
The Expanding Domain of Dynamic Simulation 
 
The process industries were one of the first engineering sectors to embrace the 
computational power of digital computing to augment or even replace established 
engineering methodologies.  This was, at least in part, because many chemical 
engineering problems can be well characterised by easily defined equations that need 
to be iterated to a solution, making them ideal to solve by computer, even in the early 
days when computing power was weak by today’s standards.  The first process 
simulation programs date back to the early 1970s, and rather than being driven purely 
by academic interests, many of these programs found direct and immediate 
application in industry.  By the 1980s, steady state process simulation had been 
widely accepted and chemical engineers started investigating dynamic simulation.  
Computing power had increased but the dynamic simulation problem is more 
complex by about an order of magnitude and the early applications were unreliable 
and difficult to use.1  Dynamic simulation was seen as a very specialist area and not 
for the average process engineer.  During the 1990s, the continued increases in 
computing power and ongoing development of process simulation software 
significantly reduced the cost of dynamic simulation and expanded its range of 
applicability.  Bigger implementations were possible and the fidelity of the models 
increased, but dynamic simulation retained its reputation for being a specialist’s 
discipline.  This is partially justified because a successful dynamic simulation relies 
on a solid background in theoretical chemical engineering and process control, 
specialist computing skills and real-world plant understanding of process dynamic – 
skills that are not often found together in a single individual.  Unfortunately, and 
unnecessarily, this contributes to the perception that dynamic simulation is only 
worthwhile for very big projects and very big companies where the resources exist to 
develop or hire these specialist skills.  Today, the need for specialist computing skills 
is diminishing while the scope and potential of dynamic simulation continues to grow.  
There are now ways of leveraging the power of dynamic simulation on all budgets, as 
the following examples demonstrate. 

 
Low Budget Applications 
 
The cost of licensing a commercial dynamic simulation package can be prohibitive for 
a small company.  The obvious alternative is to outsource the work and there are 
many companies that offer specialist dynamic simulation services.  However, 
outsourcing a small package of work incurs its own cost and often takes time to set-
up, which can also impact on the schedule of a smaller job.  A different approach is to 
develop or re-use simplified models in existing tools or software packages such as   
Microsoft Excel.  If the scope of the model is small, and the thermodynamic and 
property data are well-known, a dynamic simulation based on Excel can be an 
effective option.  Consider the following case studies. 
 

1. Cold Box Heat Exchanger 
 

Let’s assume we have a multi-stream plate exchanger in a cold box that we want 
to study.  In particular, we’ re interested in knowing how the unit cools down, the 
maximum rate of change in temperature of the shell and the pinch points within 
the exchanger during the cool-down period.  The process streams are well-known 



gases at low to moderate pressure, with no phase changes.  We have a datasheet 
that defines the normal heat transfer coefficients and metal mass of the exchanger. 
 
The first step to building any model is to define the constitutive relationships 
between the known variables, that is the mass and energy balance equations.  
These can be simplified with some judicious assumptions, starting with constant 
pressure, which enables us to set the flow out of each cell equal to the flow in.  
Consequently, we only need to consider energy input from the flowing fluid and 
heat transfer to and from the exchanger walls.  The change in temperature, � T, for 
each cell in a given time period, � t, is given by: 
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Similarly for the internal exchanger metal mass, neglecting conduction in the 
exchanger walls: 
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And the external wall, allowing some heat loss to ambient: 
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Note that we must consider heat transfer to both walls from each cell, and that in 
each case, the specific heat, Cp, is a function of the local temperature and the heat 
transfer coefficient, h, is a function of the fluid properties and flow rate.  After 
each time step, we simply need to adjust the state variables by the calculated � ’s 
to generate a dynamic response.  A possible implementation of these equations is 
shown in Figure 1.  There is no assumption of steady state at any point, including 
time = 0, and the user can fully define the starting point in terms of the feed 
streams and the temperatures within the exchanger. 
 
The model enables us to introduce disturbances and examine the system response.  
We can plot the internal temperature profiles of each fluid at any point during the 
transient, identify the pinch points and the parts of the exchangers that undergo the 
fastest rates of change in temperature, and estimate the length of the transients. 
 
