency on the bubble
detection probe response. The resistance R] thch was connected in
.'para11e1 w1th the reS1stance of the probe which detected the vapour
formation betueen the probe and the heat1ng surface, Was used, to ]ower
the va?ye of the probe re51stan§e, the capaC1tqr C] was used to e]1m1-
nate any D - C signal in the circuit and the resistancé Ré was used - to
: reduce the signal préfile to the zero vert%ca] datun&\ The.resistance

R2 and the capacitor C2 were intrdduced in the qircuit as part of the

fi]fer system. .

49’

"The ?utput voltage gave an indication of the conductancé'of .

———— APy N agrer
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PROBE -POTENTIAL (VOLTS)

A

{DROBE POTENTIAL (VOLTS)

..PROBE PROTENTIAL -(VOLTS)

PROBE RESPONSE AT
7000 Hz CARRIER
FREQUENCY '

- 005

PROBE RESPONSE AT
9000 Hz . GARRIER
FREQUENCY ~ -

" PROBE RESPONSE AT
NOOO Hz  CARRIER
FREQUENCY

Figure (27) THe Effect of Carrier Frequency on the
) Bubble Detection Probe Resnonse
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R
the water or the vapour between the bubble detection probe and the
heating surfacé. Figure (28a) which renresents, the orobe resnonse
N - .
at some considerable distance from the nucleation site, shows that
thére was a bridge of waten between the bubb]e,detection probg and
> the heating surface since the signal was 1nvgfiant'during fhe sampling
| period. The conductance o% the medium within the probe-heating surface
.gao decreasés as the Vapour,is.@enerated'and éhus, the outoqt.voltage
signal deéreases.inﬁgrmittent1y. Figure (28b) shows the orobe Xes-
ponse at a ‘horizontal distance of apbroxiﬁate]y 0.010 inches fgbm'tﬁe
nucleation site which yielded thé signal shown in Figure (28c). . The
obsérvation of "stronqh fluctuations identified the location of the

active site. These fluctuations also enabled the computation of

frequency of vanour bubble emission. ,

]

3y
\
\



PROBE POTENTIAL (VOLTS) PROBE POTENTIAL (VOLTS)

PROBE -POTENTIAL (VOLTS)

PROBE RESPONSE AT
SOME CONSIDERABLE
DISTANCE FROM THE
NUCLEATION SITE

00 . .05... " 10
ELAPSED TIME (SEC.)

§ PROBE RESPONSE AT
| S SR  0O0I0 INCHES FROM
000 [N - SN WS Y THE NUGLEATION SITE

e - e e e 4
!
X

-005 S N
00 05 - 0

PROBE RESPONSE AT
THE CENTER OF THE
"NUCLEATION SITE -

00 05 STe
ELAPSED TIME (SEC)

Figure (28) " The Influence of Probe Displacement
From Nucleation Site
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CHAPTER 4

TEST CONDITIONS

X ~ This experimen a1‘invest1’gation was subdivided into two
series of tests. In first series, the subcooling was varied at

.
P

+ N\ R
constant heat flux for three different levels of heat flux settihg.
The three levels of heat flux were selected to examine the -three

different boiling regions 1nveéti§%ted by Gaertner [28], the discrete
bubble region (20,300 BTU/hr. ft.2)

BTU/hr. ft.%) and the vapour mushroom region (105,600 BTU/hr. ft.

, the transition region (?2,600 :

2)'

The ranée of subcooling differed from one level of heat flux to another.
ft was experimenté]]y difficult to d{stinguish the distribution of
active sites over the heating surface due to the 1aé§e number of active
sikes on the heating surface corresponding to the intermedidte and high
heat f1ﬁx Tevels. Also it Was experimentally difficult to distinguish
the distribution of active sites over the heating surface at high levels
of subcoolifig due to.the decrease of bubble departure diameter..

The second test series. was carried.out to examine the active
sité patterns for two cases in a single eiper1menta] run. In the first
case, the effect of chanqwég heat flux level was investigated while the
subcooling remained the}same. In the second case, the effect of chang-
ing subcoo{iqg was investigated, while the level of heat flux remained .
thé same. . i
The nominal values of.the varieus parameters investicated in

the tests discribed above are listed in Table (2) which follows.



"

{

NOMINAL VALUES OF TEST

ONDITIONS

1.° SATURATED AND SUBCOOLED BOILING TESTS

Test No. Heat Flux Subcooling
Cro/A (BTU/Rr. £ | (T, T (OF)
A 20,300 0
2 20,300 15
3 20,300 31
B 1 52,600 3.
2 52,600 15
3 52,600 ¢ 30
4 52,600 51
&1 105,600 . # Y '
2 ,i’ 105,600 35_,_;_\ .
3 105,600 51 N\
4 105,600 71
+ 2. ACTIVE SITE PATTERN TESTS .
Test No. " . Heat Flux , Subcooling
S /A (BTU/Mr. f1.5) | (TC - T) (9F)
. , : P
D i 20,300 20"
2 52,600 20 '
- 3. 105,600 20
E 1 52,600 3
3 52,600 36
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CHAPTER 5 ;
TEST PROCEDURES - | R i
" The vessel was fi11ed“é6broximate1y to-a depth of 6 inches 1‘3

with deionized distilled water containing 0.1 ém. of salt/]itre.' At
the.beginnjng of-each test, the level of water inside the vesse1'was'
checked to confirm the gpproprfate water-1eve1.. The cooling water
va]ves'which,were used to control the flow,to the subooolth and- )

vapour condenser coils were comb1etel§ closed. The high intensity

lamp, the signal generator and the osci1loscone‘Qere-turned'on.: The

siéna] generator was adjus#ed at 11 k Hz dpd 10 vb\ts. The oscillo-

scope wgs‘adjusted at 0.7 second/division andO;O] volt/division, The
bubble detection orobe was Towered down until it came in contact with

the ‘heating surface, aftgr which it was raised u% a vEry sma]L distance.' .

