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The History of Multiphase Computational Fluid Dynamics†
1. Introduction
This paper is my personal recollection tracing the most signal
events in the history of the initiation, development, and
propagation phases of multiphase computational fluid dynamics
(CFD) which started in 1970. There are overlaps in the
transitions from one phase to another. I define the initiation
phase as beginning with Charles W. (Chuck) Solbrig in 1970
and ending roughly in 1975-1977 with the dissolution of the
original SLOOP (seriated loop) code group. The development
phase extends from 1977 to roughly 1992-1993. The propagation phase extends from 1993 to the present. While not claiming
to be definitive, this review has as its primary objective the
documentation of some of its most significant milestones and
events. The history of multiphase CFD is intimately and
inextricably connected with a significant portion of the career
of Professor Dimitri Gidaspow who is honored in this special
issue of Industrial and Engineering Chemistry Research by
colleagues, former students, and experts in the field of multiphase flow, especially fluidization and solids transport. A very
brief account from a different perspective was presented at “A
Festschrift to Honor Professor Dimitri Gidaspow on His 65th
Birthday” which I organized at the 33rd National Heat Transfer
Conference, August 15-17, 1999, at the Hyatt Regency in
Albuquerque, NM.1 Emphasis herein is on the initiation phase
since it has not been formally documented previously, to my
knowledge.
2. Chicago, 1964-1970
It all started with Charles (known as “Chuck” by his colleagues and “Charlie” by his family and Chicago connections)
W. Solbrig in the remote wilds of Idaho. He was the first Ph.D.
student of Dimitri Gidaspow when he was an Adjunct Associate
Professor in the Department of Gas Technology at the Illinois
Institute of Technology (IIT) in Chicago, which I joined as a
graduate student after obtaining my B.S.Ch.E. from Cleveland
State University (formerly Fenn College) in 1964. The Department of Gas Technology was part of the Education Division in
the Institute of Gas Technology (IGT). After Chuck finished
his Doctorate in 1966, he joined the department as an Adjunct
Assistant Professor. Dimitri was advisor of my M.S. thesis which
I received in 1966. Chuck was my coadvisor as he was working
on his Ph.D. thesis. Sarvajit S. Sareen and I were Dimitri’s next
two Ph.D. students, both receiving our Doctorates in January,
1970. We both worked on a project, headed at IGT by the late
Bernard S. Baker, modeling fuel cells for the then proposed
manned space station for the National Aeronautics and Space
Administration (NASA). During this project, Bernie earned his
Doctorate in 1969 with Dimitri as his Ph.D. thesis advisor. This
would not be the last time Dimitri would advise his supervisor.
3. Initiation Phase. Idaho Falls, 1970-1977
Chuck left the Department of Gas Technology in late 1968
before I earned my Doctorate in 1970. He advised a portion of
†
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what would become a part of my Ph.D. thesis before he left. In
1968 he joined Westinghouse Nuclear Energy Systems in
Pittsburgh as Manager of the Nuclear Safety Analysis Group.
His boss was Dr. Long Sun Tong, author of the widely used
textbook.2 Chuck was involved with modifying and developing
computer codes that Westinghouse was using for licensing their
nuclear reactors. Well, according to Dimitri, Chuck and Tong
did not get along very well, and in February of 1970, Chuck
moved to Idaho to start work for Idaho Nuclear Corporation
[replaced by Aerojet Nuclear Company (ANC) in 1971] which
was a part of what was then the National Reactor Testing Station
(now Idaho National Laboratory). There, he developed this idea
of modeling the hypothetical “Loss of Coolant Accident
(LOCA)” using a new set of equations he started working on
at Westinghouse which he would later call the “seriated
continuum” approach. He and his boss Larry J. Ybarrondo in
George F. Brockett’s Nuclear Safety Development Branch sold
the program to their Atomic Energy Commission (AEC)
Program monitor, Ira Rosen in 1971. They argued that the then
nuclear reactor licensing code RELAP3,3 which treated the entire
primary loop using three control volumes, was inadequate. One
must remember that at this time computers were huge mainframes with memories and speeds dwarfed by any present day
personal computer. Chuck had derived the very first set of
seriated continuum equations of mass, momentum, and energy
with enough supplemental constitutive equations to provide
closure at that point and presented them to Rosen in project
reviews, thus expanding the Aerojet program. I will not go into
the prehistory of the program since it is summarized in
Hocevar’s monograph4 and in Herbert Kout’s colorful speech.5
Suffice it to say, that there was a great deal of controversy
concerning nuclear reactor licensing involving the LOCA and
the emergency core cooling system (ECCS), of which I was
never quite aware and in which I never became involved.
