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  This paper details a new expansion tube parametric analysis code, PITOT. This new code aims to provide a user-friendly, 

flexible, and specialised expansion tube analysis tool, which can be used to rapidly design new expansion tube flow 

conditions, and also rapidly characterise actual experimental test flows. The paper begins by providing an overview of 

expansion tube wind tunnel facilities, and details The University of Queensland's X2 and X3 facilities. It then describes the 

new PITOT code, including its functionality, intended application, and underlying theoretical framework. Some benefits of 

this code compared to previous analytical routines are its user-friendly interface, and its robust implementation of 

equilibrium gas principles, including its library of different test gases. The paper presents preliminary results comparing 

PITOT predictions with CFD and experimental results, generally showing good agreement, and demonstrating the value of 

having an improved, short run time, flow condition design tool. 
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1.  Introduction 

 

  Expansion tubes are the only wind tunnels able to 

recreate the flight of vehicles entering the atmospheres 

of distant planets, at speeds between 6 and 15 km/s. 

And recently, for the first time, The University of 

Queensland (UQ) generated the high energy flows 

which a scramjet-powered launch vehicle will endure 

before leaving Earth's atmosphere
1)

. Expansion tubes 

are not constrained by the total pressure and 

temperature limitations of other impulse facilities which 

stagnate their test gas, such as reflected shock tunnels 

(RSTs). While test times are short in expansion tubes 

(10’s to 100’s of !s), these facilities provide a unique 

capability which is becoming increasingly necessary to 

support continuing advances in hypersonics research 

into the 21
st
 century. 

 

  As will be explained later in this paper, the expansion 

tube relies on the careful control of many complex flow 

processes, and configuration of these machines, and 

characterisation of their test flows, is not a trivial 

exercise. The University of Queensland (UQ) has 

extensive experience with the development and 

operation of the free-piston driven expansion tube, 

which, as its name suggests, has the additional 

complexity of a free-piston (as opposed to the simpler 

fixed volume) driver. This is the most powerful 

variation of the expansion tube concept, and in X3, UQ 

has the world’s most powerful free-piston driven 

expansion tube. This paper first discusses the expansion 

tube concept, it details UQ’s two currently operation 

expansion tubes – the X2 and recently upgraded X3 

facilities – and then discusses the development of a new 

code, PITOT, to assist in the development and 

characterization of new flow conditions in these 

sophisticated hypersonic wind tunnels. 

2.  Principle of Operation 

 

  Resler and Bloxom
2)

 originally proposed the 

expansion tube concept in 1952, which is essentially a 

modification to the shock tube concept. Trimpi
3,4)

 later 

derived the analytical tools which are still used to this 

day to make approximate predictions of their 

performance. Fig. 1 shows a schematic diagram of the 

configuration of an expansion tube, and also the wave 

processes which are generated during its operation. The 

facility comprises three primary structural 

components/assemblies, as follows: 

1.   Free-piston driver (the left side of Fig. 1): A 

heavy piston is initially held in position, inside a 

large diameter steel ‘compression tube’, which is 

sealed from the downstream tube by a strong steel 

diaphragm. A light gas (such as helium), at 

relatively low pressure (~1 atm) initially fills the 

volume between the piston front face and the steel 

diaphragm. Behind the piston is a large volume of 

high pressure air (~10-100’s atm). 

2.   Driven tube (centre of Fig. 1): downstream of 

the steel diaphragm is a long steel tube. This tube 

can be opened at various junctures along its length, 

and thin diaphragms (typically Mylar) are then 

used to divide this tube into sealed compartments 

of various lengths. Referring to Fig. 1, UQ 

sometimes operates these facilities by filling the 

first section with helium (~1 atm), and this tube is 

referred to as the ‘secondary driver’; the function 

of this tube is discussed later. Next is the test gas 

(~10’s kPa for superorbital flight speeds, or 100’s 

kPa for scramjet flight conditions); this section of 

tube is referred to as the ‘shock tube’. The 

remainder of the tube, downstream of the tertiary 

diaphragm, is initially at partial vacuum (~10’s to 
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Fig. 5. X3’s new 500 mm diameter lightweight piston, machined 

from 6061-T6 alloy, with total assembled mass of 100.8 kg
13)

.  

