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Preface

The IAHR-Symposium on Hydraulic Machinery and Cavitation was held in
Sendai, Japan, from September 3 to 5, 1962, and the visiting tours to places of
technical interest took place in Sendai and Tokyo from September 6 to 8.

Prof. James W. Daily, Chairman of Committee on Hydraulic Machinery, Equip-
ment and Cavitation of IAHR, wrote us in 1959 asking if we had any intention to hold
the next Symposium in Sendai and gave us various suggestions in his succeeding
letters. The decision to hold the Symposium in Sendai was formally made in the
Ninth Convention of JAHR, from September 4 to 7, 1961, in Dubrovnik.

In Japan, preparations were initiated in 1960 and the Local Organizing Com-
mittee was organized on July 3, 1964, for studying the plans prepared in advance
(refer to ¥2 as to the list of members).

The first Managing Council started its functions on August 14, 1961. Its mem-
bers were compesed of 12 persons elected out of the Local Organizing Committee
and they deliberated on plans to be discussed afterward by the Local Organizing
Committee (refer to §3 as to the ilist of members).

Furthermore, the Local Subcommittees were established in the Local Organ-
izing Conimittee on October 27, 1961 (which see §4 as to their appellations and
the lists of members). The chiefs’ duties of those Subcommittees were entrusted
to professors of the Institute of High Speed Mechanics, Tohoku University, for
the convenience of keeping in contact with one another.

In opening this meeting, we received contributions from companies and aca-
demic societies in Japan. Chief contributors among them were the member com-
panies of Japan Electric Machine Industry Association, the member companies of
Japan Society of Industrial Machinery Manufacturers and those of the Federation
of Electric Companies {refer to §5 as to the list of those Companijes and Socie-
ties). We express our heartfelt gratitude to those companies and academic socie-
ties.

As to the announcement of the Symposium, the first to third Circulars were
sent to the members of TAHR and others. The first Circular was shipped out on
October 20, 1961, in which the invitation and stipulations for contribution of
papers were made. The acceptance of papers was closed at the end of February,
1962.

Manuscripts of papers received were 45 in number, of which 28 were finally
adopted. The reasons for this procedure were, first, the fixed three day period
for the Technical Sessions and, secondly, allocation of time for each presentation
of papers being determined to 35 minutes (15 minutes for delivery, 20 minutes
for discussion) based upon Professor Daily’s valuable suggestion. That made the



number of presenters definitely 28. There is one thing which we would like to
mention here for future benefit is that we received a few papers written in German
in spite of our notification in the first Circular that the official languages of IAHR
are limited to English or French and, though those papers were up to the standard
we felt like adopting, we had to send them back to authors.

Review of papers was conducted not only by the members of Review Com-
mittee ([ §4~1) but also by proper researchers out of the members of Local Or-
ganizing Committee, that is, each paper was studied by three reviewers.

The Opening Ceremony and Technical Sessions were held at Denryoku Hall,
Sendai, attended by 235 participants from 10 countries of the world (the list of
their names and their photographs are shown in §6).

At the Opening Ceremony, the proxy of the President of Japan Science Coun-
cil, the Honorary President of Local Organizing Committee ( §2), the proxy of
the Honorary Vice-President of the same Committee [§2 J, the President of To-
hoku University and the representatives of donating companies and academic so-
cieties were present and the opening addresses were delivered by Prof. Emerit.
F. Numachi, Chairman of the Local Organizing Committee; Prof. James W. Daily,
Chairman of the Committee on Hydraulic Machinery, Equipment and Cavitation,
and Prof. Dr. M. Muts, proxy of the President of Japan Science Council.

Ladies program was also drawn up: ladies were invited to tea ceremony, ex-
hibition and schooling of flower arrangement and a trip to Matsushima, a scenic
spot. Also at the intervals of Technical Sessions, a tea party and a banquet were
given and Vice-President Prof. Dr. L. Escande and others made speeches.

Excursions were carried out as shown in §8 at the end of this copy. We
are thankful to those companies and research institutes that received us on those
occasions.

