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Abstract

Virtual reality has the potential to be a powerful new tool in engineering education by bringing experience
based learning to all students, by addressing the needs of students with alternate learning styles, and by
providing enhanced impact to educational presentations.  As with any new tool, we must first learn how,
when, and where to apply it before it becomes useful.  This paper describes Vicher, the first known
application of virtual reality to chemical engineering education, and some of what has been discovered
about virtual reality as an educational tool during Vicher's development.  Vicher currently consists of two
programs, Vicher I and Vicher II, which deal with the topics of catalyst deactivation and non-isothermal
effects in chemical reaction engineering, respectively.  Between the two programs, Vicher currently
simulates five different engineering areas plus support facilities.  Future plans include extensive student
testing, program expansion and refinement, and the development of additional virtual reality based
educational modules.

Introduction

This paper describes the first foray into a totally new area of computer assisted engineering education,
virtual reality ( VR ).  Although VR has been under development since the mid 1960s [ 1 ], it has taken
recent technological breakthroughs [ 2-8 ] to make this tool accessible to a wider audience, including
engineering educators.  Even with the rapid improvements in price/performance ratios of virtual reality
technology, however, chemical engineers and engineering educators have not yet taken advantage of this
new technology.  The reasons for that lack of utilization are the same as with any new technological
development:  The benefits to be gained from virtual reality, its capabilities, its applicability to engineering
tasks, and its optimal implementation procedures are not yet fully understood. ( Just as personal
computers were considered toys before the development of spreadsheet and word processing
applications turned them into vital business tools. )  To explore and illustrate some of the capabilities of
virtual reality and its applicability to engineering and education, a prototype VR based educational module,
Vicher, has been developed in the chemical engineering department of the University of Michigan in Ann
Arbor.  This paper will focus primarily on the presentation of Vicher itself and will also discuss some of
what has been learned during the development and testing of Vicher.  Additional findings concerning the
effective application of virtual reality to scientific and technical education that have resulted from the
development of Vicher and other programs will be presented in a later paper.

Virtual Reality

Virtual reality is an emerging computer interface technology that attempts to pull users inside computer
simulations, convincing them that they are actually within the computer generated world, as opposed to
viewing the simulation from a passive external viewpoint.  The ultimate ideal of virtual reality is the creation
of computer simulation environments that are so realistic as to be completely indistinguishable from the
real world [ 4-7 ].
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The two most widely known pieces of equipment used to approach that ideal are head-mounted displays
( HMDs ) [ 9 ] and wired gloves [ 10 ].  The HMD is a display device worn on the head that often provides
stereoscopic vision and usually incorporates a head tracker to monitor the position and orientation of the
user's head.  The HMD immerses the user deeply within the simulation by blocking out all views of the real
world, by freeing the user from the stationary computer screen, and by providing interactive feedback that
adjusts the display to match the user's viewpoint.  A major contributor to the HMD's impact arises from
sensory-deprivation -- When users cannot see the real world, they become much more immersed in the
virtual one. The wired glove provides information to the simulation concerning the position, orientation, and
configuration of the userís hand and digits.  This information is generally used to provide feedback through
the manipulation of a simulated hand within the virtual world, although alternate uses of wired glove
information have also been employed.   Realistic sound cues are important in virtual reality, and VR
researchers are also developing haptic feedback, olfactory stimulus and other interface technologies.
Techniques from psychology, theater, and magic are also used to enhance the believability of virtual
simulations.

Educational Benefits Offered by Virtual Reality

Experiential Learning

Experience is a powerful learning tool, and the one that provides the best long-term retention rate [ 11 ].
Students who hear a lecture on chemical production will retain some of the information presented; Those
who view a film will retain more;  But those allowed to visit a working facility, to see the equipment, to hear
the noises, and to smell the smells, THAT is the group that will retain the most information for the longest
time and with the greatest clarity.  There are many reasons, however, why it is not practical to expose
large numbers of students to operational chemical plant conditions, including safety, economic, and
logistical constraints.  Virtual reality, on the other hand, has the potential to provide all students nationwide
with unlimited access to chemical manufacturing facilities, without endangering themselves or anyone
else, at minimal cost, at their convenience, and without disrupting plant operations.  Virtual reality can
bring experience to the masses.

