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1.  Introduction
Simulations of all kinds are playing an increasing role in today’s world, especially in the aerospace and defense industries.  Simulations have moved beyond the classical role of aircraft simulators for pilots to being used in the design phase of many products or trouble shooting of existing hardware.  

2.  Background
The Arnold Engineering Development Center (AEDC) has been using models of its testing facilities to aid in control system development for a number of years.  AEDC is one of the world’s largest aerospace testing complexes that houses 58 wind tunnels, propulsion test cells, space chambers, and hyperballistic ranges.  Each test facility is specific to providing the Air Force and Department of Defense with unique capabilities to test and evaluate hardware systems that are under development1.  Many of these test facilities are equipped with highly sophisticated control systems for automation and operations of facility.  For a number of years, AEDC has been using models of these facilities to allow the control systems to be developed and optimized.  Because of their complexity and the extreme cost of plant hardware, many hours of validation are required before a new control system or upgrades to existing system can be installed in the field for the first time.  In addition, plant operators need training on a new system or refresher training to hone their skills.  Both validating and training in the field can be costly and has the potential to cause damage to the system.  It is because of this that facility simulations have been used to check out a control system and for operator training.  In the past this was done through documentation and direct on the job training2.  But this lacked methods to adequately train operators for emergency situations, because this would involve putting a facility in an unsafe mode of operation with the potential to cause catastrophic damage to plant equipment.
Facility upgrades always involve some amount of time that a facility is taken down so that new hardware can be installed or software changes be made.  Clearly, testing cannot continue while a facility is taken offline.  To minimize the impact on test schedules, upgrades were done between tests.  However, properly checking out a new system could take weeks, so either a thorough check out could not be performed or test schedules slipped.  If errors were found during a system check out, the new system would be removed and the old put back in place so operations could continue while the error was corrected offline.  Then during the next available opportunity the new system would be put back in place and check outs would resume.  The process could often times repeat itself if multiple errors were found.  Overall, this method of upgrading was inefficient and costly in terms of man power, resources, and lost test time3.  A new method was needed to streamline this process: facility simulation.  In 2000, AEDC began an aggressive approach to reduce the amount of time a test facility is taken off line to upgrade both control software and hardware.  
To reduce the amount of time it takes to check out a fielded system, there needs to exist a method that allows for a much more comprehensive review offline.  Control engineers have been using simplified models for years to test out basic control logic, but nothing has existed prior to this to be able to test a control system against dynamic or transient data or to perform a full system check out with multiple subsystems.  A program at AEDC was created to address this deficiency.  Real-time facility models were created to be able to interface, using a common I/O path, with actual plant hardware3.  The simulations receive the same commands that a control system might send to a valve, cooler, heater, compressor, etc. and it provides sensor output to the control system.  This could be position feedback of valves or temperatures and pressures found throughout the ducting.  This provides a realistic environment for the control system to exercise all its control logic before being fielded for the first time.  Built alongside a simulation is a human machine interface (HMI) screen.  An HMI is the typical method in which a user interacts with a machine; whether it’s through inputs to manipulate the system or a way to allow the system to indicate effects of the user’s manipulation3.  HMI’s are normally used to interface with a process control system which in then turns controls one or multiple pieces of equipment, such as: valves, compressors, and heat exchangers.  However, parameters can be passed to and from the model through an Ethernet connection.  This allows a user to start and stop a model, set initial conditions, or alter the system behavior in some controlled way.  The user is also able to place the model in abnormal conditions to simulate certain types of failures.  The four most common hardware items that may experience a variety of failure modes are valves, analog sensors, discrete sensors, and limit switches.  The failure of individual valves, sensors, and switches is used to verify that the control system correctly detects and reacts to warning, danger, and fault conditions4.  This minimizes the chance for errors to exist and it also provides a high confidence level in the control system.  That is, the control system will not cause damage to plant hardware when it is activated for the first time.  The simulations also provide a means for training facility-operators offline, an avenue that was previously unavailable.  Simulations are also used to familiarize operators with new control screens that are built concurrently with a new control system.  To model the physics necessary to provide realistic transient behavior for both checking out a control system and operator training, models written in Matlab/Simulink® are composed of two basic components: control volumes and flow devices2.
