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Table.2 Experimental results of thermal storage utilizing aquifer

Ist 2nd 3rd 4th Sth
Cycle number (1982-1983) { (1983-1984) (1984-1985) (1985-1986) | (1986-1987)
Amount [m3] 7,600 8,000 16,800 30,300 30,200
Mean 25.0 °C 3.7 C 32.6 °C 271.4 C 21.2C
Charge temperature
Energy [GJ] 260 615 1,100 1,300 1,280
¢V 2.9) 4.2) (%) (1.9)
Amount [m3] 7,600 8,000 16,800 | 22,800 30,300 30,200
w (1.05) @20 (3.99) 3.97
Mean 18.9 C 21.5 °C |23.1C [ 22.4C 22.5 C 23.0 °C
Recovery temperature
Energy [GJ] 61 172 428 505 682 750
(¢)) (2.8) M (.20 (11.18) (12.59)
Recovery factor [%] 23 28 39 46 52 59
(¢)) (1.92) .70} @ (2.26) 2.6)
17
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HEAT TRANSFER IN THE UNI'TED STATES:
INDUSTRY / UNIVERSITY INTERFACES

B P, Incroners,

ARCYOPC

Heat Transfer Laboratory
School of Mechanical Engineering
Purdue University
W. Lafayette, Indiana, USA 47907

1. Introduction

In the post World War II era, the United States has invested heavily in research
and development and its universities have responded to government established
priorities. In the fifties and sixbies, for example, emphasis was placed on the
development of space and military technologies, while in the seventies much of the
nation’s resources were devoted to health, energy and the environment. Today,
however, the emphasis is on economic competitiveness and, more than ever,
universities are being called upon to assist U.S. industries in the research and
development process. It is clear that the university heat transfer community can, and
must, respond to this call. The subject of heat transfer permeates many important
industrial activities relating, for example, to the production and efficient use of energy,
the processing of materials, and environmental thermal control in diverse systems such

as refrigeration compartments and electronic equipmw ut.

If it is to contribute in 2 mmeaningful way to enhancing economic competitiveness,
it is becoming clear that the university heat transfer community must effect changes in
both the type of research which is performed and the manner in which it is performed.
There is clearly a need for more problem-oriented research which relates to specific

industrial technologies. Morcover, since these technologies are rarely confined to the



boundaries of a traditional discipline, there is also a nced for cross-disciplinary
research, involving collaboration between the heat transfer specialist and, for example,
specialists in the malerials processing and manufacturing sciences. However, to
maximize prospects for impacting industrial technology, collaborébive beﬂ"orts should
not be confined to university laboratories but should, instead, include 'a true

partnership between university and industrial researchers.

In this paper an assessment of universily /industry interfaces in heat transfer is
provided. The assessment rcepresents a pcrsqnal perspective on the subject and an
attempt to delineale barriers to collaboration, as well as mutual benefits. Three
examples, based on the author’s research, are provided to iudicale the variety of forms

that collaboration may take.

2. Barriers to Collaboration

A major impediment to the establishment of productive industry/university
interfaces arises when there is an absence of mutual understanding. Misunderstanding

occurs when one or both parties [ail to recognize the goals of the other party.

To varying degrees, university researchers are motivated by three major goals
which include (i) providing a valuable educational experience for graduate student
development, (ii) contributing to the repository of bhasic knowledge, and (iii)
contributing to the developmcul of new technologie: or the advancement of existing
technologies. While the first goal has always becr an integral part of university
research in the U.S., the second and third goals have been subject Lo historical swings.
In its formative years, heat transfer research was driven strongly by specific

applications in industries related to power production, materials processing, and
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environmental control. Particularly successful studies were those which contributed
new knowledge, as well as improved product or process technologies. In the sixties and
seventies, however, there was a decfinite movement away (rom research driven by
applications, and all too often token efforts were inade to justify one’s research
interests in terms of real industrial needs. Although nany contributions were made to
the science of heat transfer, much of the work involved highly idealized conditions
which had little to do with actual system behavior. Morecover, even when related to
industrial needs, research iended towards filling niches and making incremental
changes to the body of knowledge. It is fair to say that a sizeable portion of the
academic heat transfer community became adverse to taking risks and was drawn to
problems which yielded readily to solution and hence to speedy publication. However,
with emergence of the eighties and the concern for economic competitiveness, pressures

were mounting for a return to applied research drive by real cconomic needs and for

the enhancement of industrial interfaces.

The establishment of meaniugful industry /university inlerfaces depends strongly
on the mindset of the university rescarcher. 1 the researcher is resistant to
nontraditional, multi-disciplinary, and/or high risk problems it is unlikely that
effective collaboration will occur. If such collaboration is to occur, university
researchers must be more willing to confront problems which do not have well defined
boundaries, resist generalization and which have the potential to inpaclt industrial
technologies. The strength of the collaboration will be directly proportional to the
researcher’s desire to have such an impact. In the process, however, the researcher
need not abandon his inherenl drive to contribute fo the science of heat transfer.

Since practical problems which do not reveal deficicr cies in basic knowledge are rare,
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they frequently suggest excellent opportunities [or fundamental studies.

The mindset of the industrial researcher will also contribute to the success or
failure of a collaboration. The induslrial researcher should recognize that an improved
understanding of fundamentals related to a particular product or process could
substantially improve product design or process efficiency. lle should also recognize
that, because mwost university research is performed with graduate students, the
duration of a project (approximately 18 months for zn MS thesis and 36 months for a
Ph.D. thesis) may exceed the period of a typical industrial development cycle. Hence,
the current trend towards shortening the period of such cycles suggests that universily

research is better directed to satisfying medium and long term industrial needs.

Based on the [foregoing comments, it is belicved that successful
industry/university interfaces depend strongly on maintaining frequent and dynamic
communication. While university researchers have been and will continue to be
important sources of innovation, they may also be somewhat naive to the real needs
and problems of an industry. The interface should therefore begin with industry’s
presentation of the problems, preferably at the iidustrial site, and a subsequent
response by the universily researchers, preferably at the university. The response
could include a presentation ol possible solutions, special interests, and limitations or
opportunities associated with the availability ol experimental facilities, computers and
technical support stafl. Such meetings would hopefully lead Lo a selection of research
tasks which satiéfy mutual interests. Under the best possible conditions, the research
would contribute to satisfying industrial needs, elevaling the level of basic knowledrge,

and providing a quality educalional experience for graduale students.
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Once a project is initiated, periodic meetings should be conducted in which
difficulties and results are presented by the university rescarchers, and feedback, with
possible redirection, is provided by the industrial monitors. Such meetings would
reinforce the commonality of goals and enhance the prospects for achieving these
goals. In using the term commonality, it is implied that all parties benefit when the

industrial problem is solved, the rclated knowledge base is enhanced, and graduate

research and development.

Once agreement is reached on a particular research topic, potential barriers
related to funding, publication and patent rights may still exist. Althongh most
industry-related university research is funded by a particular company having a vested
interest in the research results, other funding arrangements are possible. For example,
the research may be funded by a consortium or association of companies within a
particular industry. In fields related to heat transfer, exainples would include the
Electric Power Research ]I;]Stitl)‘»e (EPRI), the Semiconductor Research Corporation
(SRC) and the American Institule of Steel and Tron (AISI). Alternatively, funding may
be provld‘ed by the U.S. govémmcut or a state government. Iﬁ funding schemes
established by state governiments, the intent is to enhance the technical base of a local
company and ronies may be provided for research at the company, as well as the

coopcerating university.

For all of the foregoing funding arrangements, it is common to grant the
university researchers complete freedom concerning publication of the results.

However, exceptions do arise when support is provided by a company and there is
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concern that competitive advantages derived from the research would be lost through
publication. In such cases, the company may request that theses based on the
research be made confidential and that open literature publication be deferred for a
certain period (typically two years) following complction of the work. The decision to
accept or rcject this request rests with the universily researcher. Within the U.S.
heat transfer community, sentiment is strongly in (avor of maintaining the right to
public dissemination of research results. Among those involved with industry-related
research, a common argument is that the research should become part of the public
domain. If the research has commercial prospects, it is likely that the company would
have to invest additional resources (usually substantially larger than those originally
committed to the university) within its own organization to develop a final product. If
the company does not accept this argument, the indur:Lry/unive‘rsiLy interface is
terminated, unless the principal investigator relenl: and agrees to defer release of

results to the public domain.