Alternate Learning Styles

Students learn through many different mechanisms, including lectures, books, demonstrations, and
experimentation.  The relative effectiveness of these mechanisms varies from student to student,
reflecting differences in their learning styles  [ 12-16 ].  These learning styles have many dimensions,
including verbal vs. visual, sequential vs. global, and passive vs. active.  Verbal learners are those who
learn well from word-based interfaces, such as books and lectures, whereas visual learners are more
attuned to visually oriented stimuli such as pictures, graphs, and movies.  On another scale, passive
learners absorb material well in a passive learning environment ( e.g. most lectures ), while active learners
excel through participatory activities such as laboratories and workshops.  Sequential learners are able to
grasp new material in discrete steps, reaping partial understanding from incomplete instruction, whereas
global learners must understand all facets of a topic before the details have meaning.

Learning styles have been studied extensively by many researchers [ 12-16 ], including Felder and
Silverman [ 12 ], who determined that traditional educational methods ( which are primarily verbal,
passive, and sequential ) match the optimal learning styles of only a small portion of the typical
undergraduate engineering student population.  The majority of these students are then left with teaching
methods that do not match their optimal mode of learning.  Virtual reality has many features that make it
ideal for meeting the needs of those students whose learning styles are not well served by traditional
teaching methods.  VR is a highly visual environment that strongly appeals to visual learners, and yet the
use of a narrative track allows it to address the needs of verbal learners simultaneously.  Active learners
will benefit from the highly interactive experience afforded by virtual reality, and global learners will gain a
better understanding of how individual concepts and details intermesh.



3

Repetitive, High-Impact Information Delivery

Dale [ 17 ] has reported previously that students retain 10% of what is read, 20% of what is heard, 50% of
what is both heard and seen, and up to 90% of what is both spoken and acted upon.  The more times that
the same information is delivered through different channels and the more active the learning process, the
better the concepts are understood and the longer the material is retained in memory.  The beneficial
value of repetition makes virtual reality attractive to educators on two fronts:  1) VR is not intended to
replace traditional methods of education, but rather to augment them with another delivery mechanism,
and 2) VR incorporates inherent repetition via the simultaneous presentation of the same information
through multiple channels.  Virtual Reality is also a highly sensuous experience, surrounding the user with
sight, sound, color, motion, tactile feedback, and possibly soon smell and taste.  These senses can be
orchestrated by the virtual world designer in a synergistic fashion to create an experience that has great
impact.

Unconstrained Exploration

Educational experiences are rarely provided without some constraints, even for those who are able to visit
or work in a chemical production facility.  Industrial trainees, for example, are often presented with
complex, expensive, and hazardous equipment and instructed to learn its proper operation without
causing any process disruptions or hazardous conditions.  Students in laboratory courses are expected to
use glassware and fragile equipment without breaking anything or spilling any chemicals.  Situations such
as these can lead to hesitancy caused by fear of damaging the equipment or causing an accident.  Virtual
reality provides the opportunity to explore and experiment in a completely unconstrained manner.  A
student wishing to observe reactor conditions first-hand is free to step inside and look.  ( It is then the
responsibility of the virtual world designer to model the reactor interior accurately and to include
appropriate educational information. )  Students can operate virtual equipment at whatever conditions they
desire, and if an explosion results, the only casualties will be virtual.  In a process design environment,
virtual reality can provide students with the creative control to combine materials, equipment, and
concepts in whatever combinations they choose to explore.

Vicher: Virtual Chemical Reaction Module(s)

General Information

Vicher ( Virtual Chemical Reaction Module ) is a virtual reality application for undergraduate chemical
kinetics and reactor design education.  Vicher was originally developed as a simulation of a ( portion of a )
modern chemical plant consisting of a welcome center, two reactor rooms, two microscopic areas, and a
debriefing center.  As Vicher expanded, it was split into two separate entities currently named Vicher I and
Vicher II.  The following sections first cover areas common to both programs ( including some discarded
from the original Vicher ) and then those specific to Vicher I and Vicher II.  The engineering concepts
portrayed in Vicher are based upon Fogler [ 18 ] and are also covered in other texts [ 19-22 ]

Required and Optional Hardware

For an educational tool to be effective, it must be readily accessible to students.  Vicher has therefore
been developed on ordinary personal computers, instead of the graphics supercomputers more commonly
used for virtual reality.  The exact hardware chosen, 90 MHz Pentium-based PCs, was the fastest
available when this project began but has since dropped in price as more powerful PCs have been
introduced.   No special equipment is required to run Vicher, and the program has been successfully
tested ( albeit slowly ) on platforms as low as a 40 MHz 386 ( with coprocessor. )  Vicher does require a
video card capable of 32K or 64K ( 15 or 16 bit ) colors and a joystick, although the latter requirement will
be removed soon.  It is not appropriate to run Vicher from a network server, due to speed requirements.