We express our appreciation to the cooperation of many organs and individu-
als in various fields with the members of Local Organizing Committee in facil-
itating the Symposium. Especially our thanks are due to Mr. S. Uchigasaki, Ex-
President of Tohoku Electric Company, Mr. T. Hori, one-time President and Mr.
Y. Hirai, Ex-Vice-President of the same company for their efforts to materialize
the above mentioned donations. It is to be acknowledged, too, that all the staff
of the Institute of High Speed Mechanics, from professors, technicians in the at-
tached factories to office workers, made efforts cooperatively to make the Sympo-
sium a success.

In conclusion, we believe with delight that our meeting gave us an occasion
not only to contribute to advancing our knowledge, but also to cementing valuable
friendship among people with common interests and problems.

Sendai, August 1963
F. Numachi



Préface

Le Symposium de 'AIRH sur la Cavitation et les Machines hydrauliques s’est
tenu 3 Sendai (Japon) du 3 au 5 septembre 1962, et du 6 au 8 les participants ont
visité des usines et des laboratoires 4 Sendai et a Tokyo.

En 1959, Monsieur le Professeur James W. Daily, président du Comité pour
les Machines hydrauliques, les Equipements et la Cavitation de 'AIRH, nous avons
écrit pour nous demander si nous avions l'intention d’organiser un symposium a
Sendai. Depuis lors, il a bien voulu nous prodiguer ses conseils précieux. Ce fut a
la neuviéme assemblée générale de 'AIRH, du 4 au 7 septembre 1961 a Dubrovnik,
qu’'on a décidé officiellement de tenir & Sendai le symposium.

Les préparatifs avaient commencé au Japon dés 1960 et le Comité local d’or-
ganisation {cf. la liste des membres au §2), créé le 3 juillet 1961, se mit a exa-
miner les projets.

Le 14 aofit 1961 a été constitué le premier Comité d’exécution dont les 12
membres (cf. §3) ont été choisis parmis ceux du Comité local d’organisation. - Ce
Comité a procédé au premier examen des projets qui devaient étre mis en discus-
sion au Comité local d’organisation.

Le 27 octobre 1961, on a créé les Sous-Comités (cf. la liste des noms et des
membres au §4) au sein du Comité local d’organisation. Pour faciliter les contacts,
on a nommé comme chefs de ces Sous-Comités des professeurs, maitres de recher-
ches a l'Institut de la Mécanique de Grande Vitesse.

Diverses compagnies privées ainsi que des sociétés savantes ont bien voulu
contribuer par des dons importants a résoudre les problémes pécuniaires du sym-
posium. La plupart de ces compagnies et de ces sociétés sont membres de
I’Association de I'Industrie de Machines électriques du Japon, ou de la Société des
Fabriquants des Machines industrielles du Japon ou de la Fédération des Compa-
gnies électrique (cf. les noms au §5). A toutes ces sociétés nous disons ici notre
vive gratitude.

A titre d’'information nous avons adressé trois circulaires aux membres de
I'AIRH; et dans la premiére, expédiée le 20 octobre 1961, nous précisions pour
ceux qui seraient désireux de prononcer une conférence a l'occasion du symposium
les régles concernant tant la rédaction que 'envoi des textes. L’on avait arrété que
seraient seules recevables les demandes qui nous parviendraient au plus tard a la
fin du mois de février 1962. ’

Sur 45 textes écrits qui nous avaient été envoyés nous n'avons pu en retenir
que 28 étant donné la courte durée de la session (3 jours); sur la suggestion de
Monsieur le Professeur Daily, nous avons accordé & chacun des conférenciers 35
minutes dont 15 pour leur exposé et 20 pour la discussion. Il ne sera peut-étre



pas sans intérét pour l'avenir de noter ici que certains textes nous sont parvenus
rédigés en allemand, en dépit des instructions de la premire circulaire qui fixait
pour seules langues officielles du Congrés I'anglais et le francais. Nous avons été
contraints bien A regret de renvoyer ces textes pourtant dignes d'étre retenus.