With regard to decisions involving patent rights, the company and principal
investigator are joined by a third party representing the university administration. In
most major U.S. research universities, it is the policy of the administration that all
patents rosulting from university research become property of the univors%ty,
regardless of the source of rescarch funding. Although the university may agree to
assign exclusive wanufacturing and nlarkebing rights (o Lhe corporate sponsor and the
university research team mny'slm re in royalties, it is seldom that the university would
waive its right of patenl owunership. This issu can be a major barrier to
consummation of a cooperasive venture, and 1auch to the dismay of the researchers,

cooperative arrangemenls are sometimes terminated due to failure to reach agreement.
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Apart from collaborative research efforts, another mechanism for enhancing
industry /university links is through the process of continuing education. In the U.S.
there is an extensive network of courses designed to keep practicing engineers current
with the latest developments in technology. Many of these courses are taught by
university faculty in a variety of formats, which inc.ude live lectures in university or
company sgttings, satellite transmission of lecture: from the university to multiple
industrial sites, and ASMI special courses offered at natioual imeetings. However, a
potentially valuable permutation of this interaction, which has not been exploited,
could involve short courses offered by industrial associations for university professors.
The courses could delineate the state of technology in the particular industry,

emphasizing problems and research needs. Such courses could do much to stimulate

meaningful university research on industrial problems.

3. Industry /University Collaboration: Some Case Studies

Needs for heat transfer research span a wide © nge o industrial activities. Fér
example, more compact and/or increased effectivenvss heat exchangers are needed in
many sectors of the energy production, transportation and environmental control
industries. Advanced cooling schemes are also needed to dissipate the large heat
fluxes associated with many of today’s microelectronic packages. An improved
understanding of transport phenomena in general would also benefit the numerous
industries engaged in materials production and processing. Just a few of the many
possibilities would include glass melling and forming; melal casting, which could
involve static, continuous or rapid solidification; solid shaping processes such as rolling,

extruding and machining; heat treating and quenching processes; crystal growth;

{Z3EFSE Vol. 27, No. 104 — 74—



plasma spraying; and laser welding or cutting. In many cases technologies have
developed more through practice of the art, rather than the science, of heat transfer,
and many opportunities exist for improving performance through better control of heat

transfer processes.

Within the Heat Transfer Laboratory at Purdue, research projects involving
industrial collaboration have been conducted for well over a decade. The list'of
industrial partners is éxtensive and includes companies such as Chrysler, Ford, IBM,
PPG, Alcoa and Inland Steel, as well as industry -associations such as GRI (Gas
Research Institute) and EPR] (Electric Power Research Institute). The following
paragraphs summarize key features of three projects with which the author has been
specifically ‘involved. The e¢xamples clearly show that there is no single pattern of
industry /university cooperation, but that many different arrangements are, in fact,

possible.

Electronic Clooling

This project, which has been funded by IBM, concerns the study of liquid
immersion cooling concepts for large power density (~ 100 W/em?) VLSI chips.
Emphasis has been placed on the use of dielectric liquids and cooling by single phase
forced and mixed convection, as well as by heat tramifer with phase change. A major
thrust has been to assess means of enhancing heat transfer by coupling extended
surfaces to the chips or to caps within which the chips are enclosed. One example of
the ‘conﬁgurations which have ioecn considered is shown in Fig.1. The photograﬁh
shows an‘array of 12 heatefs; (4 rows with 3 heaters per row) which can be mounted to

one wall of a cooling channel. liach heater simulates a chip and is provided with its
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own array of 16 circular pins with square fins. Experiments have been performed to
contrast thermal performance with that obtained for arrays without enhancement (no
finned pins) and with simply pins (no square fins). Related studies have considered the
use of other compact surface arrangements, such as offset strip fins, and the feasibility

of a semi-passive cooling scheme involving falling liquid films.

‘Initiation of the electronic cooling study was preceded by a 6 month dialog
between IBM and Purdue researchers. In addition to I'requenﬁ communication by
phone and mail, separate meetings were held at I’urdue and IBM, as well as at a
national conference attended by both parties. This extensive dialog was needed to
converge on research problems which were of interest to bolh parties. Ideas suggested
by Purdue were rejected, largely on the basis of their poor rclationship to IBM’s needs.
Similarly, several options suggested by IBM were rejected because of their involvement
with large systems and their tenuous relationship to the basics of heat transfer. The
option which was finally accepted was proposed by IBM (heat transfer enhancement in
liquid immersion cooling) and appealed to Purdue because of its potential to yield new
fﬁn&amental knowledge, as well as to contribute to the development of immersion
cooling technologies. Start-up was delayed by an additional two months due to
difficulties in I;ea(:hing agreement on patent rights. However, no constraints were

placed on dissemination of results in the public domain.

Execulion of the research involved significant hardware development which, in
some cases, severcly tested Purdue’s capabilities. Considerable effort was devoted to
the development of miniature heat capable of dissipating up to 100 W/cm7 and to the

fabrication of miniature fins which could be attached to a single chip. To achieve the

1E3AHZE  Vol. 27, No. 104 — 76—



project goals, it was essential that close communication be maintained between
faculty, graduate students, and skilled technicians. In fact, many of the goals could
not have been achieved without the ideas and craftsmanship contributed by the

technicians.

Execution of the work also involved periodic meetings with IBM engineers, one of
which was an annual two-day review conducted at Purdue. The first day focused on
presentations by Purdue faculty and students, while the second day focused on
rcsponses by IBM engineers, which included an overall view of current internafional
trends in computer cooling. Over a four year period, such interactions, combined with
the actual research experiences, helped to transform' the Heat Transfer Laboratory

from being a non-participant to a major leader in research on computer cooling.

While most of the research has been concerned “vith assessing the performance of
various heat transfer enhancemen!l schemes, it has '.cen possible to contribute basic
knowledge related to éingle—phase forced convection a1d forcud convection boiling from
discrete heaters, as well as to conjugate heat transfer between discrete heaters and’a
substrate. Results have been published in archival heat transfer journals, as well as in

literature intended for the electronic cooling community.

All participants have benefited from f{he project. IBM has been provided with a
large information base which can be used to rationally assess options for advanced
computer cooling technologies. Purdue has benefited from the establishment of a
strong infrastructure which will permit it to maintzin a leadership role in electronic
cooling. Finally, Purdue graduate students have henelited enormously from their

exposure to research which has combined the fund. mentiss of heat transfer with a

— 77— 1REABFZ  Vol. 27, No. 104



broad array of practical problems. . Concerns for manufacturability, as well as thermal
performance, and frequent interactions with faculty and skilled technicians on design
and manufacturing problems provided them with excellent preparation for future

participation in industrial research and development.

Macrosegregation

This research, which has been performed in zooperation with the Aluminum
Company of America, concerns the solidification of binary éubstances, such as an Al-
Cu alloy. Different solubilities in the liquid and solid phases result in preferential
rejection (or assimulation) of constituents at phase interfaces, and advection results in
the transfer of constituents bthroughoutv the two-phase mushy and single-phase liquid
regions. The net effect can be the creation of significant nonhomogeneities in the final
casting, and termed macrosegregation, it represents the principal cause of casting
defects. Such effects are shown schematically in Fig.2a, which depicts segregation
patterns observed in statically cast ingots. chyregates reler to regions of significant
constitutent enrichment, and both the cone and "V" segregates result from buoyancy
driven advection due to rejection of the heavier const tuent. The "A" segregates result

from rejection of the lighter constituent.

For many years there has been great interest in suppressing macrosegregation in
éast binary metals. It has also been recognized that reliable models of
macrosegrégation phenomena would be invaluable in suggesting control strategies.
However, by subdividing the system into separate so]id, mushy and liquid regions, past
models have employed highly restricﬁive assumptions which severely limited their

ability to predict actual behavior. To circumvent these limitalions, it was felt that a
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continuum model should be developed to couectively treat all three regions within the
framework of a single set of conservation equations. The idea for this approach was
formulated more than one year before the research was initiated at Purdue, and in
that time advantages and disadvantages were subjected to conmsiderable scrutiny in

meetings conducted at both Purdue and Alcoa.

