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1. Introduction 

The construction of a free piston shock tunnel (T5) at the Graduate Aeronautical 

Laboratories of the California Institute of Technology was the main driving force to 

develop an integrated computer program able to simulate the gas dynamical processes in 

such a facility. All the necessary tools to simulate the new shock tunnel are well known, the 

major problem was to incorporate all these into one program. At the same time, a need was 

also felt to predict the performance of a new combustion shock tube, which has been 

developed by the author, in order to provide a supply of hot hydrogen for injection into the 

T5 main flow. The result is a FORTRAN program called TUNNEL, it can simulate the 

flow of these types of shock tunnel but it can also simulate more standard ones. 

The program starts at the rupture of the main diaphragm between the driver section 

and the driven section, and usually ends at a time predetermined by the user. If, like in the 

case of T5 or the case of the combustion driven shock tube, a nozzle and a second 

diaphragm can be installed at the driven section end-wall, the program can evaluate the flow 

rate through the nozzle and determine when driver gas contamination will occur. It does not 

evaluate the conditions at the exit of that nozzle, which is the test section of the facility. To 

get these informations, one can use the pressure and temperature at the driven section end- 

wall given by the program as inputs to any high enthalpy nozzle flow program like 

NENZFG (Lordi 1965) or SURF (Rein 1989). 

To simulate correctly the free piston shock tunnel, we use the basic method of 

characteristics with which we have integrated a driver section end-wall non-constant 

velocity to simulate the piston deceleration, an area change in the driver section that can 

simulate an area ratio as large as 20 to 1, equilibrium real gas effects for the driven gas 

(usually air) and finally the possible flow in a nozzle at the end-wall of the driven section. 

Integration of equilibrium real gas effect in the flow was one of the most complex 

parts of the program. It is necessary because the main purpose of a free piston shock tunnel 

is to create very high enthalpy flows, with stagnation temperature near 10,000 K. At these 

temperatures oxygen molecules dissociate almost entirely and part of the nitrogen molecules 



also dissociate, so trying to simulate such a flow without considering the real gas effect 

would not have been acceptable. 

The real gas flows can be solved by a modified characteristics method, the method 

is an approximate one. Two important subroutines of the program involved in this real gas 

characteristics method were taken from McIntosh (1971) and can evaluate the conditions 

either after an isentropic process or after a shock. The details of these two subroutines will 

not be discussed in this report, a complete description is included in Lordi (1965). 

The program only deals with chemical equilibrium, so it does not take into account 

reaction rates. This is usually a good approximation, because the gas temperature and 

pressure in the driven section are so high that it can easily be considered always in 
equilibrium. Finally the program only allows the driven gas to be real, the driver gas is 

always considered perfect. This is not a serious restriction because a monatomic driver gas 
without gas imperfections is desirable. By far the most used driver gas is helium, but for 

some particular tests argon or a mixture of helium and argon are also used. 

The basic characteristics method used for perfect gas and for real gas is briefly 
explained in section 2. The integration into the program of the area change and the driven 

section end-wall nozzle was done using quasi one-dimensional relations and is discussed in 

section 3 . The decelerating piston or if you prefer the driver section end-wall was 

simulated using basic dynamic relations and is presented in section 4.1. The special case of 

an interaction between the shock and the interface is discussed in section 4.2. Section 5 

details- the input and output files of the program. Two sample calculations are discussed in 

section 6. Finally, section 7 describes all the subroutines and the main variables and 

presents the algorithm of the decision making process. 



2. Method of characteristics for unsteady one dimensional flows 

Only a brief review and the main equations of the method of characteristics for 

unsteady flows will be presented here. For a more detailed presentation of the method in 

the case of perfect gas, see Anderson (1982) or Liepmann (1957) or other text books on 

compressible fluid dynamics. In the case of real gas, see Anderson (1989) or Becker 

(1965). 

2.1 Perfect 

The governing equations for the method consist of the unsteady one-dimensional 

continuity equation (eq. 2.1.1) and momentum equation (eq. 2.1.2). 