Jhe X-Y stage was. employed to move the bubble orobe in

different directions to check that'there was no contact between the

probe and the heating surface. The cooéer block heaters and guard, ) :
‘heaters were turned on. A cobper blocCk heater setting of approxi—

: mately 150,000 BTU/hr. ft.2 was estab1i§hed‘to heat up\the‘boi1er
a§semb]y_quick]y.' In all thg tests, the auard heaters were sét to yie]d_‘

3 heat iﬁéut of 426.BTU/hr. A1l the'therm060up1eé were switched in the

di;éctiOn of the recording potén{iémete? after which the recording potén- .
tiometer was turned on.~ A heat up time of approximately twd hours was . .

allowed to elapse in.order to achieve steady state conditionf, and ,

ensure that the nucleation sites were properly activated at the beginning



™

o% eéch‘test, after which the heat input wag reduced to the desired
level. Two hours were Fequirea for the system to‘regaiq‘steady state
after a change in he;t f1ux'or subcooling took.pltace. Then thé read-
ings of all the the(mocouoles were taken from thegrecordihg'éotentio—
meter. In addifioﬁ, the thermocouple readings were. obtained indivi-
dually by using ghe ménga11y balanced boténtioﬁeter.' . .
The X-Y stage was adﬁusted to place the bubble detection '
probe in the zero reference position. .The Y micrometer was fixed at
gt's zero- reference position and the X micrometeé was moved very
~sTowly until. a significant deflection in the voltage anpeared on phe
oscilloscope screen. X and Y micrometers were moved very small
1ncremenis in both directions until a strbng signal appeared. The
reading ‘ X and Y wicrométer was recorded on a data sheet and it was
“deemed to represent the position of the marticular actﬁve site.

- Each deflection of the osci]]oséobe béam.repre§ented a
bubble emitfed at that iime and cdnsequentl&, the numbe} of " the
def]ectlons observed on the oscilloscope screen over a fixed t1me
1nterva1 cou]d be interpretted as the bubble emission frequency Tenwé
read1ngs of the signal from each active site were taken, Afterward,
thg Y micrometer was returned to the okjdinal setting ana the X micro-
meter was meoved in Fhe X dire&tion once again. The same procedure.was
contiﬁdéd tﬁrdugﬁ a one‘incﬁ scan. Afterwards the Y mjcrometer was
movéd 0.025 inches and the X micrometer made another one inch scan:.
These steps were repeated through a_oné'inch scan in Y direction.’ At

the conclusion of the scanning procedure the heating area (1X1) inch

<
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(4

square had been.examined.by.the bubble detection probe and the locations
of all of the ;ctive sites detectéd had been recorded: Sbme pictures
were taken of the osci]1osboq¢ scréen for the casés of no active sites,
_ active sites with Tow fréqq?ncy_values and active sites with ‘high fre-
duency values. A sample 6f the photographs obtained are shown in :
_Figure (29). At the end of tﬁz‘tesé all the thermoc&up]e readings
were recorded once again, uéing the manually balanced poteﬁtiomgter.
The ambient temperature was ﬁeasured using almercury in g]asg thermo-
meter, and the reéding 6f the barometeric pressure was ob%ained in |

order to compute the saturation temperature of ﬁhe water corresponding

to the atmospheric pressure.

.
PR TR T g
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Figure (29) Bubble Frequency at Different Locations

on the Heating Surface
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CHAPTER 6

{v

_ DATA REDUCTION

" The following section deseribes the methods used in calgu-

lating the heat flux, surface superheat, liauid subcoq]ihg;_actiye
site‘density, bubbie frequency and bubble flux density:
6.1 = Heat Flux o . .

The heat dissipated at the heating surface was calculated
from the .total power dissipation by subtracting the total heat losses

from the system using the same procedure devised by Wiebe [25]

W actir = @ oral - ) Loss L =17
The total heat losses to fhe surroundings were computed as * ‘
the summation of the heat Toss from the stainless steel skirt, the
" heat Toss from the bottom of the heater assembly and the heat 1635
thrqugh thg ve#micu]ite. Appehdix A presents detailed numerical calcu-
lations for the heat loss eva1hétfon procedurg.' H
6.2°  Surface Superheat - o _ ' -
The gﬁiface sqperheat Arsup is given By |

AT, = T T o ' cemul8
sup W S . .
where Tw is the temberature of the. heat transfer surface calculated

by extfanq]atihg the axial temperature gradient in the neck of the

" heater block assuming the flow of heat to be one dimensional.  Wiebe [25]



j
performed his exper1menta1 investigation with the same heat1ng surface /
used in the present work and measured the heating surface temperature
. by means 9f a m1n1ature thermocouple pos1t1oned on the heating surface,
Wiebe feund that the difference bepween tre measured and extrapolated

surface femperature was less than 6ne'degree Fehrenheit. The temper-.
.ature T  is the saturation temperature obtained from a plot of satur-
ation Eemperature'Versus the pressure evaluated at the barometric

pressure reading.

6.3 Liquid Subcooling

The bulk liquid subcooling ATsub is given by

ST = T - T, . | JUST:
where T- s the safuration temoerature.defined abore and T_ is the
temperature of the bulk liquid measured by two thermocoup]es Wh1ch
wereu1ocated at 2 inches and 4 inches above the heat1ng surface These
measurements adequately represented the bu]k,11qu1d temperature as

o

deménstratedhin Apperidix (B).

6.4 - Active Site Densify ° S d

The locations-of the active sites on'the,heating surface
“(1 X 1) inch square were obtained by using the bubble detect{oh probe.
The active s1te den51ty was determined by tount1nq the active s1tes

" located within the-(l X 1) inch square and dividing by the area.

.6] i . ’j
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6.5 - Bubble Frequency ’ : '

The average freqﬁency of vapour.bubbié emission f for the
entire heating surface was.o§§§ined by summing the average frequency

of vapour ‘bubble emission for each of the active sites located within

the (1X1) inch square and dividing by the total number of active sites.

The average frequeh;y of vapour bubble emission for each. active site

was obtained by averaging ten.different measurements of the number

of bubbles dé%eqted within the .arbitrarily chosen one second samp]ing» :

periods as described before.