Cooperative arrangements for this project dillered significantly from those
associated with the previous aclivity on electronic cooling. In lieu of research grants
t0 the Universily, Alcoa’s contribution consisted of rclcasing onc of ils engineers (with
payment of salary and benefits) to work on the problem as a full time Ph.D. student
at Purdue. Hence, the roles of umiversity researcher and industry monitor were
merged in a single individual. Alcoa also paid all University buition and fees and
loaned equipment needed for experiments to validate predicted results. No restrictions
were placed on publication of the results, and the question of patent rights was not an

issue.

Subsequent research yielded a computer model which predicled many important,
heretofore unpredicted, trends for macrosegregation. Omne such trend is shown in
Fig.2b, which reveals the predicled segregation pattera in a two-dimensional casting of
an NH,CI-H,O solution. This salt solution was chosen because it exhibits dendritic
solidification which is analogous to binary metals, but still permits experimental ﬂow}
visualization. With ({10 representing the mass fraction of waler, the final distribution
clearly reveals a pattern of "A" segregates. In addition to delineating
macrosegregation effects, the work has contributed to a greater understanding of the

effects of momentum, heal and species transfer in casling processes.
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Through its participation, Alcoa has benefited from possession of an algorithm
which will aid in assessing strategies for restricting macrosegregation in aluminum
alloys. It has also benefited froin the return of an eumployee whose enhanced skills will
provide important technical leadership for many years. The University has benefited
through the development of an infrastructure for performing research on solidiﬁcation
phenomena. Ideas spawned during the cooperative effort have since led to other

projects involving a team of graduate students.

Quenching of Strip Metals

This project deals with attempts to simulaty, in the laboratory, conditions
associated wiﬂ1 the quenching of strip steel on the runout table of a hot rolling mill.
With respect to viﬁception and funding, it differs substantially from the preceding
projects. Stimulus for the project olriginated with a reprcseutativé of the National
Science Founda.tion (NSF), who wished to see grealer interaction betVWeen: university
researchers and the steel induslry and who initiated an interface between Purdue
University and the Inland Steel Company. Following several visits of Purdue faculty
to Inland and a reciprocal visit of Inland engineers to Purdue, a decision was made to
focus on quenching by impingement of a laminar slot jet. Seven months after the first
interaction, a# proposal was submitted to the National Science Foundation, and
following favorable pecer review, a grant was awarded to Purdue. Although all
research was Lo be performed al Purdue, a provision of the grant was that Inland
assign an engineer to monilor tbe work and to maximize prospective benefits to ‘the
steel industry. With funding {rom NSF, patent righis were automatically granted to

Purdue and no restrictions were placed on publication.
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Because of its goal to simulate important features of quenching under mill
conditions (nucleate and film boiling on high temperature, T < 1000°C, moving,
V < 20 m/s, surfaces), the project has been one of high risk and has severely tested
the capabilities of all those involved. One objective has becu Lo obtain reliable heat
transfer data and flow visualization for stalionary sleel strips electrically heated . to
temperatures large enough to iusure a transition fro.n single phase forced convection
beneath the jet to film boiling in regions removed from the jet. Requirements include
passing up to 1500 amp through 0.5 rnm stainless. steel strips to achieve heat fluxes up
to 10° W/m?. Development of a heater module which satisfles these criteria has been
impeded by the need to measure temperature without attaching thermocouples Lo the
heater, to prevent buckling due to thermal expansion, to protect against failure at

CHF, and to maintain dry couditions beneath the healersurface.

Oue of the several mudulé designs which have boen i'llu’icatc.d and tested is
shown in Fig.3. Packaging dilliculties associafed with maintaining high current and
ﬁexible (to permit expansion and contraction)’ power delivery lines, spring loadbing (‘bo
prevent buckling), and air delivery (to exclude moisture from the interior) are
appa‘rent. In other experiments, designed to determine the effects of plate speed,
major difficulties - were associaled wilh maintalning a uniform  plate  speed,

implementing high speed data acquisition procedures, and developing methodologies

for data reduction.

The foregoing difliculties are being resolved with several anticipated benefits. In
addition to stimulaling the development of new expr - imental Lechniques, the research

is identifying the relative importance of the differcut heal (ransfer regimes and is
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providing related heat transfer correlations. Because of the related difficulties,
however, more than three years will have lapsed before the first submission of results

for publication.

The foregoing research will yield an experimental data base and correlations
which should aid in developing algorithms for controlling strip cooling on a run-out
table. It will also yield recommendations for optimiziug the installation and operation
of jet impingement systems. From the university prospective, it has afforded an array
of difficult experimental problems which have contributed greatly to graduate student

(and faculty) education.

4. Summary

This paper has provided a personal view of mechanisms for establishing
industry /university interfaces and of benefits associated with maintaining such
interfaces. Although it is difficult for universities to participate directly in industrial
product cycles, which can have durations of less th:n a year, they can still perform
experimental or theoretical studies which establish the feasibility of a technical option
or provide an information base for future devglopmenb of the option. Such studies
may also reveal fundamental features which suégest more rational design or operating
conditions. From the viewpoinl of a university researcher, an ideal collaboration is
one which contributes to technology development, enhances the base of fundamental

knowledge, and contributes to graduate student education.
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Fig.2 Macrosegregation: (a) Schematic of possible segregate patterns in a statically
cast ingot, (b) Continuum model prediction of macrosegregation pattern in an

NH,C1-H,O casting.
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Fig.3  Assembly drawing of heater module used to simulate nucleate and film boiling

in quenched strip metal products.
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Heat Transfer in Japan - Some Personal Observations
J. P. Hartnett

University of Tllinois at Chicago

My first direct contact with Japanese heat transfer came in the late 1950’s, when I had
the good fortune to meet the late Professor Takashi Sato of Kyoto University. At that time, I
was Professor of Mechanical Engineering at Minnesota, associated with the Heat Transfer
Laboratory directed by Professor E.R.G. Eckert. Professor Sato joined our group as a Visiting
Professor, remaining at Minnesota for one year. I spent many hours with Professor Sato during
that period and as result of my discussion with him I decided to visit Japan during my

sabbatical leave which was scheduled for 1960.

As it turned out I had the good fortune to receive a Guggenheim Fellowship allowing me to
spend six months as a Visiting Professor at the University of Tokyo in the Fall of 1960. I
recall vividly my arrival hy ship in Japan with my wife and five young children, ranging in
age from two to thirteen years. We were met at the dock by Professor Niichi Nishiwaki and his
young Assaociate Professor Masaru Hirata who transported us by automobile to our hotel. During
the following months Professor Nishiwaki arranged for me to visit many of the other major
universities involved in heat transfer research including the following universities: Tokyo
Institute Technology, Kyoto, Tohoku, Hokkaido, Kyushu, Nagoya, Osaka and Yokohama. On these
visits I had the good fortune to meet a number of Japanese pioneers in the field of heat
transfer and fluid mechanics, including F. Tachibana (Tokyo); Busuke Hudimoto and S. Sugawara
(Kyoto); Shiro Nukiyama, Y. Tanasawa and T. Tsubouchi (Tohoku); Kiyoshi Yamagata (Kyushu); and
Takeshi Saito (Hokkaido). I also renewed my friendship with Takashi Sato who intfoduced me to
his colleague Professor Tokuro Mizushina in the Chemical Engineering department at Kyoto. At
Kyushu I met Kaneyasu Nishikawa and Shu Hasegawa, the two young colleagues of Professor

Yamagata.
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During my visit to Hokkaido University Professor Mikio Arie spent the better part of a
week in showing me around the island, a memorable experience. During that same visit I met

some of the younger faculty including Hiroshi Taniguchi and Ryoji Ishiguro.

It was during this period that the International Journal of Heat and Mass Transfer came
into existence. Professor Takashi Sato agreed to become a member of the board of editors and
played an importanf role in establishing the journal as the preeminent publication in the
field. The Journal also acted as a catalyst in internationalizing the field of heat trahsfer,

with Japan playing a leading role in this process.