Le Comité qui a effectué le choix des textes (cf. §4-1) était assisté par des
spécialistes appartenant au Comité local d’organisation. Chaque texte été soumis
a l'examen de trois savants.

La cérémonie d’ouverture et les sessions se sont tenues au Denryokw Hall 2
Sendai ol étaient réunis les 235 participants venus de 10 pays du monde (la liste
et les photos des participants se trouvent au §6).

A Touverture du Congrés des allocutions ont été prononcé par MM. F. Numachi,
président du Comité local d’organisation, James W. Daily, président du Comité
pour les Machines hydrauliques, les Equipements et la Cavitation de PAIRH, M.
Mut3, qui représentait Monsieur le Président du Conseil des Sciences du Japon en
présence de MM. 1. Oki, président honoraire du Comité local d’organisation, les
Représentants des Messieurs les Vice-présidents honoraires (cf. §2) et T. Kurokawa,
recteur d’Université. de Tohoku. Etaient également présents Messieurs les Repré-
sentants des compagnies et des sociétés qui nous ont apporté leur contribution
pécuniaire,

On avait organisé un programme spécial pour les dames. Sous la direction
de maitres japonais elles ont pu s'initier 4 la cérémonie du thé et 2 la pratique
de I'Ikebana (art de disposer des fleurs dans un vase). L'on avait aussi organisé
une excurtion 2 Matsushima, site renommé. Un cocktail et un banquet ont réuni
les participants et leurs épouses et a cette occasion Monsieur le Professeur L.
Escande, vice-président, ainsi que d’autres personnalités ont prononcé des discours.

Des visites ont été faites comme on voit a la fin du volume au §8. Nous
remercions ici de tout coeur les usines et les laboratoires qui ont bien voulu ac-
cepter de nous recevoir pour les visites.

Enfin, nous tenons a exprimer notre entiére gratitude aux divers établissements,
aux membres du Comité local d’organisation et & ceux qui nous ont contribué a
P'organisation de notre symposium. Tout particuliérement pour Messieurs S. Uchi-
gasaki et T. Hori, ex-présidents de la Compagnie d’Electricité de Tohoku, et Mon-
sieur Y. Hirai, ex-vice-président de la méme compagnie, qui tous nous ont aidé
en facilitant la collecte dont nous avons parlé plus haut. Notre reconnaissance
va également au personnel de I'Institut de la Mécanique de Grande Vitesse, pro-
fesseurs, ouvriers de l'usine et tous les employés qui nous ont prété leur concours.

Nous aimons a croire que ce Symposium a été pour nous tous une excellente
occasion non seulement d'approfondir nos connaissances mais aussi de renforcer
I'amitié entre des peuples qui sont liés par des intéréts et des problémes communs.

Sendai, Aoiit 1963
F. Numachi



Contents

Table des Matiéres

Preface
PrEfaACE  reerrrerrsnsmorunmamneearsseeenstes ettt s s
1. Technical Papers and Discussions

Mémoires techniques et DiSCUSSIONS  «-eooveressreimmrsimmemnne

A. Cavitation
Cavitation

A-1. WEN-HSIUNG LI: Thermal Effect on the Growth and Collapse of
CAVILIES  rvreeeeersrrrrmmresemmmiensinrarrresseeeeiittresse s e e PR
A-2. B. R PARKIN and R. W. KERMEEN: The Roles of Convective Air
Diffusion and Liquid Tensile Stresses During Cavitation Inception

........................................................................

A-3. J. F. RIPKEN and J. M. KILLEN: Gas Bubbles: Their Occurrence,

Measurement, and Influence in Cavitation Testing «--o-corereerrerceaens
A-4. A. T. ELLIS, M. E. SLATER and M. E. FOURNEY: Some New Ap-
proaches to the Study of Cavitation — -crocoeermroerrmmmmin .
A-5. A.J. STEPANOFF and K. KAWAGUCHI: Cavitation Properties of
LIQUIAS  ++reeeererrersessenmentantieri sttt ettt bttt
A-6. M. S.PLESSET: An Experimental Method for Evaluation of Resistance
to Cavitation EroSiOn rrrecreerrmricriiiiiiiiiiiciiieniienisntiienies
A-7. L. ESCANDE: Arrét Instantané du Débit d’une Conduite Forcée avec
CAVILATIONS  +errrrerstrrmssossrnsnmumrentmstisritetstieteereresiesianesseesnsaasasassssains
A-8. L.J. HOOPER: Experimental Investigation of Initiation of Cavitation
Behind an Accelerated Circular DISC  +reeeeerreeeesrmmrininisnirormsisimniiin