2. Centrifugal Compressor 
 
In this instance we are considering adding or replacing a centrifugal compressor in 
our process.  We have designed a hot gas recycle to use for surge control but it’s 
not clear whether this is adequately sized, and what will happen under various trip 
conditions.  We also want to understand how the system responds on start-up and 
how long it takes to reach the necessary discharge pressure and flow. 
 



Once again, the first step is to define the relationships that govern the operation of 
the system, including any judicious assumptions we can use to simplify the model 
without invalidating its predictions.  Starting with the compressor itself, we can 
calculate the polytropic head from the thermodynamic equations for gas 
compression.  The vendor’s performance curves then give us the flow, and the gas 
compression equations can be applied again to calculate the power and discharge 
temperature.  The fan laws enable these calculations to be extrapolated to different 
speeds.  The valve flows are equally well defined by vendor equations available 
from the open literature.   
 
The suction and discharge vessel pressures can be calculated by a simple mass 
balance and the gas laws, with the mass accumulation term differentiated against 
time to give the rate of pressure increase.  A similarly constructed energy balance 
can be used to calculate the rate of change of temperature in the vessels.  The 
resulting equations are given by: 
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The specific heat, Cp, and compressibility, z, can either be fixed or calculated as a 
function of the local temperature. As with the earlier example, the calculated � ’s 
must be added to the state variables after each time step.  A possible 
implementation of these equations is shown in Figure 2. 
 
This model can be used to investigate the effect of opening and closing the hot gas 
recycle valve on the compressor operating point.  If we want to investigate start-
up and trip transients, we also need to consider the inertia of the compressor and 
construct equations for a power balance.  Thereafter, we can track the start-up 
locus (assuming no external controller actions) and look at the limiting trip cases, 
by assuming the hot gas recycle valve opens fully within one time step following a 
trip, or extend the model further to include a more detailed trip response and 
accurate valve dynamics.  
 

 
Medium Budget Applications 
 
Excel is a convenient tool that most process engineers will already be using for other 
applications so it requires no incremental software investment for simulation.  
However, it requires more customisations than tailored software packages and this 
brings its own cost.  This cost can be partially offset with a general simulation or 
maths package such as Matlab® / Simulink®, Mathcad or VisSim™. 
 
The next choice is one of the commercial dynamic process simulation packages such 
as Hysys®, UniSim® or Aspen Custom Modeler®.  These packages usually have a 
higher initial cost but they bring some important advantages for larger applications 



compared with the do-it-yourself approaches.  Principally, these are a comprehensive 
property database, detailed thermodynamic models, a built-in unit operations library 
and a pressure-flow network solver.  Stream compositions and properties are handled 
automatically and the unit operations library is likely to meet the needs of most users.  
A basic model of a simple process can be built in minutes and entire plant models can 
be completed in weeks, including real equipment data and operating constraints. 
 
The end product of this type of modelling approach is an engineering simulator that 
should incorporate the engineer’s plant experience and judgement, as well as actual 
equipment data from the plant.  Parts of the process can be simplified and others can 
be built in fine detail.  It’ s often unnecessary to include much instrumentation other 
than the regulatory control systems, and logic systems only need to be added where 
relevant to the process events being studied.  The engineer responsible for this type of 
model should be able to match it to an operating point from the real plant (or from the 
design PFDs) and can expect dynamic responses to match approximately, 
understanding the modelling assumptions and likely limitations in input data.  A more 
accurate match requires more work and more data but the basic model still provides 
many benefits, particularly with regard to what-if analyses and improving 
understanding of the process and its many interactions.  If the budget is limited and 
the simulation project is being driven by one or two very specific requirements, 
extending the model further might not be justified. 
 
 
High Budget and Future Applications 
 
The next stage in employing dynamic models is usually to replicate the complete 
working of a process plant, with accurate models of the process itself, plus the control 
systems, shutdown logic and any other associated equipment and instrumentation.  
This is the approach used for the best operator training simulators (OTS), but limiting 
such a tool just to training is a missed opportunity.  It takes some considerable time 
and effort, and the right technology, to build this type of model.  The onus should, 
therefore, be on extracting as much value from the simulator as possible, once the 
initial investment has been made.  Invariably, this means putting it to work for more 
than just OTS applications.  
 