In the following years I revisited Japan in 1967 on the occasion of the Semi-
Internationai Heat Transfer Conference and in 1974 when the International Conference was held
in Tokyo. During this peridd I renewed my old friendships and made some new friends including

Professors Yasuo Mori and Y. Katto.

In the meantime Professor Sato had left the board of editors of the International Journal
of Heat and Mass Transfef, turning that task over to Professor Mizushina. In 1973, Professér
Yasuo Mori took on the responsibility as Japanese editor and remained in that position until
his recent retirement from the editorial board in 1986. Professor Itiro Tanasawa is the

current editor, with Professor Echigo as Associate Editor.-

During the early 1970’s a new journal entitled Heat Transfer - Japanese Research,
containing 'English translations of papers that were originally published in Japanese was
launchéd v;'ith Professor Tokuro Mizushina as the J aﬁanese editor. This journal served to
further strengthen the already close bonds between Japanese and U.S. researchers in the field

of heat transfer.
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In the early 1980’s, Professor Mizushina turned the editorship of Heat Transfer -
Japanese Research over to Professor Takeshi Kunitomo who served until his untimely death in
1986. The current editor is Professor Kenjiro Suzuki who continues the excellent stewardship

of this important linkage between our two communities.

Against this background I was pleased and honored to learn from Professor Ryoji Ishiguro
in the Fall of 1986 that I had been granted é fellowship by the Japanese Society for the
Promotion of Science. This fellowship allowed me to spend the months of April and May, 1987,
in Japan visiting many of same institutions that I had visited in 1960. The principal purpose
of my visit was to meet with university professors and industrial researchers to discuss the
current state of heat transfer research in Japan and the United States. A secondary purpose
was to discuss the current energy situation in Japan and the U.S.A. and to review research

trends in the United States.

On my previously mentioned 1960 visit I was greatly impressed by the quality of the heat
transfer research in Japan, which matched the best work underway in the U.S.A., Europe or the
Soviet Union. However, the quality of Japanese research in heat transfer was modest at that
time. Consequently it was possible at the conclusion of my 1960 visit to write an article

entitled "Heat Transfer Research in Japan".

On my recent visit to Japan it was obvious that the quality of the heat transfer research
remains world-class. It was equally clear that the magnitude of the heat transfer research
effort currently underway in Japan is so extensive that it is impossible to cover in a short
article.  As evidence of this growth I .can note that in many of the above institutions there
was a single chair for the field _of heat transfer in 1960, whereas today moth of these
universities have from three to five chairs devoted to the study of heat transfer. As

additional evidence it can be noted that the Japanese Society of Heat Transfer has over 1,000
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members. Over 650 members attended the 24th National Heat Transfer Conference held in

. Matsuyama in late May where over 250 papers covering the whole spectrum of heat transfer were

presented.

Against this background I will not attempt to review in any detail the ongoing heat
transfer research efforts. Rather, I will attempt to make some general observations about
trends in heat transfer research in Japan, to note some differences in the Japanese
engineering educational system as compared to the United States system and to discuss the

level of university-ihdustry interaction in Japan and the US.A..

As stated above, the quality and quantity of heat transfer research in Japan are very
high, making Japan a world-class contributor to this field. As in the United States, much of
the ongoing heat transfer research is related to the so-called energy crisis. This research
is driven by the fact that a better understanding of many of the heat transfer problems being
studied will lead to improved operation of current energy systems (i.e., lower energy use) and
contribute to the design of more advanced energy-related technologies (e.g., fluidized bed

systems, advanced nuclear plants).

Another similarity in the Japanese and American heat transfer research program is that
more and more effort is being expended on multiphase flow systems. This comcs about from the
general belief that while we do not have a complete understanding of single phase systems
(especially turbulent flow systems) nevertheless we know enough about single phase behavior
that we can design such systems sufficiently well for most engineering applications. However,
in multiphase systems we are far from that level of understanding. Since many advanced
engineering systems including nuclear power plants, fluidized bed systems and chemical
reactors involve multiphase flow, it is important to improve our basic knowledge of such

flows,

fRELIFSE  Vol. 27, No. 104 —90—



Notwithstanding the increased attention being paid to multiphase systems a substantial
effort is continuing on basic turbulence studies in single phase systems. In addition, free
convection, mixed convection and radiation (especially in solid-gaseous flow systems) are also

being investigated at a number of institutions, both in Japan and the United States.

It is not too surprising that the heat transfer research programs of Japan and the United

States have the same general profile. This of course comes about as a result of the very
close relationship between the researchers of the two countries. The early cooperative
endeavors in launching the International Journal of Heat and Mass Transfer and Heat Transfer -

Japanese Research and the superb organization of The International Conference in Tokyo in
1974 set the trend. Frequent visits by Japanese researchers to the United States, paralleled
by visits of American researchers to their Japanese counterparts are now commonplace.
Beginning in 1980, the National Science Foundation and The Japanese Society for the Promotion
of Science initiated a series of binational heat transfer seminars, the most recent of which
was held in Hawaii in the Spring of 1987. In addition Japan and the U.S. continue to
participate in The International Assembly and in The International Centre of Heat and Mass
Transfer in Yugoslavia. All of these interactions keep Japanese and American researchers
working on those problems which are considered to be the most important by international heat

transfer community.

While the general trends in heat transfer research are the same in Japan and the US.A.,,
there are major differences in the way in which the research is carried out in the two
countries. This results from differences in the structure and tradition of Japanese and
American universities. Some of these differences are:

(1a) Japanese universities operate with a "chair" system, with each chair including a
full professor, assistant or associate professor and 2 research associates,
generally Ph.D’s. (There is some latitude in the staffing since it is possible to
substitute a machinist or technician, or in some cases a secretary, for a research

associate). Additionally each chair receives approximately 4 million yen per year,
approximately $30,000 at the 1987 exchange rate, for operating expenses.
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(1b)

(22)

(2b)

(3a)

(3b)

American universities are built around academic departments which may have as few as
ten or as many as one hundred faculty members. The department is administered by a
department head appointed by the dean of the college with the approval of the upper
administration of the university. Generally the department head serves for a

- substantial number of years. The operating budget, which is handled at the

departmental level, includes salaries for the departmental faculty and supporting
staff including teaching assistants, secretaries and technicians. It also provides
funds for such operating expenses as telephones, xeroxing, publications and travel.
In some instances the department head may consult a faculty advisory committee on
the expenditure of such funds. In general the departmental operating budget
contains little or no funding for research equipment or research activities.

In the Japanese university system the assistant or associate professor (selected by
the professor with the approval of his professor colleagues) generally succeeds to
the chair on retirement of the full professors.

The system leads to considerable inbreeding since the ranking professor tends to
select his assistant/associate professor from graduates of his own institution.

Generally the total number of academic positions in an engineering department in the
United States is fixed by the number of engineering students (undergraduate and
graduate) in the program. Academic positions include professors, associate
professors and assistant professors and there is no one-to-one relationship between
these categories (i.e., an assistant or associate professor is not formally

connected with a full professor). The promotion of an associate professor to full
professor or an assistant professor to an associate professor is determined by
performance as judged by a senior review committee and is not dependent on the
retirement of a full professor. Consequently, there is no pressure on the senior
faculty to retire early, and as a result many professors stay on beyond the age of

70 although they can elect to retire with full benefits at age 65.

With a few notable‘exceptions such as MLL'T. and California Institute of Technology,
American universities do not retain their own PhD’s for their faculty; rather they
seek faculty members who are graduates of doctoral programs of other universities.

Engineering departments in Japan generally involve no more than 5 or 6 chairs. The
small size of a department generally means that there are several mechanical
engineering departments, each having the same curriculum. In each department the
headship rotates on an annual basis among the five or six full professors. It is

the responsibility of the department head to find positions for all graduates from

his department. In order to carry out this responsibility he must meet with

hundreds of industrial representatives. The relatively small size of the

departments makes it possible for the faculty to know their students allowing the
matching of the individual students with the most appropriate company.

Furthermore, this system means that every 5 or 6 years a full professor in his turn
as department head meets hundreds of industrial representatives. This contact
allows the academic staff to become familiar with the current problems facing
industry.