Assuming the flow to be isentropic ( ds = 0 ), it can be shown that the compatibility 

equations (eq. 2.1.3) hold along paths called characteristic lines (eq. 2.1.4) 

Where the speed of sound a, is defined by equation 2.1.5. 

Also only using the fact that the flow is isentropic, we can derive eq. 2.1.6 for the 

case of calorically perfect gas. 



Substituting eq. 2.1.6 in eq. 2.1.3 and integrating along the characteristic lines we 

get 
F+ = u + 2 = constant (along plus characteristic) (2.1.7) 

Y- 1 
~ - = u - - -  2a - constant (along minus characteristic) (2.1.8) 

'11- 1 

Solving these two equations, for the intersection point of a plus characteristic and a 

minus characteristic, gives 
u=k(F+-F.)  

There results are summarixd in figure 2.1.1 . 

t a = (y- 1) (F+- F-)/4 
u =  (F++F-)/2 

/ ~ ~ u = ~ ~ ~ y  - 1 ) = constant \ 
- 

X 

Figure 2.1.1 Illustration of the characteristic lines in the x-t plane. 

There are also three other types of intersection that can occur in the flow. A 
characteristic line can reach one of the end-walls and be reflected. A characteristic line can 

intersect an interface between two gases and create a transmitted wave and a reflected one, 

or finally, it can intersect a shock wave and create a characteristic wave in the wake of the 

shock, and alter the shwk strength. 



In the case of the intersection of a plus characteristic line with the wall, as in figure 
2.1.2 , we know that a minus characteristic will be created. Using eq. 2.1.9, with u=u,, 
we can determine F- . Then using eq. 2.1.10 we can determined a, the speed of sound at 

the intersection point, 

wall 

A 

Figure 2.1.2 Intersection of a characteristic line and a wall. 

For the case of an interaction of a plus characteristic with the interface between two 

different gas conditions, a transmitted plus characteristic and a reflected minus characteristic 

will be created, as in figure 2.1.3 . The initial conditions on both sides of the interface are 
known. An iterative approach is used to determine the values of (F-)r and (F+)t so that the 

pressure and the velocity, on both sides of the interface, are the same after the interaction. 

X 

Figure 2.1.3 Intersection of a characteristic line and an interface. 

Finally, for the case of a plus characteristic and a shock, we expect a minus 

characteristic to be reflected, as shown in figure 2.1.4 . An iterative approach is also used 



here to determine the new shock velocity and strength of the minus characteristic (F-)r. 

This is done by getting the velocity and pressure to be the same on both sides of the 

streamline shown in figure 2.1.4 . All the other thermodynamic variables are not constant 

across that streamline, but the As across the streamline is considered to be small and the 

flow field behind the shock is assumed isentropic. 

characteristic y 

/ 
streamline / 

incident 
shock 

Figure 2.1.4 Intersection of a characteristic line and a shock. 

In the case of an initial minus characteristic, for the three types of intersection 

presented, the reader can convert figures 2.1.2 and 2.1.3 by simple inversion. In the case 

of figure 2.1.4, there is no reflected wave, but instead, only a transmitted minus 

characteristic in the wake of the shock. 

2.2 Real pas 

The equations for the real gas case are the same continuity equation (eq. 2.1.1) and 

momentum equation (eq. 2.1.2) as in the case of perfect gas, but this kind of flow 

generally involves very strong shocks, and because the strength of the shock varies with 

time, it implies that behind the shock the flow can no longer be considered isenteropic. The 

method s f  charaeteristiss, for this case is presented in Becker (1965); it uses the 

equilibrium speed of sound as defined in equation 2.1.5. It can be shown that this type of 

flow is isentropic, but only along streamlines (see Becker 1965 or Anderson 1989) . It is 

then possible to define three different characteristic lines. 