Chuck called me in late1971 and said that he had developed
this new set of equations for two-phase flow, which he said
were the equivalent of Bird, Stewart, and Lightfoot’s6 singlephase equations. He wanted to know if I was interested in
joining ANC in the program he was working on. I said I
definitely would even though I was not quite clear what the job
was since I was languishing at the gaseous diffusion facility in
Piketon, Ohio, operated by Goodyear Atomic Corporation. I
talked to Dimitri about the opportunity, and I will never forget
what he said: Chuck was “modeling breaking pipes”. I thought
this was quite a strange thing to be doing professionally. I was
invited for an interview in January, 1972, with Chuck who was
by that time Supervisor of the System Model Development
Section, and several of its members: Dan Hughes, Carl Hocevar,
Bob Narum, and Bill Yuill; and Larry Ybarrondo, George
Brockett, and Don Curet. I joined ANC in March of 1972 as
an Associate Scientist and in the course of my employment
became Group Leader. The group also included Glen Mortensen,
Jim McFadden, John Trapp, John Ramshaw, Kent Richert, Bill
Suitt, Bob Grimacy, Richard Farman, Jim Mills, and Walter
Wnek (a 1973 Ph.D. student of Dimitri’s). Our offices and the
mainframe computer, I believe a CDC 6600 or 7600 machine,
were in the Computer Center near the edge of Idaho Falls, while
the ANC and Idaho Operations Office, AEC Headquarters, were
near downtown. The first thing I probably did was to study the
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Figure 1. Professor Dimitri Gidaspow’s ANC Badge, 1972.

manuscript describing the new set of two-phase equations. I
still have a copy of this handwritten manuscript in my possession
which contains this derivation.7 This material was eventually
published in revised form years later.8,9 I started contributing
to the program in short order, issuing a constant stream of letter
reports and interoffice correspondences.
Dimitri went out to Idaho to consult for Chuck on his project
in early 1972 before I joined ANC. He still has his badge shown
in Figure 1.
One of the things he highly recommended was that the onedimensional partial differential equations (PDEs) which were
being programmed into the code called SLOOP (for seriated
loop) be characterized using the method of characteristics
(MOC).10 The SLOOP code was to be a one-dimensional
transient code to replace RELAP4,11 the successor to RELAP3.3
These nuclear reactor licensing codes, like the ones used by
the vendors, including Westinghouse, Babcock and Wilcox, and
Combustion Engineering, assumed equal phase velocities and
temperatures, the homogeneous equilibrium model (HEM).
Dimitri returned to ANC in 1973-1974 for his sabbatical, and
we got down to serious work. He would shuttle back and forth
between Idaho Falls and Chicago. What we found would turn
out to be the subject of great controversy which even today has
continuing ramifications and is not yet completely resolvedsthe
equations possessed a pair of complex, i.e., imaginary characteristics!
What follows now is a fairly detailed description of one of
the most traumatic and drawn out series of events in the project’s
brief existence (and my career) concerning the issue of the
complex characteristics. For the next three years, there was such
a torrent of events that it is hard to unravel them all in an
accurate chronological order after the passage of roughly 35
years. I can only reconstruct an approximate timetable of events
and the exact individuals involved. Some events are pinpointed
fairly accurately since they are documented in conference
proceedings and in correspondences.
The results of the characteristics analyses were first documented in a letter report.12 Glen Mortensen wrote computer
programs that helped to algebraically determine the characteristics and to generate maps which plotted regions of real
characteristics. We then published a short note in 197313 which
sparked the firestorm which would grow in intensity over the
next five years. As the research on the SLOOP code progressed,
the ECCS hearings required frequent trips by Ybarrando, Chuck,
and other members of the RELAP4 program to go to Washington, D.C., to testify. Larry Ybarrondo became Director of
LOFT Analysis, and Chuck replaced him as Manager of the
Analytical Model Development Branch. Chuck hired Victor H.
Ransom from Aerojet General Corporation, California, in 1973

to become Supervisor of the Systems Model Development
Section. Chuck found it increasingly difficult to work directly
with the AEC Reactor Safety Research (RSR) and voluntarily
switched places with Vic Ransom in 1975, who took over the
SLOOP code development.
Herbert Kouts became Director of the AEC Division of
Reactor Safety Research and visited the group on at least one
occasion to review progress. I’m quite sure the discussion of
the imaginary characteristics was on the agenda. Charles Leeper,
ANC President, also had at least one meeting with the Section.
Internally, we were concerned because the SLOOP code kept
blowing up unexpectedly and repeatably in the transition from
single-phase to two-phase flow. The schedule was slipping, and
this problem would soon become evident to the sponsor. The
numerical scheme employed fully implicit central spatial
differences and direct iteration to solve for the primitive
variables: velocities, volume fraction, pressure, and internal
energies. This numerical scheme, which was eventually published in 1976,14 is unconditionally stable, at least for singlephase flow. Word of the imaginary characteristics began to leak
out as numerical experts such as D. B. (Brian) Spalding and
Gerald Houghton were brought in for their advice. I recall quite
clearly that Spalding summed it all up in a short sentence: “The
equations look OK to me.” Professor Peter Lax from the Courant
Institute in New York was brought in for a group discussion of
the characteristics at one point.
Dimitri and I worked on a draft of a manuscript during his
sabbatical in 1973 titled “One Dimensional Two-Phase Flow
Equations and Their Characteristics” with the author ordering,
D. Gidaspow, R. W. Lyczkowski, C. W. Solbrig, and E. D.
Hughes. It was submitted to the Journal of Fluid Mechanics in
December, 1973. There were four reviews returned by the editor
in June, 1974. There were some encouraging comments and
some other critical ones which could have been addressed in a
revision-only one reviewer recommended outright against
publication. Other statements were patently wrong. The editor
interpreted all the reviews as recommending against publication
and in his letter stated “I can hold out no hope that a revised
version would be acceptable.”