Several optional devices have been tested with Vicher, with the expectation that they would become
student affordable within the next few years.  As a confirmation of that expectation, the first head-mounted
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display / head tracker combination purchased for this project cost nearly $3000 in mid 1994 [ 23, 24 ],
whereas a newly developed device with similar capabilities was acquired in late 1995 for only $800 [ 25 ].
Other optional devices supported by Vicher include stereoscopic LCD shutter glasses [ 26 ], Simsalabim
3-D viewing Cyberscope [ 27 ], and Crystal River Engineering’s 3-D stereo sound card [ 28 ].  Six-degree-
of-freedom mice [ 24 ] have been evaluated but not implemented.

Software and Operating Systems

To serve as wide a potential audience as possible and for future growth, Vicher is being developed using
the WorldToolKit ( WTK ) development package from Sense8 corporation [ 29 ].  The advantage of WTK
is the range of platforms supported, including Microsoft Windows 3.1, DOS, HP, Sun, DEC Alpha, Silicon
Graphics, and more recently Windows NT.  ( Support for the Macintosh operating system is rumored
within the next year. )  Vicher currently has versions for Windows 3.1 and for DOS, the latter of which
unfortunately requires a graphics board that is no longer manufactured.  The Windows version of Vicher
has been successfully run under Windows 95, but has not been tested under Windows NT.  Other
software employed in the development of Vicher includes Borland C/C++, Watcom HighC, AutoCAD r12,
Pharlap DOS extender, Adobe PhotoStyler, MKS Toolkit, Ofoto, and CorelDraw 5.

User Interface

Users interface with Vicher using a joystick for movement, a mouse for activating objects and requesting
information, and a keyboard for other tasks. The left mouse button is used to “activate” objects such as
television or reactor controls, where "activate" takes on a meaning appropriate to the object.  Pictures can
be activated to teleport to the location shown.  Alternatively, users can fly through pictures or doorways,
which also act as teleports.  Clicking the right mouse button opens a new window containing object-
specific help ( MS Windows version only. )  Additional help can then be obtained via a standard hypertext
help interface. The joystick is particularly effective when used with a head tracker, as the user may simply
look at a desired destination and push the stick forward to move in that direction.

Getting Started

The original Vicher began with a welcome center, the purposes of which were twofold.  The first was to
overcome disorientation problems that some users experience when first encountering virtual reality.  The
welcome center was designed as a simple, familiar environment in which users could become comfortable
with virtual reality before continuing on to more complex and possibly abstract environments.  This room
has been quite effective in this role and therefore welcome centers have been included in both Vicher I
and Vicher II, as shown in Figures 1 and 2 respectively.  The second role of the welcome center was an
information center providing educational information from pictures, books, bulletin boards, and a virtual
television set, the latter of which also introduces users to virtual controls.  Current versions of Vicher have
television sets in every room to provide room-specific information as appropriate.

The welcome center also provides a central base of operations from which to explore other areas, most of
which have direct access to and from the welcome center.  Early versions of Vicher contained hallways
leading from the welcome center to other areas, designed to provide a logical transition between rooms.
However, the hallways turned out to be difficult for users to traverse and added little to the overall
experience.  When teleports became available, users generally chose to use the teleports rather than the
hallways, with no resulting disorientation.  Therefore, all hallways have since been removed in favor of
teleports as the preferred transfer mechanism.  This change has provided increased flexibility for adding
and removing rooms and for adjusting inter-connectivity between areas.