To each of these characteristic lines, the respective compatibility equations are: 

dp + padu = 0 
dp - padu = 0 

ds = 0 

The exact solution of this set of equations can not be solved algebraically like in the 

case of the perfect gas, but an approximate method can be used. If points A and B of figure 

2.2.1, representing an x-t diagram, are known, we can rewrite equation 2.2.2 and 2.2.3 in 
the form: 

P(P) - P(A) + p(A)a(A)[u(P) - u(A)] = 0 (2.2.5) 

P(P> - P(B) - p(B)a(B)[u(P) - u(B)I = 0 (2.2.6) 

Figure 2.2.1 Illustration of the characteristic lines for real gas. 

These two equations allow us to determine the unknowns p(P) and u(P). From 

there, it is possible to determine the point C between A and B. A linear interpolation 

between the two points gives us s(C), and by eq. 2.2.4, s(P). Knowing s(P), u(P) and 

p(P), all other thermodynamic variables can be evaluated. The straight lines AP and BP are 

in reality the local tangents to the characteristics, so this approximate method gives the right 

results only for sufficiently small meshes. 

If between A and P, or B and P, the variation in the product pa is significant, it is 

possible to use an iterative approach. Instead of working with equations 2.2.1 to 2.2.4, the 

equations 2.2.7 to 2.2.1 1 can be used. The values of the previous approximation is used to 

determine, with a better precision, the location and thermodynamic variables at the point P. 



In the subroutines of the program TUNNEL.FOR, there is no iteration over the 

position of the point P, only a loop is occasionally used for equations 2.2.10 and 2.2.1 1, 
when the variation of the value of pa is significant. 

As in section 2.1, there are the same three other types of intersection that have to be 

considered. They occur when a plus or minus characteristic line intersects one of the walls, 

the interface or the shock. 

In the case of the intersection of a plus characteristic line with the wall, u(P) = uw is 

presumed known, and by using 2.2.5, we can determine p(P). We can also use the fact that 

the wall trajectory is a streamline, where ds = 0 . Then, from the initial condition, it is 

possible to determine all the thermodynamic variables at the intersection of the wall and the 

plus charactemistic. 

For the case of an interaction of a plus characteristic and the interface between two 

different gases, a transmitted plus characteristic and a reflected minus characteristic are 

created, as in the perfect gas case shown in figure 2.1.3 . The initial conditions on both 

sides of the interface are known. Using equation 2.2.5 and 2.2.6, it is possible to 

determine u(P) and p(P), knowing that they have to be the same on both sides of the 

interface.That interface is also a streamline, so As = 0, that allows us to evaluate all 

thermodynamic variables on each side of the interface. 



In the case where one side of the interface is a perfect gas, a mixture of the method 

just explained and the one described in section 2.1 is used. An iterative approach has to be 

used. 

For the case of a plus characteristic and a shock, once again, the solution is similar 

to the case described for a perfect gas. An iterative approach is used to match the velocities 

and pressures of the flows going through the reflected minus characteristic and going 

through the shock respectively. The shock calculation gives the entropy of the flow at that 

point and is used later as the entropy along the following streamline. 

As before, these interactions can easily be converted in the case of an initial minus 

charac tens tic. 



3. Steadv expansion 

Quite often in shock tubes used to create flow fields, one encounters area changes. 

They usually occur in the driver section near the main diaphragm or at the end wall of the 

driven section where a nozzle can be installed. The two cases are presented separately 

because the first case does not imply that the flow at the area change is sonic, the second 

almost always does. 

3.1 Contraction in the driver section 

The program is restricted to a driver gas that can be considered a perfect gas, so this 

section will only deal with that type of gas. The equations governing this part of the flow 

are the quasi one-dimensional continuity equation (eq. 3.1.1) and the simplified energy 

equation (eq. 3.1.2). The indices refer to figure 3.1.1 . 

X 

Figure 3.1.1 Characteristic lines with an area change. 