I have to relate an incident that would play a role in future
relations of myself and Dimitri concerning Novak Zuber. In
August, 1973 Dimitri and I both went to the National Heat
Transfer Conference held in Atlanta, Georgia. There a friend
of Dimitri’s in the Mechanical Engineering Department at
Georgia Institute of Technology gave us a tour of Novak Zuber’s
laboratory. While we were there, Zuber came in and began
ranting and raving, accusing us of “spying” on him and said he
would report us to the AEC. I was terrified as this was my first
contact with Zuber. Dimitri’s friend tried to do the best to quiet
Zuber down and we left, quite upset. When I returned to Idaho
Falls, I reported this incident to ANC management, but no
disciplinary actions ever resulted from the AEC, and the incident
was soon forgotten, at least by us.
The year 1974 was quite eventful. Dimitri organized a Round
Table Discussion at the Fifth International Heat Transfer
Conference in Tokyo, Japan, titled “Modeling of Two Phase
Flow”. Written responses to Dimitri’s invitations were received
from S. L. Soo, S.-I. Pai, George Rudinger, Francis Harlow,
the ANC group (John Ramshaw, John Trapp, and myself), J. M.
Delhaye, Graham Wallis, K. Namatame, and R. L. Panton. The
two responses from ANC were combined with input from
several other members of the SLOOP code team. Dimitri edited
our response,15 as well as the others, which appeared in the
Proceedings.16 This Round Table Discussion16 was probably
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the spark that ignited the international controversy concerning
the imaginary characteristics. It is unfortunate that the full
responses were never published. I still have a copy of them.
On January 19, 1975, the AEC was officially abolished and
was reorganized as the Energy Research and Development
Administration (ERDA). The regulatory portion of the AEC
became a new organization, the Nuclear Regulatory Commission
(NRC). Even before the NRC was officially functioning, L. S.
Tong, Stan Fabic, and Novak Zuber came into the picture in
1974 as our program monitors. Fabic eventually became NRC
Chief, Analysis Development Branch, Division of Reactor
Safety Research (RSR), and Tong eventually became Assistant
Director for Water Reactor Safety Research. Zuber came from
George Institute of Technology, and Tong came from Westinghouse Nuclear Energy Systems. They were also in charge
of monitoring the newly formed reactor safety program which
started in the Fluid Dynamics Group (T-3) at Los Alamos
Scientific Laboratory (LASL), now Los Alamos National Laboratory (LANL), in 1972.
AEC RSR made two requests that really began to undermine
the moral of the SLOOP code group.
The first request involved RSR’s desire to resolve the
imaginary characteristics issue. Through the RSR monitors, we
were made aware that the T-3 Group headed by Tony Hirt
(Frank Harlow was Group Leader until 1973) were insisting
that the PDEs had to possess imaginary characteristics and
therefore there was no problem. ANC insisted that the characteristics could not be imaginary because no globally stable finitedifference numerical scheme can be foundsthe PDE’s were illposed as an initial value problem. It was at this point that the
characteristics controversy came to its first climax. The discussions and arguments back and forth among the T-3 Group, RSR,
and the SLOOP code group concerning the implications of the
imaginary characteristics grew intense. The SLOOP code
personnel were beginning to get feedback from RSR that
LASL’s T-3 group had the experts in code development and
that the ANC personnel had little credible expertise and maybe
had no business doing complex code development. At this point
the first RSR request was made. A face-to-face meeting had to
be held at LASL to resolve the characteristics controversy.
Because of preparations for this meeting, no SLOOP code
personnel went to the Fifth International Heat Transfer Conference in Tokyo, Japan. Frank Kulacki who did his M.S. under
Dimitri at IGT in 1966 read our responses at the Round Table
Discussion16 in Tokyo. This trip to LASL took place on August
27, 1974. Representing ANC were Pete Lang, Manager of the
Thermal Reactor Safety Program, Vic Ransom, Chuck Solbrig,
Dan Hughes, Glen Mortensen, and myself. About a dozen LASL
personnel were in the meeting. Professor Peter Lax from the
Courant Institute was also present. No RSR representatives were
present. ANC gave a summary of the material prepared for
Dimitri’s Round Table Discussion.16
This historic meeting was documented in a trip report by R. J.
Schultz, ANC Manager of the Reactor Behavior Program, in a
letter to P. E. Litteneker, Acting Director of the Program
Analysis and Evaluation Division, Idaho Operations Office of
the AEC.17 The major conclusion, mutually agreed upon, was
that there was a semantic problem which arose because LASL
uses the term characteristics in the dispersion matrix for the
analysis of the linearized PDEs as opposed to those resulting
from MOC analysis of the nonlinear PDEs. LASL stated “that
they had not progressed to the point that Aerojet was at and
consequently they were not able to offer assistance”. The LASL
report for the KACHINA code, which describes the implicit
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multifield (IMF) numerical technique for multiphase flow, came
out in December, 1974,18 followed by several publications in
1975. The KACHINA code was never released to the public.
This was consistent with LASL’s policy of not exporting their
codesschange in this policy came later.
The second RSR request was that all of the SLOOP code
unpublished reports and working notes, bound in large looseleaf notebooks, be sent to LASL. This struck our group as being
highly unethical. On September 21, 1974, Carl Hocevar submitted his resignation, the first to leave the SLOOP code development group, and joined the Union of Concerned Scientists.