6.6 Bubble Flux Density

The heating.surface ‘was subdivided into one hundred small

_.(0.1 X 0.1) inch squares. From, the average frequency of vapour

bubble emission data, the number of.vapour bubbles emitted pér second

 from each of the small squarés were counted. These counts representéd

the bubble flux density in each of the small §quareé and the summation *-

for all the Hundred squares rep#gsented the bubble flux densi@y on

the entire heating surface.

r=y W iw;f' nﬂ{ﬁ‘f &3 iﬁﬁf mwwm-#w -

ol

LV P2

.
=W



CHAPTER 7
l RESULTS |
In this section, the experimental data is presented with
Jittle comment. Ana]ysis qnd.discussion’of'the daté are presented
“in Chapter 8. Botﬁ thé experiménta]nénd calcuiated da@a are tabﬁ—
late& in Appendix (D).
Fiéqre (30) shows the-character%stic boiling éurve in
the form of a plot o% heat flux Q/A as a function of surface super-

heat (T - T.). As is customarily observed, the heat flux increases

s
as superheat increases. ' . o a

F{gure (31) shows the effect of subcooling KTS -T) on
the surface sgperheat‘(Tw - Ts) for thrgé_diffgrent levels of heat’
_flux Q/A. ’At éoﬁstant heat flux, the surfaceASUpgrheat increases
stightly with, the increasg of subcooling. and then decreases agaiﬁ.

ngurg ﬂ32) presents a sample distributionlof the qét{ve
nuc]eat{on site population'on'the heating surface for test B1. The
dist;ﬁbutibn of active sites amoné 25 squares and 100 squaréé can
be seen at a glance. '

Figurg (33) presenté the djstribution of bubble flux
density within the (1 X 1) inch square. '

.,Figure (34) and Fiqure (35) present the relationship

be tween tﬁe total acfive site density N/A, the heat flux Q/A and the

surface superheat (TS -T) respectively. The active site density"
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Figure (30) Characteristic Boiling Curve for Present Investigation
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increases with the increase of heat flux and surface superheat.

!

Figure (36) shows the-effect of subcooling on the active

site density for three  different levels of heat flux. The results

indicate a slight effect of subcooling on the active site density.

. |
Figure (37) and Figure (38) present the effect of the

heat flux Q/A and superheat (Ts - T_) on the average ngarest-neighbor . °

distance S. The average peafest—neighﬁéf distance decreases with
increasing heat flux and suberheat.at first; after which it decreases

much less rapidly,

Figure {39) shows the effect of subcooling on the average

" nearest-neighbor distance for the three different levels of heat

flux. The results indicate a slight effect of subcooiing on the

- ayerage nearest-neighbor distance.

ngure (40) shows the effect of subcooling on the average
frequency of vépéur bubble emission for three different levels of
heat flux. The results indicate that the average frequenéy increases

with the increase. of subcooling and then decreases ag@in'with furthén

o

» increase of subcooling.
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CHAPTER 8
ANALYSIS AND DISCUSSION

1

The characteristic boiling curve represents the relationship

Between the
1hve§tfgati

heat. indica

we11 superhqujkTw -.TS) and the heat flux Q/A. Previous
ons of the effect of surface condition on the surface super-

ted clearly that rough surfaces oroduce smaller values of

"~ superheat for the same rate of heat flux that smooth ones. Not only '

the positio
surface.con
Figure (30)
study. _In
_and Gaertne

»

\conf1dence

L

constant. he

-~

cooling fir

/. tauses the

ponding to
heat flux.

the obserya

n of the boiling curve was changed with the change of
dition but a]so the'slope of the Boi]inq curve. Qas chanaed.
shows the character1st1c bo111ng curve for the present
comparison, the exper1menta1 data obtained by. Wiebe - [25]

r [28] were plotted on the same graph and establwsh some

in tﬁe Dresent work . )
Subcoo11ng has a s11ght effect upon the superheat at ,

at flux as 111ustrated in Figure (31),< Increas1ng sub-
st causes the seperheat tO‘increase s]ﬁght]y ahd'tﬁen
superheat tedeeCrease The Va]ue .of subcoo11nq corres-

the maximum value of superheat 1ncreases w1th 1ncreas1ng

This type of behaviour is.in qua]1tat1ye agreement w1th . X\

““l

'

tfons of . Judd [22] and Hlebe [25].

The act1ve site dens1ty observed in the nresent 1nvest10at1on

for the thr

. graph w1th

R

d1ffe ent 1evels of heat f]ux were p]otted on the same

LY

the data wh}ch had been- observed bv Gaertner [28] as showr,

e

J

RS



in Figure (41) for the sake of comparison. The present results indi-
caté that the active site dens{ty:oBserved increases with the 1ncréase
kof neat flux in the same manner as that dbsérved by Gaertner. The
present re§u1ts,'which'1ndicate a greater value of active site density
than the Gaertner results for the three different levels nf heat flux

v . . .
" may be due to a difference in the ‘heating surface microroughness.

As far ns the'surface roaghness is concerned, the nu gér of
potent1a11y actlve sites per unlt area increases as the m1cron§29hness
is 1ncreased The results of numerous 1nvest1gators have 1nd1cated

“that 1ncreas1hq heat, flux can’be seen to cause additional nﬁc1eat1on
sites -to be act1vated to fac1]1tate the transfer of the aéd1t1ona1

heat and Figure (41),shows this sort of var1at10n. According to .the
reldtionship O/A (n/a)™, the_present vaiue of m was 0.7?. ;In compar-

”

ison w%th other inveStigafofs, Shoukri -and Judd [7] obtained a value
of 0 5 for bo{{1nq water on conper surface at atmOSpher1c nressure,
westwater and K1rby [29] obtained a value of 0.73 for bo111ng carbon
tetrach1or1de and‘méthanol on a around glass surface, Gaertner and
Nestwater.[l4] obta1ned a;va]ue of ¢.49 for boiling a solution of '
n1cke1 salts conta1n1nq 20% solids on copner surface at atmosoherxc )
'pressure and Kurihara and Myers [4] obta1ned a va]ue of 0.55 and showed
‘that the exponent m annears to be smaller for rouqh surfaces than for
smooth surfaces., The exponent m takes different values ranq1ng from
" 0.5t0"1.. Presumably this range of exponents is the resuTt of minor
. variations in surface f1nlsh.