2 Using the fact that for a perfect gas, h = a 1 (y - I), and : 



the problem is reduced to 4 unknowns, u2, u3, a2 and a3. The two additional equations 

required, other than 3.1.1 and 3.1.2, come from the non-steady flow between region 1 and 

2 and between region 4 and 1. They give equations 3.1.4 and 3.1.5 where the conditions 

in regions 1 and 4 are known. 

A system of 2 equations can be written, where the unknowns are u2 and u3 or, as it 

is done in the program, a2 and a3. An iterative method is then used to derive the solution 

where the condition u2 5 a2 always applies. Equations 3.1.4 and 3.1.5 then give the 

velocities. 

Figure 3.1.1 shows the case where a plus characteristic reaches the contraction, but 

a minus characteristic coming from the region 1 would be solved exactly the same way. 

3.2 End-wall nozzle of driven section 

The gas in that region of the driven section can be a perfect gas or a real gas. These 

two possibilities are studied separately. 

This case is different from the contraction case because here the throat of the nozzle 

is always considered sonic. This implies that the pressure on the other side of the nozzle is 

sufficiently low to keep it that way. 

For the case of a perfect gas, we have the basic quasi one-dimensional equations 

from Anderson (1982), and using indices from figure 3.1.2 , we can derive equation 

3.2.1. 



Also, regions 1 and 2 are connected by 

u1 + L a 1  =u2 + l a 2  (3.2.2) 
Y- 1 Y- 1 

where ua and a1 are known. An iterative approach is used to solve for u2 and a2 

In the case of the reflected shock, as shown in figure 3.2.1 , the equation 3.2.2 is 

replaced by equations 3.2.3 and 3.2.4, where W is the velocity of the reflected shock and 

the conditions in region 1 are known. 

X 

Figure 3.2.1 Characteristic line reaching end-wall with a nozzle. 

A first approximation is made for W, then by using 3.2.3 and 3.2.4, a2 can be 

determined. Equation 3.2.5 firrally gives u2. 

Now, if the flow velocity (u) and the speed of sound (a) in region 2 can also satisfy 

3.2.2, the choice of W was correct. Alternatively, we need to iterate over the shock velocity 

W. 



For the real gas, the approach is not as simple. We assume that the flow in the 
nozzle is isentropic, in chemical equilibrium (as it usually is near the throat) and that the 

total enthalpy is conserved. The equation 3.2.2 also becomes: 

The iteration starts with a guess on u2. A linear interpolation gives us the entropy, 

and p2 can be determined using 3.2.6. From there, the necessary pressure to have sonic 

flow at the throat can be evaluated. It is then possible to determine all the thermodynamic 

conditions at the throat. A simple continuity equation (eq. 3.2.7) is then used between the 
region 2 and the throat to get a better approximation of u2. Usually, two or three iterations 

are sufficient. 

In the case of the reflected shock, the unsteady equation (eq. 3.2.6) does not apply 

and the equation is replaced by a more complex shock relation. Knowing the initial 

conditions in region 1 of figure 3.2.1 and iterating on the shock velocity, the conditions in 

region 2 can be found to satisfy equation 3.2.7 . 



4. Special cases 

One of the objectives of this work is to simulate a free piston shock tunnel, so the 

velocity of the piston at the end of the driver section had to be reproduced correctly. The 

way to accomplish this is presented in the first part of this section. Also a special case, 

always present in a shock tunnel, is the interaction between the reflected shock and the 

interface. This case is presented in the second part of this secion. 

4.1 Driver gas end-wall velocity 

In the program, the exact position of the intersection between the moving driver 

section end-wall (in fact the piston in the case of a free-piston shock tunnel) and a minus 

characteristic heading in that direction is determined by solving equations 4.1.1 and 4.1.2 . 

Equation 4.1.1 represents the driver section end-wall (piston) position with time. 

A, is the end-wall area, p, is the pressure, in front of the end-wall, kept from the previous 

interaction end-wall-minus characteristic, m is the mass of the piston, v, is the velocity of 

the piston also kept from the previous interaction and d is the virtual position of the piston 

at t = 0 . Equation 4.1.2 gives the position of the minus characteristic coming to the wall. 