One problem with the original welcome center that was discovered when designing the Vicher I and
Vicher II welcome centers involves disorientation caused by excessive symmetry. The original Vicher
welcome center was a simple rectangular room with doors and windows placed evenly about the
perimeter.  The Vicher I welcome center is a two-story room with an L-shaped balcony reached by
escalators ( Figure 1 ), and the Vicher II welcome center is an octagonal room with a high ceiling tapering
to a small central skylight ( Figure 2 ).  The orientation problem, which is most pronounced in Vicher II, is
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caused by the lack of directional cues in a symmetric room.  Without these cues, users easily become
disoriented, particularly if they have teleported into the room.  The original welcome center has fewer
problems than the octagonal room of Vicher II, but it still suffers from too much symmetry.  Vicher I has
the best configuration, as the balcony and escalators provide an instantly recognizable sense of direction.
The symmetry of the Vicher II welcome center has been reduced by adding furniture and replacing some
solid walls with floor-to-ceiling windows, but additional direction-indicating mechanisms are still needed.

Interactive Interrogation

Early versions of Vicher were modeled roughly after other interactive educational computer modules [ 30 ],
in which users are presented with information, given an opportunity to experiment, and are then asked a
series of questions that must be answered correctly to receive a good "grade" for the module.  With this
framework in mind, Vicher originally contained a debriefing center in which to question students before
they exited the simulation.  The purposes of this room were threefold:  to test students' mastery of the
concepts covered in the simulation, to produce a "grade" for running the simulation, and to inspire
students to go back and further explore issues that were not fully grasped initially.

The problem that arises is the determination of an effective method of querying users in a virtual
environment and the subsequent recognition and recording of their response.  This issue has not been
addressed by other virtual reality developers, who are primarily interested in creating more realistic
environments, nor by traditional educational software developers, who are not faced with the constraints
imposed by virtual reality.  The traditional method of questioning a computer user -- printing a question to
the screen and requesting that the user type in a response -- is not generally applicable to virtual
environments because there is not always a text screen present and the user does not always have
access to the keyboard.  The virtual reality screen is graphical and can be viewed from an infinite variety
of viewpoints.  Head mounted displays compound the problem by providing low-resolution visual acuity
and by blocking visual access to the keyboard and other materials.  In the particular case of Vicher, the
difficulties are further compounded by the desire to support as many hardware platforms as possible.

Several methods have been investigated for presenting textual information in a virtual world, without
yielding consistently satisfactory solutions.  The most promising techniques are the separate window and
the virtual television, the latter of which can record users' responses to multiple choice questions.  The
drawback to the separate window is that the text cannot be read in currently available head mounted
displays, and the drawback to the television is that only very short phrases can be clearly displayed.  The
televisions in Vicher currently serve only as information delivery mechanisms.  Investigations continue into
text presentation and questioning methods for use in virtual environments.  As for the debriefing center,
lack of a suitable questioning mechanism has eliminated the usefulness of this room, and so it has been
removed from current versions of Vicher.

Vicher I - Catalyst Deactivation

Vicher I illustrates concepts of catalyst deactivation in industrial practice and common industrial responses
to decaying catalyst.  When completed, there will be three reactor rooms present in this simulation,
corresponding to slow, medium, and rapid catalyst decay, plus microscopic exploration areas that allow
students to observe catalytic reaction mechanisms on a molecular scale.  The straight-through transport
reactor room and the microscopic areas were carried over and enhanced from the original Vicher
program.  The moving bed reactor room for the study of  medium decay is under construction.

Time-Temperature Room - Slow Catalyst Deactivation

Catalysts whose activities decay slowly over time lead to gradually declining reactor performance and
inconsistent product quality.  The effects of slowly decaying catalyst can be counteracted by increasing the
operating temperature over time to maintain a constant overall rate of reaction.  The drawback to this
approach is that higher temperatures increase the rate of catalyst decay, thereby accelerating the initial
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problem until reactor temperatures can no longer be safely increased, resulting in more frequent reactor
shutdowns for catalyst replacement or regeneration.

The experimental apparatus for studying slow catalyst decay in the time-temperature room ( Figure 3 )
includes a continuous stirred-tank reactor with removable heating jacket, a control panel, and both a clock
and a calendar for indicating the passage of time.  ( A virtual day takes approximately 5 seconds of real
time;  A two-week experiment requires about a minute of students' attention. ) Students perform
experiments either isothermally or with temperature control for constant conversion at any of five setpoints
of desired conversion.  While experiments are in progress, three charts display reactor operating
temperature, catalyst activity, and current conversion rate as functions of time.  Experiments continue until
catalyst activity declines to unacceptable levels, or until the operating temperature rises beyond safe
limits, or until experimental conditions are changed.  Whenever an experimental run is concluded,
students are forced to wait while the reactor is charged with fresh catalyst.  This forced delay serves to
illustrate the disruptive nature of downtime and the benefits of keeping downtime at a minimum.
Operating the reactor at higher conversion levels requires higher temperatures, resulting in accelerated
catalyst decay and more frequent shutdowns.