 

 

Fig. 6. X3’s new fiberglass Mach 10 nozzle, test section, and 

dump tank. 

 

 

4.  Designing New Operating Conditions 

     

  The wave processes which arise in an expansion tube 

are complicated and difficult to control. However, the 

design of new flow conditions requires that the test gas 

is modeled appropriately, and that its actual properties 

can be accurately identified. 

 

  The assumed wave processes in the x-t diagram 

shown in Fig 1. are largely based on the ideal gas 

analysis performed by Trimpi
3,4)

, with modifications by 

subsequent authors for operation with a secondary 

driver (i.e. Morgan and Stalker
6)

). While these models 

have served as an essential reference for developing 

new conditions, specific influential wave processes for 

any given condition can be much more complicated.  

 

  Experience at UQ has found that the design of new 

flow conditions must be addressed differently 

depending on the flight enthalpy. For example, recent 

work with scramjet flow conditions, which are 

characterised by relatively ‘slow’ (by expansion tube 

standards) shock speeds through the test gas, has found 

that at low speeds there is close coupling of the wave 

processes originating in the driver which cannot be 

ignored when developing new conditions
1)

 (ie. the 

transient development of each wave process over time 

does not necessarily occur independently of each other 

as is assumed multiple times in the idealised wave 

diagram shown in Fig. 1).  

   

  Fig. 7 shows an x-t diagram computed by the 1-D 

Lagrangian code L1d
16)

, which can theoretically capture 

all of the longitudinal wave processes, including their 

interactions. The results are for a simulation of a 

(relatively) low enthalpy Mach 15 scramjet flow 

condition
15)

. The colors represent the log of static 

pressure, and experimental data points indicate close 

agreement with the computation for the primary shock 

wave. The diagram, which only captures 1-D wave 

processes, nevertheless demonstrates significantly 

greater complexity than Fig. 1, and wave interaction 

(‘coupling’) is also evident. 

 

  For higher enthalpy conditions, which form the focus 

of this present paper, critical wave processes transit the 

facility before upstream processes can have effect, and 

the wave model shown in Fig. 1 is more representative. 

However, higher enthalpy conditions have their own 

challenges, including: 

1.   High temperature gas effects. Ideal gas analyses 

over-predict the temperatures and can lead to 

invalid flow condition calculations at higher 

speeds.  

2.   Boundary layer or ‘Mirels’ effects
17,18)

. Mass 

entrainment in the boundary layer behind a shock 

can lead to attenuation of a shock as it traverses a 

tube, resulting in slower observed shock speeds 

than those predicted by more idealised theory. 

3.   Effective nozzle area. The boundary layer that 

develops though a diverging contoured nozzle is 

flow condition dependent, and can significantly 

influence the degree of expansion of the test gas. 

  UQ has developed the sophisticated 2-D/3-D 

Navier-Stokes compressible flow solver, Eilmer3
19, 23)

, 

which can model the physics of these hypersonic flow 

processes. However, these calculations require 

significant time and computational resources, and are 

not suitable for an iterative routine. UQ’s 1-D code L1d, 

while capable of solving the facility response in a 

matter of hours, cannot account for 2-D processes 

which become important at these conditions.   

 

  Given these complexities, and to allow for the 

preliminary design and approximate characterization of 

new expansion tube test conditions within a reasonable 

time frame, it is important to have simple, approximate 

design tools which allow experimenters to design new 

test conditions quickly and easily, while incorporating 

sufficient flow physics to provide useful predictions.  
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  In the following section a new code, PITOT, is 

described, and its performance is assessed against a 

series of actual flow conditions generated in UQ’s X2 

expansion tube. 

 

5.  The PITOT Code 

 

5.1 Overview 

 

  PITOT is a simple Python-based expansion tube 

simulation code which was developed to act as a first 

‘port-of-call’ tool for expansion tube condition design. 