The velocity of the piston is then evaluated using equation 4.1.3 : 

It is assumed here that the pressure on the other side of the piston may be neglected. 

It is then exactly as explained in section 2.1 for the case of an intersection between a 

characteristic line and an end-wall. u,=v is used to determine the strength of the plus 

characteristic coming out of the interaction. 



If a non-moving driver section end-wall is needed, like in the case of a combustion 

shock tube, the input file sets the end-wall velocity to zero and keeps it that way for the 

entire computation. 

4.2 Shock interface relation 

When the reflected shock reaches the interface, as shown in figure 4.2.1, a 

transmitted shock goes through and a compression wave or an expansion wave is reflected. 

This reflected wave disappears only in the case of a perfectly tailored condition 

3 
shock 

0 

X 

Figure 4.2.1 Shock Interface interaction. 

Regions 2 and 3 are known. To solve the problem, an iterative approach is used 

again. An initial estimation of W is made and, using equations 3.2.3 , 3.2.4 and 3.2.5 
between regions 3 and 4, the conditions in region 4 are evaluated. 

Physically we also need p4 = p~ so, in the case of a perfect gas in region 2 and 5 
and an isentropic process, we can determine a5 by: 

then, us can be determined by the non-steady relation between regions 2 and 5 : 



If u5 # ~ q ,  the iteration process is repeated with a different W. 

If the gas in regions 2 and 5 is a real gas, equations 4.2.1 and 4.2.2 are replaced by 
equation 4.2.3 . 

P2 - P2a2U2 = Ps - P2a2U5 (4.2.3) 



5. Computer program 

The program is written in FORTRAN and all the subroutines necessary to run the 
program are included in the main FORTRAN file (TUNNEL.FOR). 

The program can use any perfect gas as a driver or as a driven gas. It is also 

possible to use a real gas model for air as a driven gas. The model allows for dissociation 
of the molecules. The species that are then taken into account are N2, 02, N, 0, NO, NO+ 

and e-. The model uses a simple harmonic oscillator approximation for the specific enthalpy 

at temperatures bellow 5000 K and a thermo-fit method to fit a fourth order polynomial in 

temperature for temperatures above 5000 K. The program was also built to accommodate 

for other real driven gas, but up to now this part have not been tested. 

The program stops when a predetermined time, set by the user, is reached at the 

intersection point of a plus characteristic and the end-wall of the driven section. If this limit 

time is fixed at zero, the program will stop just after the characteristic created at the shock- 

interface interaction reaches the driven section end-wall. The program will also 

automatically stop for the following reasons; if the driven section gas has been completely 
drained through the driven section end-wall nozzle, if the program can determine that a 

crossing of two characteristics of the same family has occurred or if the reflected shock has 

reached-the area change in the driver section. 

It is quite possible that a crossing of two characteristics of the same family occurs 
without the proper notice from the program, this is due to the lack of information kept as 

the calculation progress. To make sure that the solution is acceptable, it is recommended to 
make a visual check on the x-t diagram of the flow. 

The input file 'FUNNEL.INP (FOR007) contains all the dimensions of the shock 

tube, all the initial conditions and some parameters to defined the type and the precision 

needed for the calculation. 



Once all the dimensions of the shock tube, properties of the two gases and the initial 

conditions are given, four other parameters are still to be define in the input file. The first 

one defines the number of minus characteristics created at the rupture of the main 

diaphragm ( t = 0 ). This allows for crude calculations (only few characteristics) or for 

more precise ones. The problem with many starting characteristics (a dozen or more) is that 

they duplicate regularly due to interactions with the interface or the area change, so after a 

certain time, the number of characteristics involved in the calculation is big and the 

possibility of a crossing of two characteristics of the same family becomes significantly 

large. 

The second parameter allows the program to discard weak characteristics. Usually 

when a characteristic interacts with a shock or with an interface, a weaker characteristic is 

reflected. If the Au created by this reflected characteristic is less than a fixed value, then the 

new characteristic is neglected. In most cases, it does not mean that the information is lost, 

it only means that the information is going to be passed over to the next incoming 

characteristic. 