o —,. ' ‘Q'
The results ‘of the present investigation in Fiaure (36)

77 " :
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.gation.

indicate that subcocling has much less influence on active site density

than heat flux. There are no comparable results known for’ the water-
copper combination which would enable the observéd variation in the

©active site depsity to be. corroborated. Some similar work has been

done'by Judd [22] with the Freon 113 - glass surface combination aé

. ngwn_in Figure (42) which has the same trend as the present investi-

£
’

Any analysis of the boiling heat transfer orocess occuring
on the heating surfgce should involve the spatial distribution of the

local active site pooulation in order to understand the mechanisms of
‘ \ ST J e e
boiling ‘heat transfer. Many natural orocesses'involving spatial .distri-

W

butions are, described by the Poisson equation

e V! '. o : \
P(X) ? g X|U ' . ) , i --—-20
- where ,
’ ‘Probability of event X occuring

o ©
—
><
R S
H [

Expected vilue of évent X ( L )

Few studies exist which treat the distribution of active

sites on. the heating surface.. Gaertner [19] determined that for three

different levels of heat flux, the spatial distribution of the local
active site population followed the Poisson distribution as shown in

Figure (43). The implication of the agreement between the data and

the Poisson distribufion is that the active sites were distributed
randomly on the heating surface.- It can be seen from Fiqure.(44),

obtained by plotting Gaertner's exnerimental data on Peisgon broba-
TS ’ Iy

bility paper, that gpod agreement with the Poisson distribution exists

P
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. 1 o
o , only for the results obtained at Q/A = 3]7,000Q§TU/hr.'ft.2,
since the data lies almost on a vertical line representing Na, the

v ' expected value of the active sites within a local area a. In the
2

and 294,000 BTU/hr. ft.2,

case of ‘Q/A eqdal to 200,000 BTU/hr. ft,
the data shows somé $cattering about the expected vafue of Na. This
séattering may Bé due to the_size of the local area selected with-
respeéf to the number of'active sites found within the area. Thé
faét that this effect Hisappeared at thg highest heat flux level }s
most 1ikely due to the increase in the number of active sites..

" The spatia] distribution of the active sites on the heating
surface has been studled in the oresent 1nvest1aat1on at three différ-

ent’ heat flux levels and various 1evels of subcooling. The heat1nq

surface was divided into a number of small squares and the probabi-

. ’ lity of finding the Tocal population Na was calculated according to
CoPp(Na)y = Ry, . . —---2]
where ‘ {J ' _ L o d
| A. = Heating surface area (1 x 1) inch s quare
- . o =+ _Local su}face area
é j . ' ZNa =, Numser‘df small areaS'havfnq a local ponulation Na. L

s ' ce T The probability distributions obtained, showed.that agree-’

ment with-the Paisson distribution was better when the heating surface

was divided into twenty-five small areas than when it was divided into
" . t

. one-hundred small areas. The probability of finding the local pobula-

tion Na was calculated from eauation (21)'considerinq a/A = 1/25.
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The probability distributions in Figures (45), (46), and (47)
presented a good fit with fhe Poisson distribution; this conclusion

“is confirmed by the results of a x2 test which is described.in
Appendix E. The finding of the present investigation ére consistent J :
wfth those of G;ertner's investigation as far as the randomness of. .
.the active-nucleatjon site distributions is concerned.
The.nearést eighbor distance befween the act{ye sites '("Rt>
répresents a significant)parameter for fepresenting the characteristics ;
of nucleate boiling. At Tow heat flux the number of the active sites 4
is quite smail, and accordingly there is a wide range of nearest-
néighbor distances. - In the case of high heat flux, the number of:the
active sites is.large and conseauently, the ranée of nearest-neighbor
distances betomes quite small. Up.to'the present time, 1ittle experi-
.mental ﬁéfg have beén available describing the two dimensional snacing
of active sites. .
Gaertner [19] fd]Jéwéq the idea of Clark and Evans in -

computing the most probable, mean and roet mean square‘nearest*neithor

distance according to the'fol1ow5ng:

. 1 N~y ' —en2]
Smp = - (K) ° ’ o 2
vV 2n -
h e T 2
S. = ?(/_\—) . . P
- . 1 Ry . . . T - .
R : 23
/S s+ & Co S

|}

Figure (48) shows the relationship between ‘the .average active
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site density and the average nearest-neighbor distance between active
sites. Gaertner [19) presented in the figure three solid lines

representing the three equations above for the ‘nearest-neighbor

"distance. Gaertner indicated that none of these equations was in

agreement with the data taken from Gaertner and Westwater [14]. These
authors obtained their average nearest-neighbor distance by taking the
average of the shortest distances between each active site and each of
the surrounding nearest sites, summed up these averages for‘a11 of the
active sites and divided by the number of active sites as reprgﬁented'
in Figure (49). The lack of agreement most likely stems from the fact
that khe avérage distance computed by Gaertner and Westwater is not
really the é?erage nearest—neighbor distance. The average nearest
neighbor distance in the preseﬁt investigation was calculated on the
computer by examining the distances between each active site and all

the active sites on the heating surface as renresented in Figure (50).

" The nearest-neighbor distange was selected for each active site. If

for example, active site C was examiﬁed and active site D were the
nearest to C where the distance S between C and D were greater than
either co-ordinate X or Y' for active site C, activezfite C was
diéregarded since it is possible that another site outside of the

(rXA]) inch square might be more closely related.. The average nearest-
neighbor distance was dbtained bv summing the nearest-neighbor distances
for the active sites EéhsiderEd and then dividing by the number of active
sites. Figure (48) shows better agreement betwéen the results of fhe

present investigation and Gaertner [19] predictions for the‘aVerage
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Figure (49) Illustration of Techniaque Used to Obtain Averaace

Distance by Gaertner and Westwater

Figure (50) 1Illustration of Techniaue lsed to Obtain Averaoce

Distance in the Present Investigation

8
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nearest-neighbor distance.