I responded to a flyer I received by mail in March, 1975,
from Owen Jones, then at Argonne National Laboratory,
announcing the session “Fundamentals of Two-Phase Flows”
to be held at the 1975 American Society of Mechanical
Engineers (ASME) Winter Annual Meeting November 30-December 4, in Houston, Texas. It was organized by him, Novak
Zuber, and Professor Ralph Powe of Mississippi State University. In lieu of an abstract, I submitted a manuscript which was
in two parts: the first part was a revision of my response to
Gidaspow’s Round Table Discussion16 and the second part was
the unaltered manuscript rejected by the Journal of Fluid
Mechanics. Owen Jones responded in April inviting me to
submit a full manuscript for review. He gave rather explicit
instructions on how to revise the manuscript. I worked on a
revision which combined these two parts into one with the first
part put into an appendix and submitted copies to the organizers
in May. The five reviews came back to me on July 14. In the
cover letter dated July 7, Ralph Powe stated “your paper is
somewhat controversial” and accepted it. In Owen Jones’
accompanying letter his instructions were to revise the manuscript in response to the fiVe reviews.
In July, 1975, the SLOOP code group imploded. Dan Hughes
and Jim McFadden resigned and went to Energy Incorporated
(EI) located on the second floor of the new bank building in
downtown Idaho Falls, joining Ken Moore’s group. Ken had
resigned earlier from ANC and had obtained a substantial
contract with the Electric Power Research Institute (EPRI) to
continue development on RELAP4 which would eventually
become RETRAN. More on RETRAN will come later. Glen
Mortensen also resigned and went across town to Intermountain
Technologies, the company George Brockett’s founded after he
resigned from ANC. I was shook up and resigned on July 14
“just because everybody else was leaving” and started at EI the
next day. Chuck, Vic Ransom, and the remainder of the SLOOP
code group stayed behind. In order for EI to not be accused of
pirating us, we three all began at the same salary we were
making at ANC.
I started to revise the characteristics manuscript and had it
typed on ASME mats, prepared responses to the five reviewers,
and submitted it to Owen Jones on July 21, 1975. In September,
the ASME sent a letter requesting the names of three discussers
of the paper. I suggested Owen Jones, George Rudinger, and
Fred Moody. In a letter dated October 24, 1975, Owen Jones
sent me two sets of written discussion/comments one by M.
Ishii from Argonne National Laboratory and one by J. A. Boure,
J. M. Delhaye, and A. J. Latrobe from Centre d’Etudes
Nucleares de Grenoble in France. His (and presumably his
cochairs Zuber and Powe) intention was to circulate these written
discussions with any rebuttal at my presentation which will be
limited to fiVe minutes. After my presentation, the two discussers
would present their oral comments, followed by my rebuttal,
and then, the discussion by all attendees would be thrown open.
The letter ends with “It is our wish that we, through this method,
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will resolve some of the problems which have existed in the
areas of multiphase formulation or, failing this, at least point
the direction for an eventual solution to the problem”. This was
beginning to look to me like the Inquisition. I mailed a written
rebuttal on November 14. The paper and the companion
Discussion were published as ASME preprints.19 I’m not sure
if the Discussion preprint was ever made generally available
outside the session by ASME. It might be useful to publish it.
A third discussion from General Electric Company authored
by F. J. Moody, B. S. Shiralkar, and J. M. G. Anderson was
received too late for inclusion in the Discussion preprint, and
the discussers could not attend the session. As I recall, I made
my presentation in five minutes flat. I requested that the
manuscript be submitted to the Journal of Heat Transfer, but
this did not occur. As I recall, it was at this meeting that
members of the code development group from Whiteshell
Nuclear Research Establishment, Atomic Energy of Canada,
Limited, with which the SLOOP code group had developed
informal but close communications over the years, expressed
dismay at its dissolution and wondered what would be the way
forward.
On September 6, 1976, I submitted the manuscript to Nuclear
Science and Engineering for review. In the cover letter I was
forthright and wrote “This manuscript as had a long, rocky road
on its way to archival publication because the subject is
controversial.” In January 1977, the editor wrote back that “We
have run into trouble with procrastinating referees.” The editor
sent the first review to me in April, 1977. By the time I received
the second review in August, 1977, I had already left EI to join
Lawrence Livermore Laboratory (LLL), now Lawrence Livermore National Laboratory (LLNL). Both reviews suggested
extensive revision. I responded to the reviews with a revision
of the manuscript in November, 1977, by doing a cut and paste
of the ASME reprint and adding a new section called RECENT
DEVELOPMENTS. The manuscript was accepted and eventually published in 1978.19 So the publication history of the
characteristics paper straddled no less than three of my employers and five years of my career. And as they say, the rest is
history... at least with respect to the complex characteristics
issue.
With the dispersal of key personnel of the SLOOP code
development effort, I consider this to be the end of the initiation
phase. To be sure, before this stage which started with Chuck’s
formulation of his equations in 1970, there were, with one
exception to my knowledge, no multiphase CFD publications.
This sole exception is the obscure Jarvis report referenced in
the characteristics paper,19 in which he documented experiencing
computational problems using the MOC because of the fact that
he found the existence of complex characteristics.