At most American universities the department headship is not rotated among senior
facuity, but rather the department head serves on a continuing basis at the pleasure
of the dean. Furthermore, engineering faculty members in the United States are not
involved in the job placement of undergraduate engineering students. Rather this is



handled by a general university office which deals with all university graduates.
Consequently, the size of the engineering department in the U.S. is not limited by
this consideration.

(4a) Many of these Japanese universities I visited have a central campus involving
undergraduate and graduate students and one or more research institutes, such as the
Institute of Industrial Science at the University of Tokyo or the Institute of
Advanced Materials Studies at Kyushu University. These research institutes are
located away from the main university campus.

At the main university campuses I found few examples of special research activities
sponsored by industry or by government agencies (other than the ministry of
Education, Science and Culture which is responsible for funding higher education in
Japan). There is no apparent financial incentive to carry out sponsored research
since the faculty involved do not receive any additional income. Furthermore, since
Japanese professors generally do not provide financial support of master’s and
doctor’s student, the availability of sponsored research does not increase the
number of graduate students available to a professor.

At some of the university-connected research institutes the work may be more applied
but even here the major support comes from the Ministry of Education, Science and
Culture. The "chair" system also prevails in the research institutes, and there

appears to be some difficulty in attracting graduate students. Again there does not
appear to be any financial incentive to carrying out industrially sponsored

research. :

(4b) American university professors who receive sponsored research support from a
government agency or from industry can generally attract good graduate students
because such students receive full tuition plus a stipend for carrying out the
research. Furthermore a faculty member with such outside financial support can
receive two to three months summer salary since the normal academic contract in the
United States is for 9 months service. Thus there are substantial benefits of
sponsored research, both direct and indirect, to an American faculty member.

(52) It is illegal for a Japanese professor associated with a national university to
consult for a Japanese industry and to receive compensation for such consultation.
While some informal consultation does occur it is certainly not encouraged by the
current government regulations. Furthermore Japanese professors are prohibited from
becoming entrepreneurs and establishing their own companies.

(5b) American university professors are encouraged to engage in consulting for industry
and to receive compensation for such activity. Furthermore they are also encouraged
to become entrepreneurs, even to the point of establishing their own companies.
There are some constraints to ensure the integrity of the university system and
minimize the possibility of conflicts of interest. '

Against this background I came away from my 1987 visit with several new impressions of
the Japanese engineering educational system. First of all I was surprised to find that all

senior and graduate engineering students carried out an experimental program requiring the

actual fabrication of experimental equipment. This comes about because there are relatively
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few machinists or technicians available in Japanese universities. As a result Japanese
engineering students have much more "hands-on" experience in working with materials than do
American students. One of the outcomes of this situation is that the quality of experimental
facilities in Japanese universities is not uniform, reflecting the difference in the skills of

the students.

Another difference in the two systems involves the financial support of graduate students
seeking the M.S. and Ph.D degrees. In contrast with his counterpart in the American
university who receives both tuition and a monthly stipend, the majority of Japanese graduate
students pay tuition (although there are some government loans for tuition) and receive no

stipend.

In recent years there appears to have been a decrease in the number of Japanese doctoral
students and an increase in the number of foreign graduate students, particularly from the
Peoples Republic of China, Korea and Taiwan. This same trend is apparent in the US.A.,
namely a decrease in the number of American graduate students accompanied by an increase in

foreign student enrollment.

Finally, the most surprising finding was that there was not a close working relationship
between Japancsc industry and the university engineering faculty. Our perception in the
United States is that there is considerable interaction and close collaboration between
industrial organizations and engineering faculty. This is often cited as a major factor
contributing to the international economic success of Japan. Acting on this perception,
American colleges of engineering have been developing much closer working relations with
industry. This trend is being urged by state and federal research agencies including the

National Science Foundation and the U.S. Department of Energy.
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Many Japanese engineering professors are aware of this trend in the United States and
opinion is clearly divided on the advantages and disadvantages of bringing the Japanese
university and industrial communities into closer collaboration. Only time will tell whether
the current U.S. move to encourage university-industry interaction accelerates technology
transfer, improves the national economy and contributes to strengthening the academic

programs.
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TR AT 3 RBOBNOEEL B BERDVTHEATH L. ThoOHEMIT
B2 ZEREE I (Two fluid model) OFEIE. HERER. EPHEN. BLUTILEK
WEREEAERE WU T 2ESO>CAFEETH 2O T BROKILAR 4 PR, #HE. £/ R
B AN, RS HRZEA 35 MEICLHET S GEIE LEEOAMORXER) « Zhbof
TEETXZ 0D, HEOH THEFRICHZ VORIV THLLZRAE 1 7HE Ry EWATE
RO LV HRABOKIE 2 DBV, UkP > THRROEMRAOREGS LD, I4&
HEHREXBEEUIT 3RO, AEDPOMFRXBIETH 5. Zh & OBEARIEEIROEM
R UTHEBRRE KT TN %,

WO % B0 THRIE U XD . SdEMRARSHNOSE ML ABRORRKOS &%
EZTHEE. EMBRORBESAO-EREN. EHEN (FEOBFER LY L2 LFRET
EER3) BHEKODOLEMTS > T FBRRTLIN. ThOAREI>TESFAshER
HWHBEFEEG. « G WU THEOETSURESs Q. (§BRESEBHOEIEE v, -
ugﬁ*i@ﬁﬂ%ﬁu?NTb#éltmm%o)?&b%%ﬁﬁﬁﬁmbﬁu$MﬁUmmo
FITHEEBEHEREOM. BLURBREOT AT OBIWRIN ENR) PShgEE2 s, &BE
DilEIu. ug DEQOHRSTHREOEILHHERT S (HRREORSGIHREX L HHRYT
3) ho. v OBBRRILE S HPORRI L > TRORFWERSEBROTHSS. & UHEPBER
BERTHLEHHAUIONBL T LEHTHY . BEPOOEHORVLHUVE (R LAY
A4 M) OBFRR. RERHEOBRK. REHEORBAOENERE (FRYY ay) oRFEX
REBDLEE RS,

ZD&D TR OHRSRF OB L. HECERCIh L B R TR (B
DFEEUTVS) OBBRD S RZREORXNOHEAADLERII a2 -V WX VLI EDBLER
REDITH S, TTTHEHAELOF I 2w I & UTERREBRROBEGUHMBERSTH
25
3. 4 REIHEFEOMROYALRDI E

X AMARERNEHAUIT AWMU C FIVVEESOENIA T & Stopological law &
7zl topological equationlZ DV THBEIHENUTE T . COMRIIRACBoure’ itk ->T19
7 SEREEIhEBDOTH BB, SHOEI F BV Thelhage H”Foundation of time-vary
ing two-phase flow formulation” THaD THHRRMH LU TV AEDT. FOHOI K —B%5|H
UTHEYT 5. B EHlictopological & =D FERBE O TLAARAMZE. ALV DORUGRE
%ﬁ&t?%&ﬁmﬁi&ﬁﬁb‘it&@ﬁ%@t?U)Vﬁﬂm%%%w%ﬁ%ﬁﬁ%ﬁbﬂ
BRSO THIM, LHORXERATRRERBV o RIRETH S, & REWIIROHE
BRRKOHRLROR. BRKDEDR—I VT RDPUBLULVATERVDEDETH > DT,
USERET XD > R OLEERPSRVIEEROUVTVIRETOS 5.