Whereas 1-D and 2-D (axisymmetric) CFD codes 

respectively require, typically, tens and thousands of 

CPU hours to simulate the complex flow processes that 

occur in an expansion tube, PITOT can perform 

preliminary assessment of a flow conditions in the order 

of seconds, making it a potentially useful parametric 

design tool. This is possible because the PITOT code is 

based on an analytical model of the facility. In this 

respect, PITOT is no different to the traditional 

analytical codes which expansion tube experimenters 

have used over previous the decades that these 

machines have been in operation. However, where 

PITOT is different, is that it includes additional 

capabilities/flow physics which improve its flow 

condition estimates in comparison to codes based 

purely on the original ideal gas Trimpi analytical 

relations
3,4)

. In addition, PITOT is structured to be a 

user-friendly, flexible, specialised expansion tube 

analysis tool, which captures and proceduralises 

current best practice analysis techniques for these 

machines, and fits within the wider hypersonics code 

collection developed by UQ’s Centre for 

Hypersonics
25)

.  

 

  As noted previously, in the past, numerous 

experimenters, including those at UQ, have developed 

their own codes to make these types of calculations, 

normally made with perfect gas assumptions.  

Considering Fig.1, the perfect gas assumption is 

generally valid in both the secondary driver and shock 

tube, but for different reasons: 

1.   The secondary driver is filled with helium. As a 

monatomic gas, perfect gas relations remain 

accurate up to high shock speeds. 

2.   The shock tube, which can contain various test 

gases, generally has relatively low shock speeds 

(for example, 1.5-4 km/s), and therefore high 

temperature effects are less significant. 

  However, perfect gas assumptions can become 

problematic in the acceleration tube, normally filled 

with air, where for high enthalpy conditions, shock 

speeds can range between 8-15 km/s, resulting in very 

high post shock temperatures. At these high shock 

speeds, the temperature of the shock-processed 

accelerator gas is lower than that predicted by perfect 

gas models, and shock speeds are correspondingly 

overestimated through this acceleration tube.  

 

  PITOT is able to achieve more accurate predictions 

through the acceleration tube by incorporating an 

equilibrium gas model which accounts for high 

temperature effects. The code forms part of the CFCFD 

Fig. 7. x-t diagram for Mach 15.0 flow condition, X2 without nozzle. Results are based on L1d2 

calculations and experimental measurements
15)

. 
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code collection at The Centre for Hypersonics at The 

University of Queensland. The code takes advantage of 

existing, previously coded flow function in the group’s 

code collection and interfaces with NASA's CEA 

program
24)

 to capture high temperature effects.  

 

  These high temperature effects are illustrated in Fig. 

8, for an 11 km/s Earth re-entry flow condition (using 

an air test gas, without a secondary driver). 

Experimental shock speeds are shown at different 

locations along the facility length; shock speed 

predictions based on 1) perfect gas assumptions, and 2) 

the PITOT code (labeled ‘Equilibrium’ in the plot) are 

also shown. Through the shock tube, experimental, 

equilibrium, and perfect gas results are observed to 

match closely. However, through the acceleration tube, 

the perfect gas solver overestimates the shock speed by 

2000 m/s (~20%) compared to the PITOT code 

(equilibrium gas), which closely matches experimental 

results. 

 

 

Fig. 8. Shock speed comparison between equilibrium and perfect 

gas solvers using a basic air condition. (100% He Primary Driver, 

3 kPa Shock Tube, 10 Pa Acceleration Tube.) 

 

  PITOT was designed primarily to simulate the X2 

and X3 expansion tubes, with and without the 

shock-heated secondary driver, and with and without a 

nozzle. However, it can also simulate a basic 

non-reflected shock tube, a configuration in which X2 

is also occasionally operated. The following parameters 

are required: 

• The primary driver fill pressure and composition. 

• The primary diaphragm burst pressure. 

• Knowledge of the area ratio between the driver 

and driven tubes, and any additional area 

contraction at this location (achieved through the 

use of orifice plates). 

  The ability to simulate Earth, Mars, Venus, Titan, 

and gas giant test gases are coded explicitly into PITOT 

for operator convenience, but the code also includes a 

custom test gas mode which allows the user to specify 

other test gases. 

 

  While PITOT is primarily intended as an equilibrium 

solver, it can be operated in two other modes: 

1.  It can be operated using perfect gas assumptions. 

2.  It can be operated in ‘experiment’ mode, 

whereby both experimental fill pressures and 

shock speeds are specified, and PITOT ‘fills in the 

gaps’ for the other parameters which cannot be 

measured. 