4. Development and Propagation Phases
The development and propagation phase sections of this
commentary include major highlights with brief descriptions. I
define the development phase as that which generally preceded
the widespread application of the two-phase seriated continuum
model (later referred to as the two-fluid or interpenetrating
continuum model) outside of the United States National
Laboratories and international nuclear safety and defense related
research institutions, such as exist in the United Kingdom,
France, and Canada, for example. Only they possessed the large
mainframe computers required to solve these equations numerically. Private companies, such a Control Data Corporation and
Boeing Computer Services, started leasing idle computer time
on their mainframes, but it was expensive. EI initially leased

computer time but eventually bought its own mainframe. Larger
universities, including Illinois Institute of Technology (IIT),
could afford to purchase their own mainframe computers to
support their departments’ funded research. Later on, the
National Science Foundation (NSF) would establish supercomputer centers at several universities in the U.S.
The propagation phase is defined as starting in the early
1990s, with advancements in the development of increasingly
larger and faster integrated circuits (ICs), making possible
relatively inexpensive and increasingly powerful personal
computers (PCs). The propagation phase extends to the present
day with the advent of high end workstations having dual and
quad core processors, Baowulf clusters, and supercomputers
consisting of thousands of inexpensive PCs all of which can
perform computations in parallel speeding up the long running
times. The PC made possible the development of the Internet
and the World Wide Web enabling rapid communication among
researchers, dissemination of information and data, and rapid
publication of results. There is some overlap in the transition
from the development to the initiation phase.
4.1. Development Phase. Chuck left the SLOOP code
section in 1976 to work as Manager of the Loss of Fluid Test
Facility (LOFT). Vic Ransom continued on as Manager. He,
along with John Trapp and Dick Wagner, continued building
on the foundation of the SLOOP code, producing what would
become RELAP5. Development work ended formally in about
1994 with the NRC sponsored development being transferred
to Scientech. Inc. in Idaho Falls for maintenance and release of
RELAP5/Mod3.3. Subsequently, the project was transferred to
the Information System Laboratories, Inc., also in Idaho Falls
where the code continues to be maintained.20 Since I had lost
contact with Vic Ransom (and Chuck) professionally for
decades, I did not follow further details of the SLOOP code
and RELAP5 development histories.
One team at EI, including myself, worked on what was termed
RELAP/E and then RETRAN under the supervision of Ken
Moore for the EPRI Program Manager, Lance Agee. He was
very understanding and gave EI a contract to document the
SLOOP code work done at ANC and to exercise the SLOOP
code. This resulted in a three volume report which is widely
referenced.21-23 RETRAN development went on for many years
and became the licensing tool used by the utility companies
building nuclear power plants. It was first documented in 1977.24
Conferences and workshops devoted primarily to multiphase
flow started on the heels of Dimitri’s round table discussion.
The first of these was the Two-Phase Flow and Heat Transfer
Symposium-Workshop, Fort Lauderdale, Florida, October
18-20, 1976, which was published in four volumes in 1978
by Hemisphere as “Two-Phase Transport and Reactor Safety”.25
This conference series continued as the Miami International
Symposium on Multi-Phase Transport & Particulate Phenomena
until 1988. At the 1976 Conference, Dimitri organized an NSF
workshop on mathematical modeling addressing (1) problems
with separate phase momentum balances and drift flux and (2)
scale up of coal conversion processes. As I remember, Brian
Spalding played a prominent role in this workshop.
The local chapter of American Nuclear Society held the
Thermal Reactor Safety Meeting in Sun Valley, Idaho, July
31-August 4, 1977, where several papers by myself, Chuck,
and colleagues at EI appeared in the Proceedings but were never
published subsequently. EPRI held its own Workshop on Basic
Two-Phase Modeling in Reactor Safety and Performance,
Tampa, Florida, February 27-March 2, 1979. The list of
participants is a Who’s Who of experts in all phases of two-
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phase flow research, including Brian Spalding. I was not invited,
but Dan Hughes, still at EI, and Chuck Solbrig and Vic Ransom
from EG&G Idaho, were. In 1980 EPRI published a two volume
Proceedings (EPRI WS-78-143)26 containing transcripts of the
discussions and presentations, some of which appeared in a
special issue the International Journal of Multiphase Flow in
1980 (Vol. 6). Zuber got the last word in on the issue of the
complex characteristics: “this problem of hyperbolicity and ill
posedness. It exists, I don’t think it’s a big problem. We can
go around it by proper averaging... There is no problem. So
that problemsif it arisessreally to cause a problem in the future
for the code can be removed rather easily.” The Three Mile
Island accident occurred on March 28, 1979, which resulted in
the end of nuclear power construction in the U.S. to this day. It
was not the result of a LOCA but of what is termed a small
break accident.