The simulation presented in this room graphically illustrates the difficulties associated with slowly decaying
catalysts and the trade-offs associated with decay compensation through temperature control.  The
specific benefits afforded by virtual reality include the opportunity for unconstrained experimentation and
the tangible demonstration of the consequences of reactor shutdowns.  Visual learners benefit from the
graphical nature of the experience and global learners perceive the interconnectedness between slowly
decaying catalyst, temperature control, desired conversion level, rate of catalyst decay, and the resulting
frequency of reactor shutdowns.

Straight-Through Transport Reactor Room - Rapid Catalyst Deactivation

Rapid catalyst deactivation is commonly handled in industry using a straight-through transport reactor
( STTR ) in which the catalyst is entrained in the reactant flow for a single pass through the reactor before
being separated out for regeneration and return to the reactor in a continuing cycle.  The Vicher I transport
reactor room contains a vertical STTR with associated catalyst regeneration unit and control panel as
shown in Figure 4, as well as a large cutaway view of a single catalyst pellet.

Students observe catalyst pellets within the reaction equipment either by entering the equipment or by
turning the equipment "transparent" via the control panel.  Catalyst pellets enter the bottom of the reactor
in a clean state, and become fouled by an undesired side reaction as they are transported upwards
through the reactor by reactant flow.  Catalyst pellets falling through the regenerator ( counter-current to
rising air flow ) become cleaner as carbon deposits are burned off the surface.  The large cutaway pellet in
the corner of the room illustrates the shrinking core model of internal diffusion-limited catalyst activity,
whereby catalyst fouling and regeneration proceed from the outer periphery in toward the central core.
The cutaway pellet is associated with a particular tracer within the reaction equipment to illustrate the
relationship between reactor conditions and internal pellet conditions.  Using the control panel, students
are able to alter the flowrates of reactant feed to the reactor and air flow to the regenerator, and to
observe the resulting changes in catalyst fouling and regeneration.  Additional meters display the average
coke level of the pellets within the reactor and the overall yield of the process.

The educational objectives of this room are to illustrate continuous regeneration of a rapidly decaying
catalyst, to demonstrate the shrinking core model of catalyst fouling, and to allow students to freely
explore the relationship between flowrates and catalyst fouling.  Students benefit from this experience by
developing an intuitive feel for the causes and effects of catalyst fouling and regeneration, which brings
additional meaning and significance to the numerical calculations studied in class.  Global learners, in
particular, benefit from the opportunity to see how the concepts and calculations fit together in a practical
application.
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Microscopic Areas

The mechanism of catalytic reaction can be observed in greater detail through a series of three virtual
environments of increasing magnification.  The magnified pellet environment shown in Figure 5 illustrates
bulk diffusion of reactants and products in the thin film surrounding a single catalyst pellet, and serves as
a logical and physical transition between the macroscopic and microscopic points of view.  Teleports from
the transport reactor room to the magnified pellet are incorporated into the catalyst pellets that circulate
within the reaction equipment.  Return access from the magnified pellet to other parts of the simulation is
provided by the pictures seen adjacent to the pellet in Figure 5.

Flying into the magnified pellet transports students into the catalyst pore structure pictured in Figure 6,
where molecules can be observed undergoing the standard mechanistic steps of catalytic reaction, i.e.,
reactant diffusion and adsorption, surface reaction, and product desorption and diffusion.  Along with the
desired conversion of hexane to cyclohexane, an undesired side reaction also occurs producing pentane
and carbon deposits, the latter of which foul the surface of the catalyst.  The catalyst pellet continues to
circulate between the reactor and regeneration units while the student is within the pore, allowing the
observation of both the reactive and regenerative cycles from the internal viewpoint.