 

5.1 PITOT Code Analytical Model 

 

The main assumption that underpins the PITOT code is 

that an expansion tube can be simulated using simple 

isentropic flow relations. Comparisons between PITOT 

and experimental data for various high enthalpy flow 

conditions have shown that this assumption generally 

holds to a level that is satisfactory for a parametric 

design tool. However, for lower enthalpy scramjet 

conditions, as discussed previously, driver and driven 

wave processes become more complex and more 

coupled; in such cases the more computationally 

intensive 1-D L1d code may become necessary, even at 

the initial flow condition design stage.  

 

This section details the way that PITOT simulates the 

expansion tube flow from start to finish. 

 

1.   Before a PITOT simulation is run, as with an 

actual experiment, the user must configure the 

‘virtual’ facility by selecting a driver condition, 

selecting a test gas, specifying the fill pressure in 

the secondary driver (if used), and fill pressures in 

the shock tube (variable test gas) and the 

acceleration tube (air). 

2.   The compression of the driver gas from its 

initial fill condition up until the primary 

diaphragm bursts, is modeled as an isentropic 

compression up to the assumed primary 

diaphragm burst pressure. The driver gas at 

diaphragm burst is assumed to be stagnated    

(M ~ 0). 

3.   This hot, high pressure, stagnated driver gas is 

then steadily expanded to the appropriate Mach 

number which it will reach as it flows into the 

driven tube (the Mach number at the throat is 

calculated based on the area change at the primary 

driver, and the inclusion of any additional orifice 

plates/area contractions.) 

4.   The flows in the secondary driver (if used) and 

the shock tube are modeled in the same way. A 

property of a simple shock tube is that when a 

shock is being driven along the tube, an interface 

forms between the shocked driven gas (the gas 

being ‘pushed’), and the expanded driver gas (the 

gas doing the ‘pushing’), and across this interface, 

pressure and velocity are equal. PITOT uses an 

iterative secant-method solver to find the unique 
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combination of velocity and pressure at which 

both of these flow properties are equal across the 

interface. The code starts with a low shock speed 

in the secondary driver (or shock tube) and 

calculates the shock-processed properties of the 

shocked gas. The code then unsteadily expands 

the upstream driver gas up to this post-shock 

pressure. The corresponding velocities of the two 

gas regions are compared. The shock speed is then 

increased until the difference between the 

velocities of the driven and driver gases in the 

relevant section of the tube falls within a 

pre-defined maximum tolerance. 

5.   A similar process to step 4 is used to model the 

acceleration tube, but this process can be more 

complicated. As with step 4, a ‘first guess’ is 

made for the shock speed through the accelerator 

gas; the test gas is then unsteadily expanded to the 

pressure behind this shock. The velocity of the 

expanded test gas is then compared to the velocity 

of the shock-processed accelerator gas. If the 

velocity of the expanded test gas (Region 7 in Fig. 

1) is higher than the velocity of the 

shock-processed accelerator gas (Region 6 in Fig. 

1), then the assumed shock speed in the 

acceleration tube is increased. This process is 

repeated until velocities and pressures are both 

matched across the Region 6/7 interface. While 

this approach follows the basic methodology 

underpinning Fig. 1, the typically low density of 

the acceleration tube fill gas is such that the 

Mirels
17,18)

 effect can become too significant to 

ignore. As detailed in Section 4, the Mirels effect 

causes a further expansion of the test gas; in the 

limiting case, the test gas expands to the actual 

speed of the shock, and the Region 6/7 interface 

becomes stationary relative to the primary shock. 

  PITOT currently does not directly apply the 

methodology derived by Mirels
17,18) 

to account for 

this, but can instead practically account for the 

effect. It is common practice, when estimating test 

gas conditions, to assume the limiting case 

described above, and to expand the test gas to the 

shock speed in the acceleration tube (as opposed 

to the slightly lower shock-processed gas velocity 

provided by standard shock relations). PITOT 

offers this solution as a configuration option in the 

code; it is noted that the actual solution should 

theoretically lie between these two limits, and can 

be verified against experimental results. 