The attributes that make this type of dynamic process model suitable for operator 
training are equally applicable in other areas.  Inexperienced operators can experiment 
on the simulator because it’s a safe environment that doesn’ t put plant or personnel at 
risk.  Process and control engineers can experiment in the same way but incorporate 
process and control parameters in their investigations and experiments.  What would 
happen if that exchanger was bigger?  Could I make the system more robust by 
increasing the size of this vessel?  Would additional stages in that column help deal 
with process upsets? 
 
The control engineer can go further and develop and test new control schemes.   There 
is no comparable tool that provides such insight into the way the control scheme and 
plant interact.  Accurate dynamic responses are the ideal but many tests can be 
adequately performed without tuning the model to the actual plant dynamics.  For 
example, in a particular column, should the reflux drum level control be configured to 
manipulate the distillate rate or the reflux?  How much process non-linearity exists in 



each loop?  Of course, if the model can be tuned to accurately match plant responses, 
then it can also be used to tune controllers and design advanced control schemes to 
operate above the basic regulatory control layer. 
 
The usefulness of the complete dynamic model (a virtual plant) doesn’ t stop there 
either.  Process engineers and operators can work together to optimise their start-up 
procedures and ensure grade transitions are made quickly and effectively.  This type 
of exercise helps to define the exact events and constraints that govern major process 
events like the start-up.  If the events can be defined quantitatively and the operator’s 
responses defined, then it becomes feasible to automate the whole process.  This 
would not be possible without a suitable test-bed because the development of an 
automated procedure is inevitably an iterative process requiring many tests for 
different circumstances.  No process manager is going to let his or her plant be tested 
in that way, even if the benefits are to shave time off the start-up and ensure the 
procedure is carried out in a safer and more repeatable manner.  Many operating 
incidents occur during start-up or other major events, so why not invest in ensuring 
procedures are optimised and warning signs are automatically detected and rectified? 
 
Look-ahead models are sometimes employed to provide early warning of impending 
disturbances and their effects.  These models have traditionally been simplified to 
ensure they run at a speed greatly in excess of real time.  However, continued 
increases in computing power mean more detailed models can be employed in this 
way.  Why not have the full virtual plant model employed in this way, running in 
parallel with the real process, connected to the plant’s data recording system?  This 
type of application is possibly still some way off because it requires a high level of 
parameter estimation and data reconciliation to work effectively, but the principles are 
understood and waiting for the right implementation.  State estimation using rigorous, 
first-principles dynamic models technology has been applied successfully to predict 
the trajectory of unmeasurable process parameters on-line and in real-time 2.  This 
type of model uses reconciled heat and material balances to supplement the data set 
that process instrumentation provides, as well as validating the data that is available.  
The resulting model is powerful enough to predict future trajectories of both measured 
and unmeasured variables, with or without known disturbances, whilst allowing for 
inconsistencies in the known data, past or present. 
 
The future should bring even more sophistication to the dynamic models that are in 
use by process engineers already and make them more accessible to others.  A 
reconciled, dynamic model of the whole plant or process that sees into the future (i.e. 
runs faster than real-time) could warn of impending problems, corroborate laboratory 
quality measurements, track equipment performance and recommend maintenance.  
Of course, such a sophisticated model would also be suitable to work directly with 
control and optimisation applications.   
 
The technology, skills and expense required to develop and implement very advanced 
dynamic models should not be trivialised but can be offset against less ambitious 
projects using existing resources.  A phased approach, starting with low-cost projects 
can provide the foundation for capturing process knowledge and developing the 
models that underpin the technology sphere.  The incremental costs and benefits for 
extending the dynamic models can be assessed separately at each stage, while keeping 
the bigger picture in mind.  If this approach necessitates a change in technology along 



the way, this can usually be handled surprisingly smoothly.  The most critical point is 
simply to recognise what dynamic simulation tools and methodologies can do to 
improve the operating performance and safety of your plants and processes.  
Understand the true value of models and put them to work. 
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Figures shown sequentially on next pages: 
 
Figure 1 – A dynamic model of a multi-stream plate exchanger in Excel 
 
Figure 2 – A dynamic model of a centrifugal compressor in Excel
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