Simulink® is an extension of Matlab® that allows engineers to interactively build models as block diagrams.  They look very similar to those drawn with pencil and paper.  Through the use of customizable block libraries, models can be built to simulate complex linear or non-linear systems with either continuous or discrete time-steps.  Simulink® also provides built-in solvers and integrators freeing the engineer to focus on the system being modeled5,6.The block diagrams that make up a facility model usually represent either a mass flow device or a control volume.  Examples of flow devices are valves, compressors, and heat exchangers.  They are connected to networks of ducting or test sections, which are commonly referred to as control volumes.  The mass flow devices calculate mass and energy flow rates based on upstream and downstream pressures and provide the necessary boundary conditions for the control volumes.  The control volumes use the rates calculated by the mass flow devices to obtain updated values of pressure and temperature using a lumped-parameter method4.  This method assumes instantaneous mixing and that flow properties are uniform throughout a control volume7.  Figure 2.1 demonstrates how a flow network is converted into a lumped-parameter control volume.  The top portion shows three valves that have flow going into the network and two that are taking flow out.  The overall network can be described as one large volume, Volume 3, with three branching flow paths.  For the lumped-parameter approach all four volumes are combined into one and the spatial effects are ignored.  Figure 2.2 shows how this system might be modeled in Simulink®.  The control volume keeps track of the amount of mass and energy flowing in and out by summing up the rates and then integrating with time4.  Hence at any given time-step the total mass and energy is known.  Momentum is accounted for by using “pseudo” pressures and temperatures7. 
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 Once a facility model has been built in Simulink® it is converted into C code using another MathWorks product called Real-Time Workshop® and can be run on a variety of real-time operating systems.  Originally the models were made to run on PowerPC’s® (PPC’s) that ran the VxWorks® operating system3.  Figure 2.3 shows the structure of the systems that make up a simulation.  The simulation, trainer screens, and programmable logic controllers (PLC’s) all interface with each other through a High Speed Digital Interface (HSDI).  The HSDI runs on a desktop PC that has a reflective memory card that is connected to adjacent cards in the simulation and PLC’s.  Reflective memory cards are physical network cards that replicate information at high speeds between other connected cards.  The HSDI runs a converter which converts engineering units used by the simulation, such as lbm, ft/s, lbf/ft2, etc., to counts which are used by the PLC’s2.  It is through this transformed data that the PLC’s are able to send commands to the simulation and receive feedback just like it would in the field.  The trainer screen sends and receives I/O through Ethernet connected to the HSDI.  The HSDI then places the I/O on reflective memory or from reflective memory and to Ethernet and that is how trainer screen parameters get to and from the simulation.
The first model built using this architecture was found to consume 92% of the CPU’s bandwidth.  The PPC’s only had a 300 MHz processer and this posed a problem in later simulations that were much larger.  They would not be able to complete all of their calculations in the required time-step so models were forced to be split onto multiple PCC’s8.  Since then, newer technologies have become available.  Standard desktop PC’s have become faster and cheaper and MathWorks has taken advantage of this through another product of theirs called xPC Target®2.  It is a real-time operating system that can run on a standard desktop PC.  This allows for the models to be executed on much faster machines and reduces the number of machines required to run a given simulation.
Facility simulations are being asked to do more and more each year, going beyond their initial intended use.  This has caused one major short coming to become visible: the lumped-parameter control volume.  Because spatial effects cannot be modeled using this method, the models do have a limitation in their capabilities.  And it is the belief of this author that this limitation has finally been reached.