Users have experienced some difficulty maneuvering within the catalyst pore to directly observe the
chemical reactions as they occur.  This is due partially to the unfamiliar environment involved and partially
to the inherent randomness of molecular motion and the finite probabilities of adsorption and subsequent
reaction resulting from any given collision between reactants and the pore walls.  The observability of the
reaction step has been improved through the addition of two "staged" sites, configured to show predictably
repeating reactions.  The staged sites are indicated via prominent "bulls-eye" markings ( not shown in
Figure 6 ).

The pore wall can be observed at even greater magnification in the third microscopic environment, shown
in Figure 7, which is accessed by traversing the staged sites described above.  Since pore diameters are
typically 103  to 106 times the molecular diameter of reactive species for non-zeolytic catalysts, this view is
the first that shows the catalyst surface and the reactive species at anything close to accurate scale.  A
single reaction occurs repeatedly on the surface as overhead labels describe each step of the catalytic
reaction mechanism.  Hovering pictures provide teleport access back to other areas of the simulation.

The microscopic areas of Vicher I provide access to otherwise inaccessible environments, and allow
observation of events that are not directly observable without a simulation of some kind.  The pore interior
has a particularly high impact due to its extremely immersive nature, which pulls students into the
simulation and surrounds them with activity.  The disadvantages are the orientation and navigation
difficulties that many users encounter in this irregular, abstract, and unfamiliar environment.  Visual
learners benefit from the ability to watch reactions take place, and active learners will remember the
experience of pursuing molecules to observe a reaction subject to kinetic probabilities.

Vicher II - Non-Isothermal Effects

Vicher II focuses on non-isothermal effects in chemical kinetics and reactor design, including the
formation of localized hot spots caused by exothermic reaction within a jacketed packed bed reactor
( PBR ), the presence of multiple steady states in a continuous stirred tank reactor ( CSTR ), and the use
of sequential reactors with inter-stage heat transfer to overcome temperature dependent limitations.  The
non-isothermal PBR room is the only portion of the original Vicher program that has been incorporated
into Vicher II.  The staged reactor area is currently under development.

Non-Isothermal Packed Bed Reactor Room

The non-isothermal packed bed reactor room contains equipment and concepts for the study of the
exothermic oxidation of sulfur dioxide, as shown in Figure 8.  [ 18, Example 8-10 ].  Specific equipment
consists of a jacketed packed bed reactor, represented as a double pipe heat exchanger with tube-side
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catalyst packing and shell-side baffles for the cooling fluid, and an associated control panel.  The reactor
can be made transparent for improved observation of internal conditions.  A three-dimensional
mathematical surface displays reaction kinetics as a function of temperature and fractional conversion.

Temperature information is conveyed through the extensive use of color, with high temperatures indicated
by shades of red, low temperatures by shades of blue, and intermediate temperatures colored white.  This
color coding scheme is utilized both on the kinetics surface and within the reactor, providing a visible
relationship between the abstract mathematics and the physical reality of the equipment.  Internal
conditions along the length of the reactor are indicated by a set of operating lines that lie on and just
above the kinetics surface, with each line corresponding to a different set of reactor inlet conditions.
These lines are coplanar with the kinetics surface at the reactor inlet and diverge from the surface at the
reactor exit due to the pressure drop that is accounted for in the operating lines but not in the isobaric
kinetics surface.

When the reactor inlet temperature is low, the cooling fluid maintains reactor operating conditions in a
range at which only modest rates of reaction occur.  At higher reactor inlet temperatures, a localized hot
spot appears near the reactor entrance, caused by the inadequacy of the cooling fluid to completely
control the exothermic reaction.  As the inlet temperature is raised, students observe the hot spot
increasing in intensity and shifting towards the reactor entrance.  Careful analysis of the operating lines
and the kinetics surface using material and concepts covered in class should reveal the significance of
these responses.  Temperature and fractional conversion are also displayed as functions of reactor length
via conventional two dimensional graphs on the control panel.

The educational mechanisms being employed in the non-isothermal PBR room include the use of color as
an information delivery mechanism, and the interconnectedness of the three dimensional mathematical
surface and the physical reality that it represents.  The former appeals particularly to visual learners, and
the latter helps global learners to see the significance of the mathematics and how it relates to an actual
physical situation.  All students benefit from the opportunity to freely explore the relationships between
temperature, reaction rate, equilibrium, and reactor volume.