Figure (51) shows the statistical repr;;entation of the
distribution of bubble flux density over the heating surface based
upon the results presented in Figure (33). As an éxample of the
use of this figure, it can be seen that nineteen small sauares

cont}ibute a bubble flux density in the range of 0 to 10 bubbles/sec.

in.2 Figure (52) shows the cumulative distribution of bubble flux

density. As an example of tke use of this figure, it can be.seen

that a total of seventy-four small squares contribute a bubble flux
density less than 30 bubbles/sec. in.2 Figure (53) shows the
cumu]ativ; bubble flux density versus the cumulative area. In this
case, 61 squares contribute a total of 823 bubbles/sec. iﬁ.z. Fiquré
(54) shows the pgrcentage cumulative bubble flux density versus the
percentage cumul%%ive area.

The bubble Flux density distribution on the heatina surface
has a significant effect on the boiling heat transfer process. The
present investigation concerns the distributi&n of the bubble flux
dénsity over one hundred é@a1] squares which represent the whole
heating area. Figure (55) ghows the percentage cumulative bubble
flux density versus the percentage cumulative area for the heating
surface. It is seen that the effect of subcooling is quite small but .
the effect of heat flux is significant.. As the heat flux is increased,
the number of act{ve sites increases and the bybble freouency increases
also: Conseﬂuently,lthere is a tendency for the bubble flux density -

distribution to become uniform at high heat flux, in which case 10,

9N
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KJ
of the area would contr1bute 10% of the bubble flux density, for

».

instance.

Tae influence of heat flux and subcooling on the pattern
of the active nucleation sites was studied in the present investiga-
tion. An area of (0.2 X 0.2) inch square was selected from the area
tested to examine the change in pattern of the active nucleation sites
with changing heat flux and subcooling during a single experimental
run. Figure (56) éhowé the influence of three #ifferent levels of
heat flux oh the'acyive nucleation site pattern at constant subcooling.
As heat flux increased, bubbles continued to originate from the nucle-
ation sites already activated and some more nucleation sites appeared
due to the increase of heat flux. Figure (57) shows the influence of
three dﬁffergnt 1evels of Subcoolfng on the active nucleation site
pattern at constant heat flux. As the subcoolina increased, the active

nycleation site pattern did not change, except for oné active nucleation
site which appea}ed, perhaps as the result of the slight increase of
J/KN\\gqggrbéﬁt-w1th the increase of subé“h11nq
These resu]ts show fhat bubbles originate from specific

locations on the heating surfakq such as a cavity or scratch apd present

od agreement with Cort aﬁH\Foust [2] and others who advanced the
O e [ . .
N -

postul\te the bubbles~grAainate on a heating.surface from nucleation

. : A
siteg’in wh1CQ\i gas o

N,

N

vapour phase .prexists. Y

N
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Figure (57) Influence of Suuconling on the Active Site Pattern
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CHAPTER 9 .
CONCLUSTONS
Inagreement with Gaertner's findings, active sites are randomly

located and their spatial distribution follows the Poisson dis-

tribution.

Bubble flux density is observed to be non-uniformly distributed even

though it is thought that the heat flux is uniform over the

i

!

heating surface and one might expect the bubble flux to be i_’//

uniformly distributed.

Changes in heat flux apd subcéo]ing do not affect the distri-
bution of active sites. Although increasing heat f]ux.causes
more active sites to be activated, the additional active sites
formham%ng the sites which have been already activated. Subfool-

\

ing appé@;s to have no effect at all.
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APPENDIX A

ESTIMATE OF HEAT TRANSFER RATE

S .
In the present investigation, two methods were uséa\t&\5§1—

~culate the rate of heat transfer through the boiling surface. The f??s(\\\\

method consjdered the rate of heat transfer in the neck of the heater ~
block to be determined by one-dimensional heat conductions using the

Fourier one-dimensional heat conduction equation*) The héat transfer

in the redial direction was minimized by using<ﬁgrm1cu1ate as an

insulation material, so that it was reasonable to assume

%. = -k dar ----(A.1)
dx
where k = 145 d%U/hr. ft.'OF-according to Wiebe [25] and %% is

the axial temperature gradient measured in the neck of the heater block.

The second method cénsidered the actual rate of heat transfer
as the total rate of heat generation less the rate of heat loss, usiqg
the same procedure as Wiebe [25] to calculate the rate of heat loss

from the system.

A.1  Skirt Heat Loss

n.h_ A (T

Qein = "¢ Ne Apip T.) --=-(A.2)

Fin Base =
where

FAR LK) = f(m) eem(A.3)

=
i

The functional relationship between ne and mL is given
in Schenck [30]
| 99
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Then nf

QF1'n .

(2]

1

9.2
30

0.5
7.75
2
2.88
6.25

BTU/hr. ft. °F
BTU/hr. ft.2 OF
inch
inch
inch
inch
(calculated)
0.085, so that
T)

3.36 (T

Fin Base '

A.2 Radial Heat Loss Through Vermiculite

100

The volume occupied by the vermiculite can be considered to

be comprised of two hollow cylinders for the analysis of heat transfer

in the radial direction.Figure (58) shows the locations of the thermo-

couples used in this analysis.

A.2.1 Around Fhe Neck of the Heater Block

A

"

0
1
1

2n k L
T T
2“(;‘)
1
.48 BTU/hr. ft.°F

inch
inch

inch

!
T. -T,)

----(A.5)

—o=(A.6)

Loombat

-

v
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T l ////?//—__,___
, .