A-9. F. NUMACH], R. OBA and I. CHIDA: Cavitation Tests on Hydrofoil

Profiles Designed for Accelerating Flow Cascade. Report 2/ Three
Hydrofoils of Type D eteeriieenienseseisinecattaseieettesttanreisrataetitorsatittns

A-10. R. OBA: Theory on Wall Effects upon Performance of Supercavitating
Hydrofoil .................................................................................

B. Hydraulic Machinery
Machines hydrauliques

B-1. J.BEAUFRERE et M. HUG: Détermination du Défaut de Vitesse dans

le Sillage des Pales de Turbomachines Hydrauliques — ----reeeceeeeeene
B-2. J. PARMAKIAN: Operational Difficulties with Hydraulic Turbines and
Pumps ................................ Y

17

37

59

71

87

113

125

143

167

185



B-3. T. YAMAZAKI: Cavitation Erosion on the Back of Pelton Turbine
BULCKEE cereaetti ettt ittt ittt e e ee s e s se st enes e aeaes

B-4. S. FUKASU and N. YOKOI:" Developments in Kaplan Turbine and
Diagonal Flow Turbine for Higher Head ««eeeererrereriimraonnmniennn

B-5. Y. ISHII: The Two Types of the Runaway State of Propeller Turbine
under Cavitatlon  cctcerrereeitteriiirrai ittt iaaiatterintraesceinnenan

B-6. M. HUG: Contribution a 'Etude de Turbines Supema\ntanteb ---------
. SAITO: Effect of the Clearance Cavitation Concerning High Head
Kaplan TUIbINE  scoeeeereerrrtmmiiiiar i e s e e eee e
B-8 K.C.LUCAS: The Mortality to Fish Passing Through Hydraulic Tur-
bines as Related to Cavitation and Performance Characteristics,

\
-~
wm

Pressure Change, Negative Pressure and Other Factors — «eccoveeeen
B-9. T. UEMATSU: Righting Moment Acting on the Yoke of the Axial
PIStON PUMP  ceoereernrrmmimtemntirianier it st sttt
B-10. H. NETSCH: An Investigation of the Effect of Air-Admittance in the
Discharge Conduit on the Performance of Axial Flow Pumps .-
B-11. K. TABUSHI: A Photographic Method of Measuring Velocity Distri-
DUtion of FIOW ifl RUIMIMEIS  «rreeererrrrasrmnnermnnennnnmmunerrmnnemrmmesnnnseres
B-12. G. KAMIMOTO and Y. MATSUOKA : One Method for Calculating the
Flow in Centrifugal Type Impeller, Especially with a Large Number
of Vanes and with SpHEtEr VAnes — «erererereereemermucrimniieniinn
B-13. M. OSHIMA and K. KAWAGUCHI: Experimental Study of Axial and
Mixed Flow Pumps. Performance and Cavitation Tests of Both
Types of Pumps with the Same Specific Speed  «-oereeeeeervemiinnn
B-14. T. KASATI and Y. TAKAMATU: Cavitation Aspects and Suction Per-

formances of Centrifugal Pumps ................................................