6.   UQ operates both its X2
 
and X3 facilities with 

Mach 10 contoured nozzles
13,14)

. The Mach 

increase through these nozzles is theoretically 

based on the area ratio between the nozzle inlet 

and exit. However, the actual contour has been 

carefully designed to ensure that the exit flow is 

parallel to the tunnel axis, and these optimised 

nozzle profiles are highly condition dependent. 

Both nozzles, which are designed for a Mach 10 

exit flow, require a Mach 7.3 inflow
13,14)

. 

However, even with this requirement met, 

boundary layer development for different flow 

conditions causes the effective area ratio of the 

nozzle to vary in between conditions.  

  If the expansion tube nozzle is included in 

PITOT, the nozzle expansion is modeled as a 

steady expansion through a user specified area 

ratio. The geometric area ratio of the nozzle is 

generally used as a starting point, but the nozzle 

expansion is a large potential source of inaccuracy, 

since the boundary layer development through the 

acceleration tube, and the nozzle itself, can result 

in an effective area ratio that is significantly 

different to the geometric area ratio.  

  To further improve nozzle modeling, PITOT 

includes a function that iterates through different 

area ratios, providing results at each ratio. These 

results can then be compared to experiment, 

allowing the most representative solution (i.e. the 

most representative effective area ratio) to be 

identified. However, there remains significant 

uncertainty in the computed result, and this 

calculation is much better handled by 2-D 

axisymmetric CFD (albeit at very high 

computational expense). 

7.   In addition, PITOT has options to apply the 

computed test flow to blunt models (by 

calculating the frozen and equilibrium conditions 

behind a normal shock) and 15° conehead models 

used for condition design (by calculating the 

conehead surface conditions using the 

Taylor-Maccoll equations). 

5.2 Comparison Between Pitot and Experimental 

Data 

 

  For high enthalpy expansion tube conditions, PITOT 

has been observed to show good agreement with 

experiment. Fig. 8 shows that PITOT’s equilibrium 

solver predicts shock speeds well for a basic high 

enthalpy air condition. Figs. 9 and 10, reproduced from 

James et al
20)

, show a comparison between PITOT, one 

dimensional equilibrium CFD performed using L1d
16)

, 

and experimental data; each plot shows a different 

simulated gas giant entry condition and test gases 

(H2/He and H2/Ne in Figs. 9 and 10 respectively). In Fig. 

9 it can be seen that PITOT (the equilibrium solution) 

matches the three sets of experimental shock speeds 

well, and also the L1d simulation. In Fig. 10 it can be 

seen that PITOT (once again the equilibrium solution) 

matches the experimental shock speeds well, while the 

L1d simulation does not, which is attributed to an error 
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with that specific L1d gas model which is being 

addressed at the time of writing. James et al
20)

 also 

showed that for both test conditions, PITOT’s 

approximation of the tube exit pressure was within the 

uncertainty range of the averaged experimental data. 

Fig. 9 Shock speed comparison for a H2/He gas giant entry 

condition between PITOT (equilibrium), experiment, and a 1-D 

CFD analysis performed using L1d from James et al
20)

. 

 

Fig. 10 Shock speed comparison for a H2/Ne gas giant entry 

condition between PITOT (equilibrium), experiment, and a 1-D 

CFD analysis performed using L1d from James et al
20)

. 

 

5.3 Nozzle performance predictions 

 

  One of the key uncertainties in PITOT is the nozzle 

expansion, and as such, part of this study has 

investigated the use of CFD to solve the nozzle flow. It 

was hoped that applying a 2-D CFD calculation at the 

end of the PITOT analysis could provide a better 

estimation of flow properties at the nozzle exit with a 

reasonable increase in computational expense 

(compared to simulating the whole facility using 

transient 2-D CFD). However, performing a fully time 

resolved CFD analysis was deemed to be too time 

consuming, so a faster solver solving space-marching 

2-D axisymmetric CFD code using an inflow from 

PITOT was chosen. 