The CFD code development group at Imperial College headed
by D. B. Spalding began multiphase flow modeling in the mid
to late 1970s.27 Spalding developed the interphase slip algorithm
(IPSA) to solve the PDEs contained in the PHOENICS code,
debuting in 1978, which Runchal27 claims “was the first
commercially available tool in CFD”. Extensive reference is
made to the influence of the T-3 group’s work at LANL on
multiphase flow but does not mention the SLOOP code
development work at ANC. This is in spite of the fact that
Spalding was quite aware of it as evidenced by his consulting
at ANC in the early 1970s and his participation in Dimitri’s
1976 NSF workshop and in the 1979 EPRI workshop.
Two totally independent code developments in a totally
different area were initiated under ERDA sponsorship. Systems,
Science and Software (S3) started work in 1975 on a general
computer model of fluidized bed coal gasification called
CHEMFLUB, and JAYCOR started on a similar code in the
early 1980s called FLAG. These were transient, two-dimensional, computer programs which contained PDEs similar to
the ones contained in the SLOOP (renamed STUBE14) and
KACHINA18 codes and included viscous stress terms and
expression for the solids pressure. Work terminated on the S3
code before it was documented either because of milestone
slippage, or other problems. Smoot28 and Dimitri, in his D. Q.
Kern Award Lecture,29 reviewed the history of these efforts to
which the reader is referred. I became aware of the S3 program
when I was at EI and started an interaction with Tom Blake in
an attempt to develop a collaborative effort because EI was in
the process of developing the Fluid Flame fluidized bed
combustor to incinerate wood wastes for the Idaho lumber
industry.
The idea for the IIT and FLUFIX codes really began in
1977-1978. Dimitri, now in the Chemical Engineering Department at IIT, came out to Lawrence Livermore Laboratory (LLL)
in 1977 to help Terry Galloway and myself with the development of a-step-by-step building-block hydrodynamic computer
modeling approach for understanding the hydrodynamics of
fluidized beds, coupled to validation experiments.30 I had been
working on modeling in situ oil shale retorting and underground
coal gasification at LLL. This is perhaps when Dimitri was made
aware of the KFIX code31 with which I had been involved at
EI when I was a consultant for EG&G Idaho, Inc. (the successor
to ANC) in a project modeling the two-dimensional flow in the
cold leg of the LOFT blowdown experiments. The LLL report
formed the basis of a response by Dimitri to a U.S. Department
of Energy (DOE) (established as the successor to ERDA on
October 1, 1977) University Programs Request for Proposal
(RFP) in 1977. Dimitri proposed to use the KFIX code to
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perform the calculations for his grant and, in anticipation of
successfully obtaining funding, asked me to obtain it from
LASL. The purpose was to modify KFIX so that it could
simulate a fluidized bed.
I obtained the K-FIX computer program directly from the
primary LASL author, William C. Rivard, in September, 1977.
A two-year grant to study solids circulation around a jet in a
thin rectangular fluidized bed was awarded to Dimitri in
September, 1978, initiating the IIT research in fluidization.
Dimitri’s grant would require transforming K-FIX from a
gas-liquid computer program, developed to simulate the
hypothetical core disassembly accident (HDCA) for sodium
cooled nuclear reactors, to a gas-solids (or, more generally, a
fluid-solids) computer program using interphase drag models
specified by him. The modified computer program was to model
such a fluidized bed experiment to be constructed and performed
at IIT to validate the computations. Joe Ching, with whom I
worked with at EI, had joined the Nuclear Engineering Department at the University of California, Berkeley, at the same time
I joined LLL. He had access to the department’s mainframe
computer and, since he was a computer code expert, was
instrumental in compiling and modifying KFIX in 1979, which
was then transferred back to me at LLL. I compiled the KFIX
code on one of the unclassified CDC computers at LLL and
began exercising it. I distinctly remember modeling the jet in
the fluidized bed under the guise of modeling an idea for a solar
powered fluidized bed for coal gasification. The code was
producing what seemed like reasonable results. Then, Bozorg
Ettehadieh came out from IIT to Berkeley to work with Joe
Ching and myself to become familiar with the modified KFIX
code. He then returned to IIT and installed it on the Chemical
Engineering department’s Prime computer. He thus became the
first doctoral student of Dimitri’s to model a fluidized bed. In
December 1979, I left LLL and joined IIT, Department of Gas
Engineering.
Following the DOE grant, a subsequent two-year grant in
January 1980 by the Gas Research Institute (GRI) (now the Gas
Technology Institute, GTI), a three-year National Science
Foundation (NSF) grant in 1982, and a two-year contract with
Westinghouse Electric Corp. (Synthetic Fuels Division; later
KRW Energy Systems, Inc.; and now defunct) in 1981 made it
possible for Dimitri to continue implementing the step-by-step
approach and to allow the early research to continue. The
primary focus was on synfuels production using fluidized-bed
gasifiers since this was in the era of the U.S.’s first serious
energy shortage caused by the oil embargo. Progress was slow
since computer running times were extremely long on IIT’s
Prime computer and the cost of more powerful mainframe
computer time was prohibitive. Bozorg received his Ph.D. in
May, 1982. The first paper documenting the simulation of the
thin “two-dimensional” fluidized bed with a central jet was
published in 1983.32 Bozorg was subsequently hired by KRW
in Pittsburgh to work on their fluidized bed development
program which was eventually terminated.
I left IIT in March, 1981, and went to Argonne National
Laboratory (ANL) to work with Bill Sha in the Components
Technology Division (later the Energy Technology Division)
on his COMMIX-2 code development project for the NRC.