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3. Current Needs and Development
The lumped-parameter control volume has proven to work surprisingly well, given sufficient tuning, despite being of low-fidelity.  In order to tune a model though, enough facility data must be collected to adequately describe loss coefficients and efficiencies.  Because the control volumes don’t account for spatial effects, any losses such as friction, bends, or sudden changes in area are not incorporated directly into the calculations.  Instead these effects are built into flow devices as loss coefficients.  The loss coefficient at a valve, for example, is usually a constant value; however, that coefficient might only work well at one specific condition.  It has been suggested that these types of parameters could be a function of facility conditions (pressure, temperature, flow area, Mach number, etc.).  These would be determined empirically through testing or the use of CFD.  Both of which can be quite costly, in particular testing which can also require a lot of time to gather data.  This kind of model tuning often goes ignored because of time and/or budget constraints and at best offers a model that can be used to test control logic and roughly find process control gains7.  Final gain tuning has to be performed online.
Another drawback to lumped-parameter modeling is the assumption that all flow properties are uniform within a defined boundary.  By implication all mixing processes are assumed to take place instantaneously.  If Figure 2.1 is used as an example, the pressure, temperature, and density just downstream of valve two are the same everywhere and changes in those properties happen instantaneously.  This is potentiality a problem if a control’s engineer is designing a system to control the pressure upstream of valve five using valve two.  The pressure feedback experienced at valve five is not an accurate representation of the flow field and process lag in the simulation is non-existent.  This is another reason why only rough gain tuning can be achieved using lumped-parameter control volumes.
Operating training can also suffer from the lumped-parameter simplifications.  If an operator can tell the difference between a simulation and the real-world facility he may be less inclined to use the simulation.  He may not trust what he sees or the simulation may cause him to have to deviate from his normal procedure to achieve a certain condition or operating point.  The impact could be greater on young or inexperienced operators who may not know how the facility is supposed to behave.  If they used a poor representation of the facility for training, it is possible they could get a false sense of how fast or slow the facility is supposed to react to their commands.
A new type of control volume has been developed to alleviate some of the short comings of the lumped-parameter method.  It is a quasi one-dimensional finite volume method with central differencing on a staggered grid.  Since all three equations of motion are solved, the addition of momentum allows for losses to be included in the calculations.  The effects of area change, friction, and the minor losses (such as those resulting from bends in the pipework) are now accounted for.  Heat transfer is also included at a local level rather than lumped in globally.  The equations are solved explicitly to allow for the control volumes to still run real-time while maintaining time accurate results.  Figure 3.1 summarizes the new capabilities that can now be performed for a given length of ducting.
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4. Finite Volume Approach
	There are several approaches to writing the equations of motion of a fluid.  One follows a fixed mass of fluid particles as it moves throughout a flow field such as on a streamline.  The other considers a fixed volume in space and relates changes in mass, momentum, and energy taking place within it from fluid moving in and out of its boundaries.  It is more convenient to describe the dynamics of fluid problems using the latter method and it is similar in convention to the lumped parameter control volume approach described in section 3 and should allow for the existing boundaries (mass flow devices) to be used.
	A generic conversion of any extensive property’s material derivative to a control volume can be done by using equation 4.1, Reynolds transport theorem.  It is a three-dimensional generalization of the Leibniz integral rule.  An alternate form of the equation can be obtained by applying Gauss’s theorem to the last term in the equation.  It states that the outward flux of a vector field through a closed surface is equal to the volume integral of the divergence on the region inside the surface.  Equation 4.1 then becomes equal to equation 4.2, which states that the rate of change of an extensive property N, for a system is equal to the time rate of change of N with the control volume and the rate at which N (ηρV) is being transported through the surface to and from the surrounding region.
	 							Eq. 4.1
	 							Eq. 4.2



4.1 Conservation of Mass
For a fixed mass system, mass can neither be created or destroyed and its material derivate is zero.  If we let N in equation 4.2 equal the mass M, and since η would refer to the total mass per unit mass it is equal to one.  These values substituted into equation 4.2 turn it into the well known continuity equation:
	 							Eq. 4.3
The time rate of change of mass in the system must equal the rate of mass influx into the control volume.  The second term on the right hand side is positive for outflow and negative for inflow.