. VESSEL WALL
H A J :
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—\ ok COPPER HEATER
\ | L_\ BLOGK
\ — -
ASBESTOS . ' |
DISK —\ E .
Pl \
\ [
\ T )
\. 1 | | * I 1 /
- N ) ‘LJt\ ] /

e THERMOCOUPLE LOCATION

—

Figure (58) Location J{ Thermocouni~s Used in Deterﬁining Heat Loss
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A.2.2 Around the Base of the Heater Block

[
éfﬁ\z Q - kL q. Ty) -—==(A.7)
Y

v r
2 2 e
an(=)
. "
" = 3 inch
r, = 4 inch
L = 3 inch
Therefo:é
sz = 2.62 (TJ - TK) } ----(A.8)

; A.3 Heat Loss From the Bottom Face of the Heater Block
. .
The heat loss from the bottom face was reduced by usina an

asbestos disk of 1/4 inch thickness so that the heat loss becomes

(Ty - T
. 17 a
&% T T - (A.9)
: KA E
b hCAb

where Ta is the surrounding air temperature

L = 0.25 inch
. 2
Ay = 0.30 ft. .
K © = 0.09 BTU/hr. ft.OF
- T T,
hC = 0.12(——-E~——) Schenck [30] ----(A.10)

where TI‘ is the temperature of the surface of the asbestos disk

d = 0.66 ft.
(,L and therefore .
) (T, - T.)
; R T -Tl—-——igz (A
0.6 +(T‘——“—T‘)’.§ ) "
1-7 'a

TI‘ is obtained by trial and error estimate as the heat transfer by
conduction jthrough the asbestos disk must equal to the heat transfer

by convectidn from the bottom face of the asbestos disk.



A.4 Numerical Calcuiation

. Ogeay = 1434 BTU/Ar.

TABLE 3 SET OF TEMPERATURE READING

THERMOCOUPLE TEMPERATURE °F

>

258.
271.
282.
270.
270.
1 270.
209.
209.
313.
240,
191.
214.
213.

o

—_— - 1 W O 00 s NV NN -

T X &G == Mmoo O W

A.4.1 The First Method:
Equation (A.])(gives
QA = -145 7% (-31) x 12
= 53,940 BTU/hr. ft.°

A.4:2 The Second Method:

_ 0
TFin Base - 240.7°F

Equation (A.4) gives
3.36 (240.7 - 209.5)

QFin Base

B

Qp;, page = 105-2  BTU/hr.
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Equation (A.6) gives
0.18 (270.2 - 191.5)

2
1]

Q = 14.2 BTU/hr.

Equation (A.7) gives
OVZ = 2.62 (240.9 - 191.5)
= 129.4 BTU/hr.
Equation (A.10) gives

0. - (313-8)

b 22 <
’ 0.6 + (288.3 - 81)%
0, = 36.3 BTU/hr, ,
o QLoss N QFin ¥ O‘v] * Ov2 ¥ Qb
Qoee = 1052+ 142+ 1294 + 36.3
- 7
QLOSS = 285.1 BTU/hr. 9
QActua] = 1434 - 285.1 = 1148.9 BTU/hr. }///’
() = 52,660 BTU/hr, ft.2
A’Actual
~In comparison K
(9 = 53,940 BTU/hr. ft.2
R
and % difference = 2.37"% .

The difference in the rates of heat trgnsfer between the two
methods may be due to the assumption of one dﬁnensiona] flow in the
first method. The second method values were used to represent the

value of the rate of heat transfer in the present 1nvestigatibp.



* Figure (59) shows the relationship between the actual her\\“;_/’“
flux calculated and the axial temparature gradient in the neck of the ,
heater block. The relationship for the straight line through the
data gives k = 139 BTU/hr. ft. °F which is in excellent agreement

with the value suggested by Wiebe.
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Q/A (BTU/HR FT % |3)

HEAT FLUX

{ 1 T T - 3
4
7 N
A (Tg-Ta=0 (F) -
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Figure (59) Heat Flux Versus Axial Temnerature Gradient
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APPENDIX B
BULK LIQUID TEMPERATURE

In the present investigation it was essential to obtain
the value of the bulk liquid temperature in both saturated and
subcooled conditions. This value was required,for obtaining the
subcooling level in each test. The bulk liquid temperature could
be determined by considering the temperature variation over the
heating surface at di%fe;ent 1evels.' After a certain distance from
the surface, the liquid temperature remain constant in both of the
saturated and subcooled conditions. A preliminary experimental’
study, had been conducted to obtain the liquid temperature distribution
above the heating surface using the thermocouole probe shown in
Figure (60) positioned in the water at different levels.

Figure (61) shows three temperature profiles for the satu-
rated condition obtained at three different radii. Additionally,
Figure (62) shows three temperature profiles obtained under conditions
of high heat flux level and highly subcooled boiling liquid. At a.
displacement of approximately 2 inches from the heating surface, the
three temperature orofiles aoproach a common value 212% fo}\the
saturated conditions, whereas'for the subcooled conditions, the
three curves aporoach a common value of 15°F. Conseauently, it was
felt that the temperature measured at a displacement of 2 inches from

the surface would adequately charactefize the bulk temperature. During

107 i
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the actua1\test, thermocouples were located at.2 inches and 4 inches
from the surface at 1 inch radial displacement. The two measurements
taken were averaged so that the error resulting from using one thermo-

couple might be reduced.

S 2
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APPENDIX C
BUBBLE DETECTION PROBE

The single most important component of the aupé}atus was
the bubble detection probe. Alternating current with a frequency
of 11,000 Hz at 10 volts passed through the varnished copper wire
of the probe which Was bared at the tip to the water or vapour in .
the gap between the heating surface and the bubble detection probe.
It was important to use a very small diameter varnished copper wire

and to place the wire tip as near as possible to the heating surface

in order to obtain the distribution of the active sites on the heating
. 4

surface.
Figure (63) shows the details of the bubble detection probe.
It consisted of a probe tip made from copper with a conical shape
having a drilled hole withéa diameter of 0.032 inches. A stain]essl>
steel tube closely matchin; the hole diameter was soldered at the tip
of the copper cone in order to suoport the varnished cooper wire in
such a way as to disturb the flow pattern of the bubbles emitted as
little as possible. A varnished copper wire having a diameter of
0.007 ‘inches was used at high heat flux and 0.010 inches was used at
Tow and intermediate heat flux. A plastic screw was used to fix the
copper wire in the probe tip. The traversing mechanism which was used

for controlling the vertical distance between the copper wire tip and

the heating surface is depicted in the sketch.

o
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APPENDIX D

TABLE (4) TABULATION OF COMPUTED RESULTS
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REPRESENTATIVE ACTIVE SITE LOCATION AND EMISSION FREOUENCY DATA -

TABLE (5)

TEST Al
X Y f X~ Y f .