S THLHEHERGIE UTH 1 Ok D K EHBPOHEILDRWERERZEX TH S GiesHE
OEEN R T U TREEE Uy , e 20T HEFER. EHEXUFAO & > K
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1, 2HUTK (1) ~ (4) TRINh %,

Poon + 2, (i =0 (D

"SBT(heDe) +*a%(h202:2)‘=0 (2)
'é&t‘(fhpxu_;)'*'ga;(fhlhm'*éx (h1;)=p1i’a§; (3)
”éa{ (hppauz) + 5&)( (hzpauz?) + éa; (hape) = Pa _951'_1; 4
FRRBAE BT S EHEN
P1i = Pai & py (5)

TH3, CZTH, p1 BEUp. BHAOEET 3L, SEOKEEK D, Uy, Us, D1 BIY
P2 ~ BLUSEOBMEDER U?, U2BLUp: WHUTHEROKI4EDATH B, &
TU 28 U2 DI EEAAD I 1 TRV I 1 & UTH EOAERREMURL
DC. TNERLEHIZDBD D —oDRMHER (supplementary equation) MOETH L. b UKIK
1OBEp, BHEE2D 0, AVKREVIFE (K1 DHE) REFNEIRETH S, #iT o>
01 DBEREHNITRERIIT TH %, &23BR N
(1) ~ (4) ORH B OFMETETI RV, Uk va
BoTIDT ERFTR. T72H 5D ORKOLIER ﬁ:227432;9= 77
RRDWTOEHE S A ZABLETH 5, T TYH z

fy@El (physical intuition) W2& - CHED LT AH P

DENA I EKSTEIRRTEE N B DO EIRET

%,

51

1
pP1 = P +7D1gh1 (6> P2 = P “";—'nghe 7

ZOR (B) , (7) PORAPMILYT 3.

p: = pi "“é"g (pr1hi+p2h2) (8)

Z @38 (8) Htopological low (topotogical cquation) T3 %,

ZOR (8) OERYUR Y AHOBRFFATIEEEN (transversal local instantaneous
momentum equations) MBHRE BHDTH S M. LIBOEMK (1) ~ (4) 0BT Uy, u.,
D1, PoDEIREHEBITHNTVEDT. ThIHIET % y AEDE LS h 2 E8E D (
9), (10) »3idp: &p. OMREHTIRVDTH %,

"éag <h1mm+5%(h101U1V1)+h1mg=—pa+pw (9
é&’; (hepzv—?_)+5a;(h202U2V2)+h2028=_Pi+p2u (10)
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DE@zEpabhind kSitopological equationidfEEREYZR (a priori) REXKVED OGNS
HDOBRDTH 3. FhDelhaye k% & Topological equationld. (1) HEAZFUIESL
DHRLERABRTHO. $h (2) ERABRAOEIHLOBETEDh IFREBFEAT S (re
introduce) k@@ﬂ?&%Jtiiéhf“%oﬁﬁb%nv4t£5§ﬁf%mR@Ukﬁﬁ
3. FHEOY 4k TEHOFFBEBEL OO SIEF) (HEIHEFOE 2 BXOHO) LR
¥ 3% &topological EEDLETHMERLSHOP BRI BRADT 5,

Eiimbelhaye DB TLHH B & 3 WHERBREEFICBL TE X bISRIYRFED toro
logical low BRETH 355 REOD - & FHER _ANROREREAW T 2 BTIEIHEMRN.
topological HEROIERIIEFERHE L W EBb P S. LBlelhaye . ZHF ORI OHE
BRIAIER W A AR (highly chaotic) THBLm> TV 3. HEK. HAUMFRHENRD
OLUTIMYH->TETHEY. RESDHOKE. NELSBTHAESUTWANA AR
HEOHBHTHTL3DQEFE>TVRP2EDOTHEM. SRUECDLINRMARDHTL 5D
DE&BEbh3,

4. [EAROMRBTCE AR E

UENE TIOR3 F—DT =32 lb—yaYEeFY Yy By 2RFLELU T
RPREORATHEB. Thd0bDERME. FATLIMZAOZELOPTHRERLR>TH R
EREBEE EIBREDNUR. FhEAOTBR _HEOWEROBRRLSOHR T —DRTRHEE
THS>TWEODPEROBRONETH 3. TR OV THHRIENSZ &EIZT %,

1 98 BER MM THROWIE E SHOBE ] HiFe IFHEEERT LY ERS BT
1 BV THRER GRRKYE) paik@EIhl, 2hiZ U TR MT/AFEOmzeSR WEE 55,
[SHORE) RERBAEBRVE LT, MEEZHARTRSE EEBENORRE) oV TiEx
R ENB B, CORROPLERT DO T HFEIFZE L RERINOMERIZ TH Y. Rl
ERER LY. BEN [ ARRIARBRREOME . TR CARORRWHRRYT—<1 . T
BREETIFOBHMMGE B oD TH3. ORI & D ZHROEBIFHZOFROREEH
FAoPlEhTV3EEdll. ZOEBPIEE RABROR A I, FFFOREED R ORRHIY2H
BELHE MR I TVS., FRIL VN EEBAROORBYPBRUIATVS, OFMICD
T TTAHGHIZENL 3 21 (B2 Bl R A3k S, 1986) WLNHSEHEINT
VEOT. BEKOS 3 HEBBIAL,

XT. COXRDEREMT ISEEORBYHRRLF—71 BRAL TV L. HOD SR
ﬁ%@@ﬂﬁﬁmUtﬁvf%to%ndﬁ%aéﬁl0E§¥$?4&%Qﬁﬁ?%ltﬁfg
Fo TOMEO—EBIIE2WRT &3 TH5B. % 1L ARTRNEE T W RBIITS 0. HE
BERAONE. R4 FBOERRMHFTR (correlation)  ESEEKDcorrelation REDARFHOE
WHRENKD BN TR ZHET N COLEDH ¢ ORBOBEE CES & > R#HEEOE
BEF— I DEDOINIBETH o k. ROBILIEIZ h o OHE R & hOEREHRIE S
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B2 “HEOHSEREOSE
A HEEE MRRBOBRBOME [ RS
1948 BN ONE. KA VR WAy
1 2 TR OERY - BOEROWR | ENRBRKRY HBEETIL. BRETTN
19589 (RBRIEOH KRAGIEE)
1960 BHERDEROEEOHR ZEEEFN
i 2 ZHREOKIEE - UEROYR | BREROKY. WRERYE | FYTFIIVIRETL
1970 (RRIEOEBI & 3 BE)
1971 SRR OBRKHE. . EWHERXOMIADMHE D
it ¢ TGOS ORI | WRORE. Eh8.
1979 BIEHEOFEL L B) ERHER
1980 ' SHROWENSOSME | BRAEROERIL
% 2 THRORRN (BOABEXE | HSoREEe
®ER) oERIt THFRERKOTRIL
(EFYITE
I*—3ab—=vay)

THETIEMTH Y. ERARCE [ HOFSEHEDOZ O ED & BITHEE OWERITH R
BEORR-oRBRETH S, HBIIALARY T 4L A, LD VEHIEREOREZ L V. Z4BFHED
HAEEOMENEA L2 o REHITH 5. T QR TRTHRRSOEMSER OBEAN IR
DRI FAEEROIshii OZEBOHESRS W) o TTETERRE > TEBRERE
BREOMHEERBERLEOTHY. TRCOLIRHHTE 197 7THEHEREIITo R, 2
DALV BHLROXZAAFEHROROBEMEFNTIZENMTETVRDOTH S, — D
HUTHR DY 32 & OMEERRNEERBROFKh & UTE 52T ROPHEHMIFi
BUREZZELHY. TRFEOHNRETBFEC DV T ZOMNE ST RATGECI B ECH
%, BRABELINMHOATRIHEELRVIIT TH S, FITR2FB > TRIVIIOIETH 5 0.
HIRDKEE (1 98 64F) OREROBALUBYIRBHE DI B ERNTERP o k. 2D L
Wk ISEOHM] OHBRFINTERPoRILBEKLTWS, T TEIVIRK I
HRMFEEZOZRL) OFHERFTF TEV 2. RUDPRZOUMIERRER. ERERED
ZAREOR K OBIERR LIS ZARREERE (Y —EY. AO—-RIy -, 0—¥ Y —RER
B OMRE. KYTHOZHREOMR. EHEOWLE. ZARRORMBE oM. ERAEROE
AALDOIER EMENE NS TN - LRI TS o 2. BRERBEOMEEL LT T
2L &KV HHOBHRDOBS S 2WTTH B ThISEOEIF—REBMU TRV YR -
fe TZARGOEHARAOERL. SRR OHalt) OBBEZIHETH S, d30iEch%
FEFY2Tedr—al—YayORIEOER) ERATHL LI DD URARYL (202 &/
RFERXEOHHATOMRORBTH S) o COEDCIAIELTDE I T BV TSN RN S
PRTHSTRILR> TVRBIVIIONHEHE T S EMTET. APARBNT XV L&D
RBRUTV A, ZOLIRHEH SHEOHSOWROMES Y. SROWEROSH. PHELER
TYEREHMERBTEREL X DI TH S, 22 TIRAOARILERRVY, FEHRICZD
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SEEEDTVRET 328, ThR2SROMRLED OGNS LTOBBR U TWRETHILE
WTH %