C. Marine Propeller

Hélices de Navires

C-1. T.ITO: An Experimental Investigation into the Unsteady Cavitation
Of MArine Propellers  «eeesoressermormmnmmiiiaii e
C-2. J. D. van MANEN: Bent Trailing Edges of Propeller Blades of High
Powered Single Screw Ships — -oerrreerrrmm. rrere vt aaa e
C-3. K. TANIGUCHI and H. TANIBAYASHI: Cavitation Tests on a Series
of Supercavitating Propellers =«
C-4. A.SILVERLEAF and L. W. BERRY : Propeller Cavitation as Influenced
by the Air Content of the Water «eeerrrerreriiiiiliiiiiinnen

219

233

247
269

285

307

337

349

359

377

397

417

439

461

475

2. List of Members of Local Organizing Committee, JAHR Symposium on

Cavitation and Hydraulic Machinery, Japan, 1962



Liste des Membres du Comité local d’organisation du Symposium de PAIRH

sur la Cavitation et les Machines hydrauliques, Japon, 1962 EETTRTP PP VRIS

Category 1

Delegates from Academic Circles and Government Offices
Délégués des Cercles académiques et des Bureaux
gouvernementaux .....................................................................

Category 1-(1) Japan Society of Mechanical Engineers

Société de 'Art de la Mécanique du Japon — cceveeereees e

Category 1-(2) Japan Society of Civil Engineers

Société du Génie civil du Japom  reesreremreremniiernniinennie,

Category 1-(3) Society of Naval Architects of Japan

Société des Architectes navals du Japon B ERLILITRTTP PP

Category 1-(4) Institute of Electrical Engineers of Japan

Institut de la Technique éléctrique du Japon — soreeeeveresieines

Category 1-(5) Government Functionary

Category 2

Category 3

FONCLIONNAITES  wveeerrerrerrerermnnansoneesnsaeenonerssnesrinnsssuonssssenesen
Electric Power Company

Compagnies de la Puissance 8l6ctrique  -«+-eeessersrremserrniesiinnniins
Maker of Hydraulic Machinery

Fabriquants des Machines hydrauliques «---eersreeseeroreminrinniennn.

Honorary President, Ex-Honorary Vice-President and Honorary Vice-President
of Local Organizing Committee

Président honoraire, Ex-Vice-Président honoraire et Vice-Président honoraire
du Comité local d’OrganiSation  «+- -seeeeresrrreesimiiriie et enaee e

3. Managing Council

Comite dPeXOCULIOM -+ verevrrerrrriititi ittt cieateaeteteretaeereenneesansesannsrasnnrecns

4. Local Subcommittee

SoUS~COMILE TOCAL vrrrivrtiiiiiiiiiiiiieieiitiiiitestraesetesserasraeresnseesensesasensseans

Review Committee. Comité de publication «reeeerirriiiiniiiii,
Technical Program Committee. Comité de conférence  --ververineiiinnn,

Reception Committee. Comité de réception - -ceveemiriiiiiiiiiiiiiiienn.,

Ladies Program Committee. Comité de programme pour les dames

4-1

4-2

4-3

4 -4 Visit Program Committee. Comité d’observation -roceeeeeeriiiiiiiiinn.
4-5

4-6 Publicity Committee.  Comité de PUDICItE  +wreerereremrererereieerrereraeans
4-7

Persons in Charge of Expediting Proceedings.

Personnes Chargées d’admMINIStration  svcsreererrecriorserneneresisiesrserisssisressenses

4-8 Proof Reading Committee. Comité de correction d’épreuves :----eereeeens



5. Contributing Companies and Juridical Persons

Les Compagnies et les Personnes juridiques qui ont bien voulu faire la

Contribution  crcrrereeriimiiiiiiiiiiiiiiiiiiiiiiiicoiiretatiet ittt stis ittt aassbeane 10
5-1 Members of Japan Electric Machine Industry Association «iescceececieeennnns 10
5-2 Members of Japan Society of Industrial Machinery Manufacturers -:----:.- 11
5-3 Members of Federation of Electric Power Company  «toseeeeveeieniiienncnnne 12
5-4 Electric Power Development Co" | I s P P P PP 12
5-5 Japan Society of Mechanical Engineers ................................................ 12
5-6 Society of Naval Architects of Japan  ceeecsceescsii 12
6. List of Participants

Liste des Participants ........................................................................... 13
6 -1 Regular Participants. Participants titulaires eocceoeriiiini., 13
6 -2 Sponsor Participants. Participants-approbateurs  c--ereveeereeniecienaiien. 33
6-3 Interpreters' Int‘erprétes .................................................................. 42
7. Technical Program ................................................................................. 45

Présentation des Mémoires et Discussions  ««oiocceceeeiiieiiiiiiiiiin, 48
8. Visits to Places of Technical Interest  --cc-ccccceieiiiiiniiiiiiiniiiniiiinniiianies 5

Visites d’intérét technique ..................................................................... 52



Thermal Effect on the Growth and Collapse of Cavities

WEN-HSIUNG LI

Professor of Civil Engineering, Syracuse University, U. S. A.