Other projects involving COMMIX-1 such as the thermal shock
problem for nuclear pressurized water reactors (PWR) had
higher priority. Hence, it was some time before I was allowed
to work on COMMIX-2. Although some progress was made,
this code was never released and the conflicts with Bill were
not conducive to a productive atmosphere. Wen Ho Lee worked
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for Bill Sha before I joined ANL and left after just a year. In
1984, I transferred to the Energy Systems Division to work with
Greg Berry on a project modeling erosion in fluidized beds for
the Morgantown Energy Technology Center (METC), now
National Energy Technology Laboratory (NETL). I asked
Bozorg to send me the version of the IIT code which he used
in his Ph.D. thesis. It had been modified with the addition of a
stabilizing solids pressure term to prevent overcompaction of
solids. Greg and I christened it FLUFIX.
METC had been evaluating the S3 CHEMFLUB code and
was not very happy with it. There was no documentation, and
BDM Corporation was given the task of producing documentation from the source code. METC requested ANL for help with
fluidized-bed code development. I applied for the opportunity
and gave lectures at METC December 10-14, 1984. Shortly
after this, Tom O’Brien requested the transfer of the FLUFIX
code to METC and had a line-by-line comparison of it and KFIX
performed. In 1986, a three year cooperative research and
development venture “Erosion of FBC Heat Transfer Tubes”
funded mostly by DOE METC came into existence after about
a year of effort. Members of the venture were DOE METC,
EPRI, State of Illinois Center for Research on Sulfur in Coal
(now the Illinois Clean Coal Institute), Foster Wheeler Development Corp., ASEA Babcock PFBC, ABB Combustion Engineering, Inc., Tennessee Valley Authority, British Coal Corporation, CISE, and ANL. IIT (Dimitri), the University of
Illinois at Urbana-Champaign, and Babcock and Wilcox were
also a part of the venture as contractors. This effort produced
the first multiphase erosion code EROSION/MOD1.33 It incorporated the monolayer energy dissipation (MED), Finnie, and
Nielson-Gilchrist erosion models coupled with what would
eventually become FLUFIX/MOD2.34 Working closely with
ANL, Babcock and Wilcox developed a three-dimensional
fluid-solids computer code called FORCE2 which contained
the FLUFIX equations and constitutive relations.35 All of these
codes are available from the Energy Science and Technology
Software Center (ESTSC) at www.osti.gov/estsc. The venture
was extended for one year and terminated in 1990. Subsequent
funding from the Pittsburgh Energy Technology Center (PETC,
now merged with NETL) applied FLUFIX to the modeling of
dense suspension (slurry) flows.
The origins of the three-dimensional multimaterial, multiphase
CFDLIB collection of codes at LASL began in 1985 with a
thesis study by Brian (Bucky) Kashiwa.36 One area of application is the modeling of a reactive flow in multiphase, multifield
problems, such as those encountered in oil refining, chemicals
manufacturing, metals production, and fiber processing. Other
applications include the smelting of iron ore, alumina precipitation, and combined granular and fiber flow in manufacturing.
Access to the codes is made available by registering for a
training course at LANL with Brian Kashiwa.
This section concludes with reference to Gidaspow’s book37
which describes the IIT/ANL progress to roughly 1992 and
development of the granular theory approach for multiphase
flow. In 1996, Enwald et al.38 performed an independent review
of publications on simulations of bubbling and circulating
fluidized beds. They summarized the works in tabular form and
concluded that “The members of the IIT/ANL group are
pioneers in the field and have published the greatest amount of
articles, using a code which is based on the K-FIX code,
originally developed by Rivard and Torrey”. They also reviewed
the formulation of two-fluid hydrodynamic models and closure
relationships applied to fluidization and made an excellent
attempt to categorize these models systematically.

4.2. Propagation Phase. Interest in multiphase modeling was
beginning to attract international interest as more investigators
began to be able to perform computations on powerful workstations and then less expensive personal computers. The first
International Conference on Multiphase Flow (ICMF) was held
in Tsukuba, Japan, in 1991 and continued in the wake of the
termination of the Miami International Symposium on MultiPhase Transport & Particulate Phenomena in 1988. The second
ICMF Conference was held in Kyoto, Japan, in 1995 where it
was decided that the conference should be held every three
years. ICMF 1998 was held in Lyon, France; ICMF 2001 was
in New Orleans, LA; ICMF 2004 was in Yokohama, Japan;
and ICMF 2007 was in Leipzig, Germany. ICMF 2010 is to be
held in September 2010 sponsored by the University of Florida.
Alternating with the ICMF conferences is the International
Conference on Computational and Experimental Methods in
Multiphase and Complex Flow. The first conference in the series
was held at the University of Florida in Orlando (2001),
followed by Santa Fe, NM (2003), Portland, ME (2005),
Bologna, Italy (2007), and the fifth in 2009 in New Forest, U.K.
Madhava Syamlal joined EG&G Washington, Inc., in Morgantown, WV, after completing his Ph.D. under Dimitri in 1985.
He subsequently joined Fluent, Inc., and is now Focus Area
Leader, Computational and Basic Sciences at NETL. He and
Tom O’Brien have been instrumental in developing the open
source code MFIX. (multiphase flow with interphase exchanges)
starting in 1991. The main goal is to develop a computer code
to reliably model fluidized bed reactors such as coal gasifiers,
commonly encountered in fossil fuel plants. The major requirements of this code are the capability to do three-dimensional
transient simulations and to produce a validated and documented
code. The first version inherited the numerical technique found
in an early version of the IIT code32,39 and was completed by
January, 1993. Oak Ridge National Laboratory (ORNL) works
closely with NETL and maintains MFIX which is available at
www.mfix.org. The latest version was released in 2007. NETL
received an R&D 100 award for MFIX in 2007. MFIX has
bridged the transition from mainframe computers since the code
runs in serial and in parallel on PCs, workstations, clusters, and
what are now termed high performance mainframes.