5. ZHFEPOENB OIS DOV TOMIK
5. 1 _EMPOEERE (R Y 3H DR
ZOEIF—RBWTHAILBEHBEHR & ER T Water hammer phenomena in one-component
tuo-phase flows” DXL L k. FONBRAROEEROTHHORRREU LB LT 30k
BIE% (HREY) vRbbENLERE. ENOBEEILS KUE/TROEERMECETSZDOT
0. SEORREFOBEBITCL VROE THERDLDDTH . ThiZLVERFRK
BRI RBERTFORELERENCHLIIRIZZEBTERL. COEBALFEFOLIRHFTOMLL
HiERSTOFH UK BLAZEREMERU OGNS /1B BEESN,. WABIOHEEAVE
BhE. BEETO7EHNORB_MROTFRRFOWARED LT, OB TUI OFHFENIE
UTEHEEB oo THD. TITEITHROBBRMBICHBL LD,
COREAEHRF—TE UTHY EF BEIROL S TH > 2o FRIIRIF T50FA1 ORI
WRHEL T, FORAMBATHRIFOFIEABFR L ZESICEOWMZEN 1 9 7 5EL4RIITHNh
TV, FOMFRED—ADH DS EHREEAPOENICERRE L EREFTER RN T, #
a2 RDENEZENH . RTFOEIHIETOMEMIDOEIE —I OIRFOYHE)
HEARRDLOERLT. FOEEEL. 20 NEREEBAEKENCEVWEFERTHAOT. *
OHFR DV TOYEHRZZATVRVI EBEI2ETHo k. RITOEERY a vy 2K
U Tshock phenomena OWFFERMEDR EDER S, ZHHROEERHARZICEU T, & IRdMHERME
B IEeho AR BOTHIBNE uwE RS FReDTTHIFAR L >TEU 3&KENL
FEEVWL a» 2] OFEBhIhIL. LilOREBTOREOCENBEU LI EIRY . FESN
ISEBHERRDIDELRVILT TH S, L3 TIOMREREDR1976ELRIIECDLD
REELRHEOLZIHONTRP SR U, FhIOTTIARFLRINTVRR>EDOTH S, 2
TRY18mMOFA }EORREER REFU TER-IKROXEFIT MR REHE UL, (R
BRI I AEFOK — BEFI R RR T RO B~ AR T 3R B LET H 505, MRENED SR
OTREE A TER~ KR THEEME U o UL UKL > THB L Z ORS ZAHROMER
ERDPOWREED LI EEHZOEBOLD S UEMTH ok, ) CORREWITUTITo 1M
B EHRERCLAMAD S, BAENLERMBAP.c=Crorpunp TRIRZZEBHOMNY.
TRRBEE BT BBREAZ. TTTore, Urpl@TNENTIHFHOFIIEE. FHIHEE
TH Y. Crpld ZHHRPOERIEEENBHOEEEE (FHBHEOEE) Tdb. COREIHRE
g BE. APps=Crppe UgoERB. T DINIIKBAEROKRENLEREAP =29 pg
ugo®DJoukowsky EMETH 3, 27U ag WKHOFHE (MMRIEOENHROEEERE) Td
ZQRIU T ZHEFEOBE W ERIBEENBEOEEEEC» TH R ADBER>TVWEDHTH
%o
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TROWROE—BRBIDOVT. BIERE UTEABEBIEEEEE X 3 /20 £l5EN (
BEREER. FHER. HR) ORERERDE. ZhEDVTHEFYERTT L. BLUZ
FEEF LR DWTOFBIEOLED & EIINEEE 2R % e DIGERE 7 LV OEE T+
DOBEBLG>NBZZERPSMICUR. ERERCERABIL > THETNEEIEH 5 ORE
TRHH>NBZE. BIURROPENBREFRICT 5 EBEKI I ERPoPI LR, KL
OWFRC & > TS ZAEROHER S O/IER EH L 2NV FOENREHE 3 HEHMEE U
TRARHE S PRT B EHTE .

I SZDOLOCADRIE T LB bl — B SR C % o T EAIZEIRICHE D 8. BHEREBED
30T, FYRRL LRONENEROH S RS K UNEBBIRES RONEE @703k
FHEEGHED) WEEIh S, MARHBUTHIAEHIIR > T kEREFNAOO—T—
VA L SMBEEBE R BRI K V0 AR (R-113) ORBRKER DO HIENTE
BEDWRST. HHOESHEMBEUTI OB 1FU» OV o ERREMIGT I EWTRL, &
DU T ZHS ZHE DO TORREROYENRRE BIEHEORRP S > OT. &
O—RH ~HEOBER RO EHSER T — ¥ ORIR M BRE TS VAR R ED ST &
WTER, FRENFEORERCE L THLERHRE () OREROBELRFEDHT. RER
HE E—HIAERERXZIEYTER, ThIZL > THROBKERITOEE. FRb5—H5
ZHROFERHSZOFIEOMIURERT B EBTE R,

EZATHLOBIEHEL L > TNFI A= F—NA 21T, BEFORERIS Z &IEHKS
W TH5H. &UEBEHCHERRT RODIOILY BTRBEE VY. X THROE LR
EUTSHOBERITRITI CERUROYTH B, ThiZDW» TORMERERBHFHHR L
iR h. EFISERMHECME T AIFEITR. BEVIETEIE. HEWE. FHHMTEORS F 5
Hi7g E O A OFEERHSPILT BT EBHR T, ENNEREORELY. Gty Rk ERi5
ZENTE R, EREHZO L S RERIKIELEIEORHESETRT (MRRENEENRET S
HD) TEUBRRRNBTE LB, Pin. TOBARRES 5. ULHUIOBEITFERICBVTaw
(CARBEHOEE) k Cro CERFNEGBEE) 2B X D2 TERTERE Uk b0 BRER
EOHBR LY, COMTERIIBATHS I ERHRELTVW S,

DEOWEBBEFOT 4+ BV T 4 —DOVTE. 1 98 7TEHENT A THIEThLHXBILY
SR THEA, BIREEOBIEEIC L S invited paper “Development of research on water hammer
aphenomena in itwo-phase flow —— -Progress in our resrarch unit at Kobe University” (
BHBECER) KHFEHERTHIOTRKDSSHEEZ R IRV, LD & D RHFROR
BRIEIZATAOEUTVEZERIRO LS TH S miED2YE 2~k S EBMOHEL
& o0 HH. LEHMER2LIET A0, DI NWITZTOEWAOREREZRD S EDHD
SHEU. SFEEREBHAE. ThEZ0EEEHALT. ThTEHLVET S LI RTINS 5.
BAW k> CHFEERPYBIHI L UTHFELU TR ENH>Td. FhIZATO TN
ZEBHB. FTOEIBRBFOT T2 dhERIERIERE ATV B LR PR,
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BHTOFEE UCEBD THIBRd D (FIXIE LED APes=Crp o U RHDSHLHRIE)
DGEFBCEHERBEHUELT3D0. 55 VUEERE BERTEROEERTERESL
DFHEYBS B, BHUSUTEN S BHVAT B L BRETH S S, Hil. THOMME T
BEELMETCSHEDERYNTIZ &, BN TUEThEHT MBS 2B RRLBEZEDENTS
=T FEEEBENTERVET TS 3,

5. 2 THETOHEPRIOERILOIE (Bouré OMMTOEN)

FIHID & 5 @RA W A OENEHROBRER > TV RO TH B K, SHDEIF 1B
WTERREERRIT 2RI -7 RITRAQERSL 2 f2o ZThidBouré &k ZMBER Propert
‘ies and modeling of kinematic and pressure waves in two phase flows”lck BMTHY. Zh
ZOVTOMEREA LMD T & BB B, |