4.2 Conservation of Momentum
	Newton’s second law of motion states that the change in velocity of a body of mass is directly proportional to the magnitude of the forces applied to the body and inversely proportional to its mass.  This can be represented by the following equation:
	 										Eq. 4.4
Where  is the sum of all the body forces and  is the time rate of change of velocity (or acceleration).  Equation 4.4 can be rewritten in terms of the linear momentum of the system:
	 										Eq. 4.5
where p is the linear momentum.  We can apply p to equation 4.2 by substituting it for N and since V is p per unit mass, it becomes:
	 						Eq. 4.6
	The left hand side of the equation represents the summation of all the body forces acting on the control volume; this could be pressure forces, viscous forces, gravity, etc.  The right hand side represents the rate of change of linear momentum within the control volume plus the net rate of efflux of linear momentum from the control volume.
4.3 Conservation of Energy
The first law of thermodynamics states that energy must be conserved.  The change in total energy ΔE, is typically expressed as the net heat transferred into the system Q, minus the net work done by the system W:
	 										Eq. 4.7
Equation 4.7 can be written to express the change in energy at any given instant in time:
	 										Eq. 4.8
The terms  and  represent the instantaneous rates of heat and work transfer between the system and its surroundings.  Unlike , they are not material derivates.  The energy in the system is composed of three terms: the internal energy, kinetic energy, and potential energy.  If we let N be E, and if η is e, the energy per unit mass is given by:
	 									Eq. 4.9
If we substitute these new terms into equation 4.2 we get:
	 						Eq. 4.10
The work W can be divided into two parts: the work required to push mass across the boundaries and all other forms of work.  The flow work done by the system per unit mass is  and can be combined with the internal energy term to form the thermodynamic property enthalpy h:
	 										Eq. 4.11
The energy equation 4.10 can be written as:
	 				Eq. 4.12
4.4 The Governing Equations for Quasi-One-Dimensional Flow
The equations of motion that have been defined thus far are not very useful in their current form.  At the moment they are the integral forms of the governing equations and they need to be applied to a control volume with a quasi-one-dimensional assumption.  Figure 4.1 shows a control volume about point I.  There are only two boundaries that flow is able to pass, Ai and Ai+1.  If we assume we know the properties of the fluid at each face, then we can apply equations 4.3, 4.6 and 4.12.
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Further assumptions are made to the control volume to help simply the equations: the volume remains fixed and does not vary with time and neither does the areas Ai and Ai+1.  The first term on the right hand side of equation 4.3 simplifies to:
	 								Eq. 4.13
since the volume remains fixed and only density changes with time.  The second term is composed of the mass flux at the two faces.  Earlier outflow was defined as positive and inflow negative, so:
	 							Eq. 4.14
Combing equations 4.13 and 4.14, the time rate of change of mass in the control volume becomes:
	 								Eq. 4.15
The same method is applied to the energy equation:
	 	Eq. 4.16
The equation of energy can be further simplified by assuming that there will be no external work done onto the control volume and that any potential energy is negligible because the density of fluid will be small.  So equation 4.16 then becomes:  
	 			Eq. 4.17
The fluxes that have been define thus far match up nicely with the existing boundary conditions imposed by a mass flow device: mass flow and an energy flow.  However, those devices do not provide any information that can be used for a momentum flux.  Furthermore, the way the equations are written lends itself to easily use central differencing.  This poses a stability problem when trying to solve the equations.  Both of these issues can be resolved with one stroke: a staggered grid.  Instead of keeping track of momentum at the cell centers, it will be calculated at the cell faces.  Figure 4.2 draws a picture of this.  Equation 4.6 is written in the integral form of the momentum equation and it calculates the time rate of change of momentum.  However, the two terms on the right hand side of equation 4.15 are the mass flows on either face of the control volume.  And the first two terms on the right hand side of equation 4.16 are the energy fluxes into and out of the control volume.  The momentum equation would be better written as a partial differential equation which will calculate the time rate of change of mass flow.  This will provide the necessary quantities used in equations 4.15 and 4.16.   