(Inchesy | (Inches)| (Bubbles/Sec.Ji(Inches) |(Inches) |(Bubbles/Sec.) |
0.011 0.255 4.7 0.380 | 0.389 | 15.7
0.038 0.440 8.0 0.384 | 0.741 12.3
0.092 0.775 22.1 0.464 | 0.893 | 10.9
0.013M  0.917 6.5 0.498 | 0.280 5.9

124 | 7 0.572 1.6 0.56. | 0.912 6.6
0.068 0.123 4.4 "0.654 | 0.703 9.9
0.074 0.604 10.0 0.520 | 0.572 | 13.4
0.122 0.215 5.0 /;/0.568 0.374 | " 9.4
0.150 0.660 217T2——1” 0.600 | 0.285 | 20.3
0.100 0.965 17.3 0.628 |- 0:809 | 18.8
0.125 0.856 28.8 0.640 | 0.926 | 18.0
0.150 0.335 8.2 0.645 | -0.556 | 18.7
10172 0.114 3.7 0.685 | ~07186 8.0
0.113 0.000 24.6 0.750 | 0.97 13.8
0.200 " | 0.264 5.5 0.756 | 0.646 | 6.9
0.209 0.476 22.4 0.744 | 0.444 | 10.9
0.250 0.775 5.7 0.812 | 0.042° | 4.8
0.262 0.58 19.7 0.875 | 0.493 | 17.6
0.256 .0.068 6.2 .0.850 | 0.345 | 16.0
0.362 0.205 10.9 . 0.900 |" 0.900 | 13.4
0.375 0.515 0.9 0.920 | 0.623 7.2
0.377 10.890 18.1 0.910 0.268 5.8
0.390 0.995 1.1 0.985 | 0.206 8.5
0.345 0.295 13.4
.
y
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TABLE (6)
D ACTIVE SITE DISTRIBUTIONS
Test No. Na P(EXP.) E’(Poisson)
Al 0 0.12 0.14
1 0.28 0.27
2 0.28 0.27
3 0.24 0.18
4 0.08 0.09
5 0.00 0.03
A2 0 0.12 0.13
] 0.28 _0.27
2 0.32 0.30
3. 0.16 0.18.
4 0.08 0.09
5 0.04 0.04
6 0.00 0.01
A3 0 0.16 0.16
] 0.28 0.30
2 0.28 0.27
3 0.20 0.16
4 0.08 0.07
5 0.00 0.03
B1 0 - 0.00 0.001
1 0.00 0:007
2 0.00 0.025
3 0.08 0.057
4 0.12 0.100
5 n.16 0.135
6 0.16 0.152
7 0.16 0.147
8 - 0.12 0.127
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Test No. Na P(EXP.) P(Poisson)
B 9 0.08 0.097
10 0.04 0.066
o N 0.04 0.041
12 0.04 0.024
; 13 0.00 0.012
B2 0 0.00 0.001
] 0.00 0.010
2 0.04 0.037
3 0.04 0.077
4 0.12 0.121
5 0.16 0.152
6 0.16 0.160
7 0.16 0.143
8 0.12 0.112
9 0.08 0.078
10 0.04 0.050
- 1 0.04 0.028
12 0.04 0.011
13 0.00 0.002
B3 0 0.00 0.001
1y 0.00 0.009
2 0.04 0.031
3 0.04 0.068
1 4 0.12 0.111
5 0.16 0.150
6 0.16 0.160
7 0.16 0.150
Q;_f) 8 0.16 0.120
9 0.08 0.080
10 0.04 0.050
N 0.04 0.033
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Test No. Na P(EXP.) P(Poisson)
B3 12 0.00 0.018
B4 0 0.00 0.010
1 0.00 0.010
2 0.04 0.037
3 0.08 0.077
4 0.12 0.121
5 0.16 0.152
6 0.16 0.160
7 0.16 0.143
8 0.12 0.112
9 0.08 0.078
10 0.04 -0.050
n 0.00 - 0.028
cl 0 0.00 0.000
] 0.00 0.000
2 0.00 . 0.001
3 - 0.00 0.004
4 0.00 0.010
5 0.00 0.022
6 0.04 0.041
7 0.08 0.065
8 0.08 - 0.090
9 0.12 0.108
10 0.12 0.120
1 0.12 0.120
12 0.12 0.110
13 0.12 0.093
14 0.08 . 0.073
15 0.04 0.053
L) 16 0.04 0.037 -
-/ 17 - 0.04 0.024
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Test No. Na P(EXP.) P(Poisson)
Cl 18 . 0.00 0.010
C2 0 0.00 0.000

] 0.00 0.000
2 0.00 0.000
3 0.00 0.003
4 0.00 0.007
5 0.00 0.0%7
6 0.04 0.032
7 0.08 0.053
8 0.08 0.077
9 0.12 - 0.098
10 0.12 0.113
N 0.12 0.118
12 0.12 A 0,113
13 0.12 0.100
14 0.08 0.091
15 0.08" 0.063
16 0.04 ~0.046
17 0.04 0.031
18 0.00 0.010
C3 0 0.00 0.000
1 0.00 0.000
2 0.00 0.001
"3 0.00 0.003
4 0.00 | 0.010
- 5 0.00 0.019
6 0.04 0.036
7 0.04 0.057
8 0.08 0.080
9 0.12 0.100
10 0.12 0.113

-«
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Test No. Na P(EXP.) P(Poisson)