Multiple Steady States Room

Exothermic reactions in jacketed continuous stirred-tank reactors can lead to multiple steady-state
conditions under which the heat generated by the reaction is exactly balanced by the system cooling
capacity.  Failure to control these reactions properly can lead to sudden, unexpected, and dangerous
shifts from one steady state to an alternate state at a significantly elevated temperature.  Equipment
available for studying this phenomenon in the multiple steady states room includes a jacketed CSTR,
which can be made transparent for internal observations, and an associated control panel, as shown in
Figure 9.  Reactor inlet and operating temperatures are indicated by digital readouts on the control panel
and by color changes in the appropriate equipment.  The control panel also provides for adjustments to
the reactor inlet temperature as well as a graphical display of heat generation and removal and current
steady-state conditions.

Operation of the reactor at varying inlet temperatures reveals the classic ignition-extinction response
associated with this set of reactor conditions.  As the inlet temperature is slowly raised, the reactor
remains at a low-temperature steady state until the ignition point is reached, at which point reactor
conditions shift abruptly to a high-temperature steady state.  Lowering the inlet temperature does not
result in a significant decrease in reactor operating temperature until the extinction point is reached,
causing the operating temperature to drop sharply.  The educational benefits afforded by this section of
the simulation are similar to those present in other rooms:  active participation, experience-based learning,
visual information delivery, and an opportunity for global learners to relate mathematical concepts to
physical situations.



9

Preliminary Results

The most apparent results of this work are the Vicher modules.  Expertise has also been developed that
will prove valuable in future educational and engineering applications.  This expertise pertains not only to
programming and graphical techniques, but also to computer-human interfaces and the effective
application of VR to technical subjects.

Student testing has thus far been limited, but this situation is changing with the recent addition of several
hundred Pentium PCs and two low-cost head mounted display units to the University of Michigan's
engineering computing facilities.  Arrangements are also being made to beta-test the programs at other
select universities.  Many demonstrations of Vicher have been provided since the project's inception,
involving hundreds of engineers, scientists, educators, and students of all grade levels.  Much has been
learned from observing participants during these demonstrations, and program modifications have been
made accordingly.  ( Besides direct observation, Vicher also has provisions for videotape recording and
for database logging of user's actions. )

Strengths and Weaknesses of Virtual Reality as an Educational Tool

Virtual reality is a new tool, and as with any new tool, there are applications for which it is well suited and
those for which it is not.  To make the best use of this new tool, it is necessary to understand its strengths,
its weaknesses, and its unique implementation requirements.

Strengths

Virtual reality offers many potential benefits to the engineering educator, including experiential learning,
the ability to reach students with alternate learning styles ( particularly visual and global learners ), the use
of multiple delivery systems for providing educational information, and the total immersion of the student
within the educational experience. Head mounted displays provide added realism and immersion benefits.
True stereoscopic 3-D vision is available, at a cost of both money and performance.  VR is an excellent
tool for illustrating spatial relationships and for exploring environments that are otherwise inaccessible.
Students also show strong interest and enthusiasm for virtual reality.

Weaknesses

These benefits do not come without their inherent drawbacks, however.  Execution speed is of critical
importance in virtual reality, which necessitates certain compromises in simulation accuracy and detail to
maintain reasonable system performance.  Stereoscopic display reduces performance by roughly half.
HMDs restrict access to the outside world, and the low resolution of student affordable units significantly
reduces effective visual acuity. VR is not an appropriate tool for displaying text, equations, or formulae at
this time, although efforts are being made to overcome this limitation. The joystick is not familiar to all
students and is not available for all computer platforms.

Accounting for the Strengths and Weaknesses of VR

The combination of high speed requirements and low visual acuity results in unique simulation priorities, in
which technical accuracy is sacrificed in favor of execution speed.  ( Users cannot discern errors below 10
or 20%, but if calculation time exceeds a fraction of a second, the delay will be distinctly noticeable. )  This
situation requires many theatrical, psychological, and magician's tricks to produce effective qualitative
experiences, rather than strict quantitative accuracy.  Two extensively used techniques are to perform as
many calculations as possible off-line, so that the virtual simulation only displays the results, and to use
simple approximations for any calculations performed in real time.  Specific details of some of the
techniques employed in Vicher will be the subject of a separate paper.
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Work In Progress

Although the Vicher programs are approaching completion, there are still some areas under development
and others in need of improvement.  Two areas that are specifically under construction at the moment are
the moving-bed reactor area in Vicher I and the staged reactor area in Vicher II.