Synopsis

When a vapor cavity collapses, the released latent heat raises the temper-
ature and therefore the pressure at the interface. For a similar reason, the interface
temperature and pressure are lowered during the growth of a cavity. The net
thermal effect is the reduction of the size of the cavity and the interface speed
on closure. To demonstrate  this thermal effect, solutions are oblained for the
growth and collapse of a one~dimensional cavity, It is found that the heal flow
to -or fr;)m the interface takes place mainly in the liquid in a thickness of the

order of ki t.

Résumé

Quand une cavité de vapeur s'écrase, la chaleur latente libérée augmente la
température et par conséquent la pression & limterface, Pour la méme raison, la
température et la pression a linterface sont réduites pendent la formation de la
cavité. L'effet thermique net est la réduction de dimension de la cavité et de
vitesse de linterface & lécrasement. Pour démontrer cet effet thermique, des
solutions représentant la développement et Iécrasement d'une cavité a une dimen-
sion sont présentées. On trouve que le débit de chaleur de ou vers Uinterface se

manifeste principalement dans une couche de liguide d’'une épaisseur de I'ovdre de

it

Introduction

When a vapor cavity collapses in a zone of high pressure, latent heat is released
at the surface of condensation. The temperature of the interface is thus raised,
and, as a result, the pressure there becomes higher. On the other hand, the tem-
perature and the pressure at the interface are lowered during the growth of a
cavity in a zone of low pressure. This variation of pressure at the interface will
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influence the rate of growth and collapse of the cavity.

This thermal problem is the subject matter of this paper. In order to facilitate
ease of solution, one-dimensional vapor cavities are considered, instead of spherical
ones. Condensation and evaporation are assumed to take place only at the interface.
This approach will demonstrate the physical mechanism involved with relative ease.
Furthermore, one-dimensional cavities do occur in some hydraulic systems. The
solutions presented in this paper will be useful for such cases under suitable condi-
tions.

The following symbols are used in this paper.

A(t) = acceleration of the origin = dU/dt
a = deceleration of liquid column
B = coefficient in Eq. 20
b(t) = wvariable in Eq. 28
c = specific heat
D() = displacement of interface
K = heat conductivity
L(Ty) = latent heat per unit mass
M* = 02U/ P
m, n = constants in Eq. 11
P = ¢n/K,
p(x,t) = absolute pressure of vapor
R = p/(p2T2)
r = BD/(amart)
s = variable in definition of T
T(x,t) = absolute temperature
T = g‘”e-n T dt
t = tiome
U(t) = absolute speed of interface
u(x,t) = speed of vapor relative to interface, in x-direction
x = coordinate with origin at interface
K = K[(cp)
2 = viscosity of vapor
o = density

Subscripts o, 1, 2 and ; indicate values at ¢ =0, in the liquid, in the vapor, and
at the interface, respectively.

Collapse of a Vapor Column

I. General Equations
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The first case to be considered is shown in Fig. 1. A liquid and its vapor is
in equilibrium at temperature 7o '
at time ¢ = 0. At ¢ > 0, the inter-

face moves so that the vapor moves *
with #(x, t) relative to the interface x
as shown in Fig. 1b. Under the Bl
condition that p, < g1, the velocity D

of the liquid relative to the inter- i
face is negligible. The problem is T
U
(a

to find the pressure p; at the in-
terface so that the mechanical con-

dition in the liquid can be ascer-

tained for a certain motion of the ) ' (b)
intérface, and vice versa. As p; Fig. 1. Relative Motion in the Collapse
at condensation is determined by of a Vapor Column
the temperature 7 at the interface,

it is necessary to find the temperature distribution in the fluid.