3 11 0.12 0.115
12 0.12 0.112
13 0.12 0.094
14 0.08 0.075
15 0.08 0.059
16 0.04 0.040
17 0.04 0.028
18 0.00 0.012

ca 0 0.00 0.000
1 0.00 0.000
2 0.00 0.001
3 0.00% 0.005
4 0.00 0.013
5 0.04 0.027
6 0.04 0.048
7 0.08 0.073
8 0.12 0.098
9 0.12 0.115
10 0.12 0.123
1 0.12 0.119
12 0.12 -0.105
13 0.08 0.086
14 0.08 0.065
15 0.04 0.046
16 0.04 0.031
17 0.00 0.019
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APPENDIX E
CHI-SOUARED GOODNESS-OF-FIT TEST
The most commonly used, and perhans most versatile pro-

cedure for evaluating distributional assumptions is the chi-suared

goodness-of-fit test. It is wused to compare the experimental number

of observations with the expected number of observations based on the .

proposed distribution. From this compa}ison a test statistic that
approximately follows a chi-square distribution only if the assumed
model is correct, is calculated. The test statistic will tend to
exceed a chi-square value if the a55umed model is not correct. This
test can be carried out by computing the value of XZ and the degrees

of freedom k 2
2 —
X A E] v

i=]
where
Mi = Actual number of observations
Ei = Expected number of observations
k = Number of classes
Dearees of freedom = k - r -1
where
k- = Number of classes
r = Number of parameters in the proposed distribution

—

(1 in Poisson distribution)

\\\ﬁﬂﬁ

i21°

L4l
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TABLE (7)
)(2 Test
Test No. Degrees of x2
Freedoms
Al 4 1.501
0.404
0.949
B1 12 2.210
1 1.489
1 1.520
10 1,.100
C1 . 16 1.576
16 1.605
16 1.593
16 i 1.527

Figure (64) shows that all the x°

fit region for the proposed Poisson distribution.
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APPENDIX F
UNCERTAINTY ANALYSIS
The pncertéinty of each computed result was calculated
using the following equation:
W W W W
R 3R "1,2 aR M2.2. 3R "m20%  ----(F.1)
e - LEe) * G o) ]
1 2 n
where
R = result computed
<
wR = uncertainty in the result R
Vn = nth variable .
wn = uncertainty in the nth variable
Heat Flux
' 2
1. . HEAT INPUT (Q/A~)Input (65,730 BTU/hr. ft.<)
The uncertainty of the heat input to the system is due
to the uncertainty of the wattmeter reading, which is about
10 watts. Using equation (F.1)
W % (Q/A) - o 2y | ' T
(O/A)Input/ Input - 2.38/0

2.  HEAT LOS§ (Q/A) 25

Loss (13,010 BTU/hr: ft.

w

The uncertainty of the heat 10ss is mainly due to the
uﬁcertainty in the thermocouple potentidometer reading. Using

equation (F.])

W (Q/A) - :
(Q/A)LOSS/ ’ Loss = 9.7%



Therefore

M/ pepyar/ Y M Actual -

¥

Superheat

3.81%

The uncertainty of the surface superheat was due to the
uncertainty of the thermocouple potentiometer reading. Using

o . _ N - (o]
equation (F.1) at Tw TS 32°F

(r, - T.)

W -
(T, - TJ/ w  s7 = 2.2%

Subcooling

The uncertainty of the subcooling was due to the uncertainty
of the thermocouple potentiometer reading. Using equation (F.1)

at T_-T = 519
S o

- = o -
M g y/Tg = T =

Site Location

The uncertainty of the site location was due to the uncer-
tainty of X - Y stage réading which was indicated 0.0001 inches.

The Probable Error in the Average Bubble Frequency

f = 12.57 (Bubbles/Sec.)
PE7!" = 0.38 (Bubbles/Sec.)
Thérefof;
"F = 12.57 ¥ 0.38 (Bubbles/Sec.) -

J
!
i

~
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SYMBOL

4

=

'se

mp

min

ATSup

ATsub

NOMENCLATURE
DESCRIPTION

Total area of heat transfer surface

Local area of heat transfer

Average diameter of bubbles at depap—

ture

Nucleug radius
Cavity radius
Thickness

Nearest-neighbor distance between
active sites

Average nearest-neighbor distance
between active sites

Average heat transfer coefficient

Root-mean-square nearest-neighbor
distance betveen active sites

Most probable nearest-neighbor
distance between active sites

Minimum nearest-neighbor distance
between active sites

Rate of heat transfer
Temperature

Temperature difference (Tw - TS)
Temperature diffgrenée (T - T)
Pressure

Thermal conduétivity

Heat transfer coefficient

126

UNITS

ft.2

ft.2

~
\\\ .

ft
ft
ft
ft

ft

BT U/hr ft2 hr

ft

ft

2
1bf/ft
BTU/hr'. ft.
BTU/hr. ft.

OF

2:0

F




h Latent heat of vaporization BTU/1bm

R Gas constant BTU/1b_°R
N* Avogadro's number
M Molecular weight of fluid !
. . 2
g Acceleration due to gravity ‘ ft/hr
. ' 2
9. Coqvers1on factor lbm ft/]bf hr
f Average vapour bubble frequency sec']
N Total population of active site on
area A
N Average population of active‘site.on
area A
N/A Active site density
Na - Population of active sites on local
area a
Na . Average population of active sites on

local area a

"P(Na) Probability that a random local area a
has a population Na

P(Na) © Probability that a random local area a
has a population Na

P(O) Probabi]itylthat a random local area a

has no éctiye sites -

Number of local micro-areas having a
local population Na

~C,m, Ny, ¢ Constants

SUBSCRIPTS | \

4 Liquid

v Vapour' ' ‘ (;;
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i}

Supface

S ,///P“—g;aturation

GREEK LETTERS

Bulk

;Bfide
utside

Density

Surface tension
Contact angle

Cone angle

3
lbm/ft
1bf/ft
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12.
13.

14.

15.

Jakob, M.,

~ Corty, C. and Foust, A. S.,
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