The moving-bed reactor area will illustrate a typical industrial procedure for handling intermediate rates of
catalyst decay.  In this approach, catalyst slowly falls through a fluidized-bed reactor, taking hours, days,
or even weeks to work its way through from top to bottom.  The spent catalyst is removed from the bottom
of the reactor, and either discarded or sent to a separate catalyst recovery facility.  The mechanical design
for the moving-bed reactor was taken from Walas [ 31 , Figure 17.28(c) ]

The staged reactor area will illustrate the use of multiple reactors in series with inter-stage heat transfer.
This approach is employed when the heat of reaction changes the reactor temperature such that the rate
of reaction diminishes due to either kinetic or equilibrium causes.  A mathematical representation of the
equilibrium state as a function of temperature is also planned for this world, illustrating reactor operating
conditions at various points along the reactor sequence.

The virtual televisions ( present in every room ) need more and better information, and the MS Windows
"help" documentation needs to be expanded.  Some areas require increased realism or educational
effectiveness or both.  Methods are being investigated for the effective presentation of textual information
and for questioning participants interactively.  Large scale student testing at several engineering
universities will hopefully yield a statistical measure of the educational effectiveness of Vicher.  Written
instructions are needed for students, instructors, and computer system administrators.  Supplemental
materials, such as questionnaires to test students' mastery of the concepts, will also be useful.  It is hoped
that widespread distribution of the Vicher modules ( via the CACHE corporation [ 32 ] ) can commence
within the next year.

It has always been planned to port Vicher from the common PC to alternate platforms, such as Windows
NT, Silicon Graphics, and HP workstations, in order to reach as wide an audience as possible.  Now that
Vicher is reaching maturity, it is time to start this phase of the operation.  Expected compatibility problems
include the lack of joystick support under Windows NT and SGI platforms.

Other educational applications are being developed to explore different aspects of virtual reality, including
the portrayal of technical information, spatial relationships, and hazardous environments[ 33 ].  The most
significant of these applications, involving a safety analysis of a polyether polyol pilot plant facility, was
recently evaluated by 150 senior plant design students [ 34 ].

Conclusions

Virtual reality has tremendous potential to provide enhanced vision to students and engineers.  Before that
potential can be fully realized, however, it is necessary to identify which applications are best suited to
virtual reality, and how best to apply the technology to engineering topics.  As a beginning exploration into
this area, a series of virtual reality based educational modules are currently being developed in the
Chemical Engineering Department of the University of Michigan.  This paper has described the Vicher
modules, which illustrate concepts of catalyst deactivation and non-isothermal effects in chemical reaction
engineering.  The other modules under development will investigate different applications of virtual reality
to engineering education.  Preliminary testing of the Vicher programs shows a strong student response
and an indication of increased understanding of the concepts covered.  Additional testing with larger
numbers of student participants is underway.
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About the Demo Software

The Vicher programs each require tens of Megabytes of disk space, far beyond what is practical to include
on a floppy disk.  Therefore the demo program that accompanies this article is restricted to the pore
interior region of Vicher I only.  Because the demo was created from the original Vicher, it does not include
the staged areas described in the text.  The accompanying help file describes the original Vicher as of the
date the demo was produced. The demo has been run successfully on half a dozen different computer
systems, but has not been tested on all possible combinations of hardware and software. Additional
documentation may be found on the included floppy.
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Figures

Figure 1:  The Vicher 1 welcome center contains escalators leading to the upper balcony.

Figure 2:  The Vicher 2 welcome center revealed problems with symmetrical rooms.

Figure 3:  The time-temperature room, with graphs of temperature, activity, and conversion.
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Figure 4:  The straight through transport reactor in transparent mode shows catalyst fouling.

Figure 5:  This close up view of a catalyst pellet shows diffusion of reactants and products.

Figure 6:  Chemical reactions occurring within the catalyst pore.
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Figure 7:  A close up view of the catalyst surface ( within the pore. )

Figure 8:  Non-isothermal packed bed reactor room, showing color coding on surface and in reactor.

Figure 9:  Multiple steady states are illustrated in this room.