The FLUENT code started in 1983 by a small group at Creare,
Inc., an engineering consulting firm in Etna, NH, near Fluent
Inc.’s present headquarters in Lebanon, NH, which introduced
the first commercial version called CREARE X. It was
developed by Prof. James Swithenbank at Sheffield University
in the U.K. The first version allowed for two-dimensional or
three-dimensional structured grids using Cartesian or polar
coordinates, steady state flow, laminar or turbulent conditions,
heat transfer, three-component combustion, a dispersed phase,
and natural convection, with an easy-to-use, interactive front
end. Fluent has become the largest supplier of commercial CFD
software in the world and in May, 2006, was acquired by
ANSYS, Inc. The development of FLUENT has continued to
the present version now called ANSYS FLUENT 12.0 with
unstructured mesh capabilities for transient and steady-state,
serial, and parallel computations. It includes Dimitri’s granular
flow model.37 ANSYS also acquired the CFX code, formerly
FLOW3D, developed at Harwell in the U.K., formerly distributed by AEA Technology Engineering Software Inc., now called
ANSYS CFX.
Starting in 1996, there was a serious effort supported by the
DOE Office of Industrial Technologies (OIT) to establish what
was termed the Virtual Center for Multiphase Dynamics in
response to a workshop on the computer simulation of reactive
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multiphase flow held at LANL in May, 1995. There was a
growing perception at the national level that CFD computational
technology, including multiphase flow, is critical to meeting the
U.S. chemical industry’s future challenges. Two more workshops were held. The first workshop was at the University of
Maryland in October, 1996. The report “Technology Roadmap
for the Chemical Industries of the FuturesMultiphase Fluid
Dynamics” documented this workshop. The second and last
workshop was the National Workshop on Computational Fluid
Dynamics and Multiphase Flow Modeling in June, 1997. A
Memorandum of Cooperation (MOC) was drafted, and the
capabilities of the U.S. National Laboratories were collected
by myself at ANL, transmitted to LANL, and documented.40
This effort developed into the Multiphase Fluid Dynamics
Research Consortium (MFDRC), spearheaded by Tyler Thompson of Dow Chemical, and sponsored by the Department of
Energy, Office of Industrial Technology (OIT), Industries of
the Future-Chemicals. The MFDRC kickoff meeting took place
in July, 1998. Participants included several national laboratories,
industry, CFD software companies, and universities organized
into two areas: group A interested in bubbling fluidized beds
and group C interested in cohesive powders. A document
“Chemical Industry of the Future Technology Roadmap for
Computational Fluid Dynamics” was published in January, 1999,
defining the areas of multiphase flow requiring development:
(1) numerical methods, (2) phenomenology and constitutive
relations, and (3) experimental validation. Within these areas,
research needs were identified and given top, high, and medium
priorities and time frames of near-term (0-3 years), mid-term
(3-5 years), and long-term (5 to 10 years). These documents
should be available from DOE OIT from Brian G. Valentine
(Brian.Valentine@ee.doe.gov) or from myself. The MFDRC
continued for four years, terminating in 2002. Although much
progress was made, not all of the goals set in the Roadmap
were met especially the development of a reliable and validated
multiphase CFD code useful for industry. In June 2006, NETL
held a workshop on Multiphase Flow Research with the purpose
of establishing what they term a collaboratory as well as a
roadmap for multiphase research and published a report.41 A
subsequent workshop was held in 2009 to review the roadmap
and to assess progress made since 2006.
Subsequent continuing support from the DOE, the NSF, and
industry has allowed Dimitri’s research to continue up to the
present, as has our collaboration. He has finished his second
book42 co-authored with his former Ph.D. student, Veeraya
Jiradilok, which includes open-source versions of the IIT codes
on a CD ROM together with tutorials, examples and problems.
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Information is available at www.novapublishers.com. This book
updates progress from the early 1990’s and improvements in
the kinetic theory of granular materials, for which he received
the 2005 Ernst W. Thiele Award and the 2006 Thomas Baron
Award in Fluid Particle Systems for his research in fluidization
(Figure 2). He is shown next to the IIT circulating fluidizedbed unit in Figure 3.
Thus I have brought up to date the nearly 40 year history of
multiphase CFD which started with Chuck Solbrig in 1970 and
continued because of Dimitri’s efforts and research. I have
included just some of the highlights and a few of the low points
which have occurred over this time period. In conclusion, it
would be very useful to restart what the DOE tried to establish
in the years from 1995 to 2002: a national multiphase research
program or center of excellence.
The most exciting new application of multiphase CFD is in
the area of biological engineering. It has just started recently
with the first publications applying multiphase flow to hemodynamic modeling45 and using the kinetic theory.46 Perhaps the
National Institutes of Health would further this research.

Figure 3. Photo by J. B. Spector (Repinted with permission.44 Copyright
2006 IIT).
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