The equation of heat conduction for the liquid is

aT, 0Ty

il B, 1 D T RN

77 K1 o’ (x = O) ( 1 )
For the vapor, we have the energy equation, the equation of continuity, the
momentum equation, and the equation of state (1 7:

aT. T, 3?7, P  Ou 4 du \2

3t "¥%x T P Tom e ox 3 CzP‘z( ax )’ (x=0) (2)

2 , 00 O .
_ér 4 u dx 4 02 e | T T S P R T T T ( 3 )

ou ou 1 op 4 p 0w
A.{— at _l_u.—ax—,_ ‘02._37—-7._{;. ax2 — 0 ....................... (4)
P = RpaTo reevrrveies (5)

The thermal boundary conditions are

T, =T, = T, AL £ o= 0 evererersienieeneciinernaeninas (6)

(1) Numbers in brackets designate Reference at the end of the paper,
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T, = T, = Tu(t), at x =0 ceneees e (7)
2T, o7

K P - K, o __Lp,_,[u, at x =0  ceeeriiiniiiiiiiieen (8)

Ty and T; remain finite at x = F oo  civviireviininininnnn, ( 9)

The mechanical boundary conditions are: # = — U(#) and ou/ox =0 at x=00; p=

pi(8) and p: = ps(t) at x =0. For a given fluid, p; and p:x are known functions
of T; of the interface. Solutions of these equations are to be obtained for éases
where the changes of the dependent variables are small so that the equations can
be linearized. ( No effect of turbulence is being considered. Otherwise, some effective
values of K and x must be used ).

II. Temperature of Liquid with B=0 as a Limiting Case

It will be shown in Section IV that K,-aT:/dx is negligible compared with
K, 2T,/ 0x at x=0. Upon linearizing, Eq. 8 becomes

k2T

ey =—Loyu = LopaoU +B(Ti ~To)U +~Lopay (Ti — To) U

= LopaaU -+ BU(T: — Tyo), at x =0 R EEIIEIERNLES (10)

where f=d{ Lpsx)/dT: at To, y will be seen to be approximately 1/7, ( see Eqgs.
25 and 29), and B= 8 + Lop2y. The terms with 8 and y account for the difference
between Lpx and Lopso, and between —u and U respectively. As a limiting case,
first consider B=0. Then

T

0x

Kl = Lo {)on ............................................. (10;1)

The temperature 7:(x,?) in the liquid is to be found for the following motion of
the interface:

U(D) = ME® e (11)

where m and #» are constants (# = 0 for constant speed, and »# =1 for constant

acceleration ). We shall make use of the displacement 73(¢) of the interface:

we

4
oty = var = -2

Using the Laplace transform 7, with the conditions in Eqs. 6 and 9, we obtain
from Eq. 1
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where « is to be determined from Eq. 10a. Thus
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We shall find T.:(x, ) for three different cases with n = 0, 1/2 and 1 respectively (2 }.
(a) n=20:
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where D= Ut =mt. At the interface,
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where I)-—=3—mt”~. At the interface,
T, = Ty - 3Wr Lo '02”2 .................................... an
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(¢c) n=1:
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where D:—;—mt?. At the interface,
T, = To + 8 LeewD . (19)
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Egs. 14, 16 and 18 are plotted as the lowest curves in Figs. 2, 3 and 4. Note
that the increase of temperature in the liquid is confined mainly to a thickness of
~'5:t. The interface temperature T; is plotted as the lowest curve in Fig. 5. In
all these cases, the value of ¢; 1kt (Ti—T0)/(Lop2 D) is of the order of unity
because Lo pso D is the latent heat released (per unit cross-sectional area) which
is abserbed by a volume of the order of ~/x:f.
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Fig. 2. Temperature in Liquid for Constant Interface Speed
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Fig. 3. Temperature in Liquid for n = 0.5
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Fig. 4. Temperature in Liquid for Constant Interface Acceleration