FTZORNOBRIMOMIRD LS ZHEPR TV B, T—RITZAAFREF L TIRAED OSEH
—BEHITEN (B ¢ SR x R UERE 75) CMEIMORBABRAPOBREN TV A,
nfAO—FERESGFEA L AEIORYAEROHEAT Tt — x BLT n AR ITES 3,
U F2 38 T—#12 n HORRIES (propagation phenomena) MH 3. Flxif Vb v 2 BT
»(Sﬁﬁﬂ%?w)Tﬁ6@@ﬂ%ﬁﬁﬁﬁ%ﬁﬁ&%@?S@@E%ﬁﬁﬁ@%df?&%Jo
AIRTFRHRE UV TEIIFEDARFE U TW2OT. TOXRHRAT. EHRIEZAHEERORS F
B HER. FUT FERESOFRBHFKLOFO—2E UTHKTIRIFES ZENTEBEED
FRLHH TERADEhize T2 BBoure’ I ZHIFEOERKORD S ERHE OBIH - Bt 2 ia
ULS3EUTOVEDTHY. —ABRRUEENBEOERBERELU TEOERBHEZLLOIEUTSH
v WEOHEDEDH B TS S DTH Fo

ETBoure MWL K B ZMHFETT L OB E W (waves) B 5 WIHRIFIHZ (propagation ph
enomena, transport) OREMELFHEDBERKIIWRT . REVZORIFRALLH LD TR
< ERDLBEPDHNBOY, HEOEELEPSHRBERLUAEDDTH B EEBIEDVILT
Bo THMETIIEROSBIHCKANEN S ¢ (1) ZMHEEERIEEREY (FRiELIEEHEM) |
WA OB ERIXMR WV EF ZKinematic models. (I) —HEEEOELEE. WAL EXL
EZEU. BB EEMED S S & T BMechanical models. (1) “ABFAOELENE. WARNOLEH
%8 K UBEYIETH 2 EW T S Thermomechanical models. ¥ 3IZZh & DAL & 0 LT L
FHRE>TLANL. 0. 1. 28D BRTVS, U TRIOTEEREDDRO—FIL
ENREFNER>TWVS, FlxidKinematic models® L ANILOWERIERID Y v TORVED K
LNLVOEFEEHETLTEH Y. LNLVIRAY Y TREEUR (AY v T o hOFOER
KTEAGNE) VHWAERNYTIISYIREFLTHY. EBWRLNL2WKRA FRRFLT
WREON (1 1) DLH7atopological law BV Scomplete kinematic model TH %, F faMe
chanical models ML NIV 1. 2 ENELHFHOININBEVVERET 210 L. HHEMICES
ZEBBI ZEFNLTHS. ¥ 3DThermo-mechanical models® LWL 1, 2WFHFh— 2D
O H OFHIFEFE 2 B E. HHORNIEVEHREBURETFLTH S, Then7EO/IMEDE
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EFNKESRLH | LN | BF VNI O LT % HOMEME S
tiomogeneous models JEREE 2L ﬁb‘i?ﬁ}(ﬁ?ﬁlﬂﬁ L EERRA
0 Degenerate kinematic\| mass transfer : izl IEJ1# )} (Degenerate waves)
modeis AV9T LRRU KA PR EEYOFE CEIB
dispersion. damping 22U
Kinematic
wodels Drift flux models EEE D 2y 2f&Ddegenerate vaves
1 Degenerate kinematic\ | mass transfer : 72l GEE. FUT M BEMHES
models AYVT LG RIS 3) :
KAFRIFYT M EHDE
%93
dispersion. damping 22U
JEREHE - 2L A4 F# ] dispersion.
2 | Complete kinematic mass transfer : 22U FU7 l*&} damping $ 9.
rodels KA FBDtopological E$a3502 5 (0
law 203 K793
Generalized drift JEfEtE © HY JES88 } dispersiond Y.
1 flux models mass transfer : SE#iiARE AL F$ ) damping IV
Equal pressure EHOEHATZEL L
Mechanical (nechanical models)
models
HRE: BY E118 } dispersion.
2 Complete mechanical mass transfer KA FR{ damping 39
models WHHOE 1R EE THAOENZOEIOR
EEBDinteraction 2EE dispersion. damping %9
Compiete mechanical model | Complete mechanical model
1 Thermo-mechanical ER—RtE. BLU D BLY
wodels (level one) —Ti DO IET 4B IV P OERETEET 3
Thermo- E:1i74 ERL
mechanical
wmodels Complete mechanical model | Complete mechanical model
2 | Thermo-mechanical EE—&H. BLU D BLY
wodels (level two) MHOMIIET A L@ ZHOLY FOEH I KO
NGRS, dispersion.
damping %2 L

N3 EFNOMALHOEBAL HHE
(Bouré OBRBILH ETVTERPEZOLDINERLKTHS
DT WHOHHEERE DDV TUTRETH 03NS
CEL Vg (B AR

FURFLUT. FhELAED O—BREIFTEAL Eh S RHU I 2 LOOEBAB XUKS
F B x3 S topological law WED BN B, FLTCIhHDAFERNOP &I K > TH (vaves)
DEEZOHEOFHUBTEZDOTH 5. HlxifKinematic models®LNIL O TRHEARNS 3
HOENS B ENHHY. ZOHO 2 HWEFEEHRELNIHTSH > T TN SEERAOFEL R
%9 Zdegenerate wavesTH 0 D 1 IR A FHETH > T ThUTHFOTFIFE ($EFH
HETFLCHID5) THEEBT 28 (vaves) THRZERNFRCEXIZIOTH%. UTORET

LB ZHOBEEMEIIRIRRINTV S GREFEHKET 3)

FEROL D RHEROEED > HOBIEE 39T 30, EX b TORE HOBHRIHAR
XNTORV, REHROMEYE U TEREE. BRE (K& BiUdispersion (FEIE) 25k
RBNTW S Hlz L Thermo-mechanical modeis® LvXJL 2 DFITEHH . K4 V. EHOESN
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ZH0%. BLUBHOIY  QEHOIFEEEL ZDdanping. dispersion¥FEBRIh TV 3,
X T2 & CBourd I & %44 F&EdDtopological law (void fraction topological law) &
DEIRBDTHEMRRUTEL S, ChIRATERXN S,

2u 2u 2a 2a B8 28 _,
ﬁlat+ﬁeax+ﬁsat+Bnax+ﬁsat+ﬁsax—f8 (11)

ZZTUlZHEOEERE u=au.+ (1 —a) ug « aldRAFE. SWBFYTII3597
A, fRERRAEZEUVLFEN BT S 60ETH S, B1~Bsldu. a. BRUSOBKTSH %,
Z Dtopotogical law WED & > RYEHIFREF> TV EDUIARDLLERUTOARY (Shiz
B9 %5198 THEDEMRXEAFUTORY) B, ROEHLSRoh B & Dhix v FEmEslic
KV BN RBDDEITH B, TDtopological lav WDV TEALREL DWW TZMHD
HEHENCHT 28— AFOPHEFRIH R AN > 2B, BKD F BRESHHITERTY
BMOEDECH220TC. HEBTHROMS RV EDELRABRVER >TWS, 22T C
ZAEGOERGRACEU T DL REBRBICS SR> T0REGTRITLVEES.,
J2BBoure KiIH-T 197 14 Bergles. Tongd & & 2 ZHFEOEHBOTREHR DML
TV BERILERZOLEAOBRELPRIC U TV S EOS IR ORELETEOHIHRE
ok LD TARERPOMERITo TV ROT. ZOME L > TENEWEEFEE LT
DBouré KEH > TWDTH 3. SEILRBLEMBAL IR >k ZFEFHHDwave phenomena
(zHHE) OABHRODVTOEVVHERILIKERUT. ZOBFHNEROU DLV ELTVE
BTN ARBDLER o, MBS TS . 1 0ZHEFHOFHFEHZOWRIIBLT.
—A A FEELORWIGE — R AFENRE) « & RS 2R GEEltRESBE -7
FHFEREBNFHER) SWARU T, GRAZKOLEKGEL R THY. AEMCLERRHHER
UTWRZEWRRBDTIDBureé L&k 3AEADICD &< propagation phenomena DRI (
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