 

  The T4 RST facility at UQ uses NENZFr 

(Non-Equilibrium Nozzle Flow reloaded) a 

space-marching version of Eilmer3
22)

 to characterise 

T4’s nozzle outflow based on measured stagnation 

properties from the facility nozzle supply region. For an 

RST facility, where the nozzle flow expands from a 

stagnated condition with pressure that can be 

established experimentally, the initial conditions are, in 

relative terms, clearly defined. However, for an 

expansion tube operating at high enthalpies, where the 

inflow may be between 8 and 15 km/s, and where a 

complicated, and difficult to characterise, boundary 

layer will have already developed, defining appropriate 

inflow conditions for the nozzle expansion is not so 

simple. 

 

  NENZFr was adapted to perform a 2D axisymmetric 

CFD analysis of a basic high enthalpy expansion tube 

air condition from X2 (the same condition used in Fig. 

8). The inflow was radially uniform, with no boundary 

layer development, and non-equilibrium, equilibrium, 

and frozen simulations were conducted, using a fully 

turbulent inflow. 

 

  In Fig. 11 it can be seen that the initial results were 

promising, with a uniform Mach 10 outflow in the core 

flow for all three simulations. However, the same 

simulations failed to have a uniform pressure 

distribution over the same region, and a variation from 

2.6 to 4kPa was observed in the core flow region 

(where the Mach number had been uniform).  

 

Fig. 11 Nozzle exit Mach number (left) and pressure (right) for 

three different NENZFr simulations of the same high enthalpy air 

condition in the X2 expansion tube. 

 

  Visualisation of the computed flow field showed that 

an oblique shock was forming at the edge of the nozzle 

inlet (the inflow boundary condition), which was 

causing local regions of low and high pressure 

throughout the nozzle, one of which was forming at the 

exit of the nozzle. To try and ascertain whether the 

absence of a straight section of tube leading into the 

nozzle was causing this issue (by producing an artificial 

disturbance), the original equilibrium simulation, which 

used a 0.0425 m lead in section (the NENZFr default is 

to use the value of the radius at the start of the nozzle as 

a lead in section) was recomputed using a 1m straight 

lead in section before the nozzle inlet. The result can be 

seen in Fig. 12. The longer straight section results in a 

more uniform computed exit pressure, but the nozzle 

exit Mach number is no longer uniform in the core 

flow. 

 

 Investigations are ongoing, however it is believed that 

the developed boundary layer must be included in the 

nozzle inflow for these 2-D nozzle calculations. Initial 

results reinforce the fact that flow through an expansion 

tube nozzle is complex, highly dependent on the 
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upstream flow processes which precede it, and is not 

easily modeled. It may be necessary to model the entire 

acceleration tube before the nozzle, in which case the 

computational expense may exceed that which can be 

tolerated for the intended application of the PITOT 

design tool. However, if a representative boundary layer 

profile can be estimated in PITOT, and better results 

can be obtained within a reasonable computation time 

(i.e. hours), this will provide an important additional 

capability for the PITOT code.  

 

Fig. 12 Nozzle exit Mach number (left) and pressure (right) for 

two different equilibrium NENZFr simulations. The first 

simulation uses a 0.0425 m straight lead in section to the nozzle 

exit, while the second simulation uses 1 m lead in section. 

 

7.  Conclusions 

 

This paper details a new expansion tube analysis 

code, PITOT. The code aims to provide a user-friendly, 

flexible, and specialised expansion tube analysis tool, 

which can be used to rapidly design new expansion tube 

flow conditions (i.e. to provide an effective ‘initial 

sizing’ tool for flow condition design), as well as 

rapidly characterise actual experimental test flows. 

PITOT does not aim to achieve the fidelity of 1-D and 

2-D compressible flow codes, which remain essential 

for final characterization of test flows; rather, its aim is 

to provide a fast computation, making it suitable for 

parametric studies, and subject to this constraint, 

achieve maximum accuracy.  

 

Furthermore, PITOT aims to capture best practice 

analysis techniques, and streamline their use on these 

facilities. The code fits within the wider hypersonics 

code collection developed by UQ’s Centre for 

Hypersonics. Compared to simpler analytical codes, 

PITOT robustly incorporates equilibrium gas effects to 

produce more accurate predictions of high enthalpy 

flow conditions. Ongoing work is also investigating 

ways to adapt the code to make usefully accurate nozzle 

flow calculations which can be performed much faster 

than the high fidelity, but computationally very 

expensive, calculations which are currently used.  
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