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)the quantities of pressure, velocity, density, and internal energy are uniform over the areas A and A+dA.  Equation 4.6 can be written to account for the pressure forces on the control volume,
	 					Eq. 4.18
where the quantity (pdA)x denotes the x component of the vector pdA.  Using the control volume in Figure 4.3, the volume integral in equation 4.18 becomes,
	 								Eq. 4.19
where Adx is the volume of the control volume.  The surface integral in equation 4.18 becomes
	 				Eq. 4.20
Figure 4.4 can be used to help evaluate the pressure forces on the right hand side of equation 4.18.  The pressure forces are shown with respect to x on all four sides of the control volume.  The x component of pdA1 is –pA and the force pdA4 is given by (p+dp)(A+dA).  The forces (pdA2 and pdA3) acting on the top and bottom of the control volume can be expressed as their inclined areas projected perpendicular to the x direction, dA/2.  Each of the forces acting in the x direction then become –p(dA/2).  The sum of all the pressures forces can be expressed as
	 					Eq. 4.21
Substituting equations 4.19, 4.20, and 4.21 into equation 4.18, we have
 	Eq. 4.22
Expanding the products, cancelling like terms, and ignoring the products of differentials, equation 4.22 reduces to
	 							Eq. 4.23
We can divide equation 4.23 by dx and if we take the limit of dx as it approaches zero, we obtain the partial differential equation
	 								Eq. 4.24
which is the momentum equation appropriate for quasi-one-dimensional flow, written in the conservation form.
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)4.4.1 Heat Transfer
Unwanted heat transfer is a regular occurring phenomenon in ground testing facilities.  Energy is often purposefully added or taken away to the flow to match facility conditions with conditions a test article would experience in flight.  However, plant ducting is often non-insulated and exposed to the elements.  The large metal mass of the ducting can act as a heat sink or source for the internal flow.  The controls engineer needs to know how the heat transfer alters the temperature of the flow before it reaches the test cell.  With accurate modeling he can better tune his gains and even see if existing plant equipment, such as coolers, is sufficient to overcompensate for the unwanted heat transfer.
The equations will be written with the assumption that the temperature of the ducting is warmer than both the internal flow and its external surroundings.  Figure 4.5 shows the various modes of heat transfer than can exist.  On the outside of the ducting there is the solar flux for the sun, which is represented by the wavy-dashed lines, radiation between the material of the ducting and the ambient conditions, represented by the wavy-solid lines, and natural convection around the ducting represented by the curved solid line.  Inside the ducting, the two modes of heat transfer being considered is the radiation from the ducting wall into the fluid and the forced convection of the moving flow which are the wavy and straight solid lines, respectively.
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The change in energy stored in the ducting can be described by equation 4.25 where ρ is the density of the material, V is the volume, and c is the specific heat.  The left hand side of the equations is the change in energy of the ducting with time and is equal to sum of heat transfer due to the solar flux, internal and external radiation, the internal forced convection and the external natural convection.
	 										Eq. 4.25
The solar flux can be simply given as qsun, and is a constant.  The amount of energy transferred by natural convection is given by equation 4.26.  The heat transfer coefficient is defined as hnat and is given by equation 4.27, Aout is the wetted surface area, Tduct and T∞ are the temperatures of the duct and the ambient air, respectively.  In equation 4.27 NuD is the Nusselt number, k is the thermal conductivity of air, and D is the outside diameter of the duct.  The Nusselt number for natural convection around an isothermal cylinder is defined by equation 4.28 where Pr is the Prandlt number of air and Ra is the Rayleigh number.
	 								Eq. 4.26
	 										Eq. 4.27
	 							Eq. 4.28
The equations for the internal forced convection are similar, but with the Nusselt number defined differently.  For laminar flow equation 4.31 is used to define the Nusselt number and equation 4.32, developed by Gnielinski, is used for turbulent flow.  The Gnielinski correlation takes into account the roughness of the surface which was found to enhance mixing and increase the heat transfer rate.  In equation 4.29, the heat transfer rate for forced convection, Ain is the surface area inside the duct and Tf is the temperature of the fluid.
	 								Eq. 4.29
	 									Eq. 4.30
	 								Eq. 4.31
	 					Eq. 4.32
	The heat transfer given by radiation is defined by equation 4.33 where σ is the Stefan-Boltzman constant, ε is the emissivity of the duct, and T∞ is the temperature of the ambient surroundings for the external radiation or the temperature of the fluid for internal radiation.
	 									Eq. 4.33
	Therefore, at any given instant in time we can calculate the temperature change of the ducting:
 										Eq. 4.34
The amount of heat transfer into the flow is given by the energy taken out from the ducting by the radiation and the forced convection:
	 					Eq. 4.35
This equation can be substituted for the last term on the right hand side of equation 4.17.

4.4.2 Friction and Other Minor Losses
Including the momentum equation affords us the opportunity to incorporate frictional losses in the system and to account for and bends and tees which add head loss and are commonly referred to as minor losses.  Both types of losses were not a part of the previous lump-parameter control volume approach described in section three.  Pressure losses were instead lumped at a flow device, through a loss coefficient, to restrict the mass flow into or out of a control volume.  This coefficient was typically held constant and did not vary with flow conditions; by adding these losses into the momentum equation they become spatial effects and are a function of the local properties of the fluid.  This is much more representative of a flow network in a test facility or any other process facility.  Figure 4.6 is used in the aid of defining the change in momentum due to friction.  If we take an infinitesimal control volume and draw the force due to friction as going against the direction of flow, we can define the frictional force Ff as
 	 									Eq. 4.36
where τw is the shear stress along the wall, P is the wetted perimeter, and dL is the length the force is 
 (
Friction
dL
dx
θ
Figure 
4.6
 - Friction Analysis on a Control Volume
)





acting over.  We take the cosine of the angle of the wall to get the x component of the force.  We can rewrite equation 4.36 by noting that .  Solving for dL and substituting into equation 3.36, the force due to friction becomes
	 										Eq. 4.37
The friction factor f is related to the average shear stress at the wall to the dynamic pressure by the following equation
	 										Eq. 4.38
This is known as the Darcy-Weisbach friction factor.  The frictional force can be equated in terms of a hydraulic diameter since not all tubes and flow channels are circular.
	 										Eq. 4.39
Where A is the cross sectional area and P is the wetted perimeter.  Equations 4.38 and 4.39 can be substituted into equation 4.37 to yield
	 									Eq. 4.40
Equation 4.40 can be included as part of the forces acting on the control volume in equation 4.34.  Performing the next step by dividing by dx we obtain the final form of the force of friction.
	 									Eq. 4.41
	Minor losses in pipe and tube systems are often expressed as a head loss, see equation 4.42.  Where K is the loss coefficient, V is the velocity of the fluid, and g is the acceleration of gravity.  The definition of a pressure head, the height of a column of fluid of specific weight required to give a pressure difference of (p2 - p1) and given by equation 4.43, can be used to rewrite the minor loss equation in terms of a pressure difference, equation 4.44.
	 									Eq. 4.42
	 					Eq. 4.43
	 										Eq. 4.44
From the right hand side of equation 4.35, we know that a pressure difference across the cross sectional area of an infinitesimal control volume leads to a change in mass flow rate (or momentum).  Borrowing that term and substituting equation 4.44 for dp we get that the force due to minor losses is equal to
	 										Eq. 4.45
Adding equations 4.41 and 4.45 to the right hand side of equation 4.35 we the final form of the momentum equation.
	 					Eq. 4.46
4.5 Discretization
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