The third parameter defines the initial position of the incoming plus characteristic in 
region 7. This characteristic is created to give the right velocity to the flow in front of the 

piston. XFPC7 represents the fraction of the distance from the area change to the starting 

plus characteristic with respect to the driver section end-wall position at t = 0. A small 

change of this parameter can be used to avoid crossing of characteristics of the same family 

by changing slightly the intersection points of almost all the interactions of the flow. 

The last parameter defines the time at which the calculation is to be stopped. This 

limiting t h e  is in reference to calculations done exclusively at the driven section end-wall 

between a plus characteristic end the driven section end-wall. 

Here is a description of an input file. It gives the line of the input file, the variable 

names and comments. Examples of input files are presented in the next chapter. 

1 =(I) Title of the calculation (up to 60 characters) 

2 D m @  comment line, not used in the program 



- 19 - 

variables ~omrnenb 

F1(7),Fl(lO),F4(7),F4(10) 

Fl(7) : Initial pressure in region 1 (Pa) 

Fl(10) : Initial temperature in region 1 (K) 

F4(7) : Initial pressure in region 4 (Pa) 

F4(10) : Initial temperature in region 4 (K) 

D m 0 1  comment line, not used in the program 

N SHOCK,F 1 (8) ,F 1 (9),F4(8) ,F4(9) 

NSHOCK : = 1 for real gas in region 1 

: = 2 for perfect gas in region 1 

Fl(8) : Y of the gas in region 1 

F 1(9) : R of the gas in region 1 (JkgK) 

F4(8) : Y of the gas in region 4 

F4(9) : R of the gas in region 4 (JkgK) 

DUMW-0 comment line, not used in the program 

XPISTON,VPISTON,APIS TON,TMPISTON 

XPISTON : Position of piston at t = 0 (xpiston < 0 ) (m) 

VPISTON : Velocity of piston at t = 0 ( d s )  

APISTON : Front area of the piston (m2) 
TMPISTON : Mass of the piston (kg) 

D m @  comment line, not used in the program 

AREA,XDIAPH,XMAX,ASTAR 

AREA : Area change between compression and 
shock tube (area = A41A1) 

XDIAPH : Position of the diaphragm w.r.t. the area 

change (xdiaph > 0) (m) 
XMAX : Length of the shock tube (from the area 

change to the end wall) (m) 

ASTAR : Area change between the nozzle throat and 
the shock tube (astar = A*/Al) 

comment line, not used in the program 



11 NB CHARA,DUPRE,XFPC7,TIMEF 

NBCHARA : No. of minus characteristic created at 

diaphragm rupture 

DUPRE : Minimum Au across the reflected 

characteristics (if Au is smaller, the 

characteristic is going to be neglected) ( 4 s )  

XFPC7 : Position of initial plus characteristic in 

region 7 (xfpc7=x/xpiston) 

TIMEF : Predetermined time to stop program 

Another input file is needed when real gas air is used as a driven gas. It 

contains all the data to evaluate the equilibrium state of air in the flow. The file is called 

EQUIAIR.INP (FOR008) and is reproduced in section 6.1. No m~dification of that input 

file is needed when using TUNNELFOR. 

5.2 Ournut files 

The program creates 8 different output files. Seven of these are ready to be 

processed by the IPP plotting program (see IPP 1988) and give graphical output. The last 

one, TUNNEL.0UT (FOR010) is a detailed numerical description of the flow at every 

intersections evaluated by the program. Each intersection is assigned a number, from 0 for 
the diaphragm rupture to N for the N* intersection evaluated by the program. Basically, 

each line of the file gives a complete description of the flow at that intersection point. For 

intersections involving the interface or the area change, the conditions are not identical on 

both sides, so for these types of intersections the two sets of conditions are printed on two 

different lines but with the same intersection number (N). Each line gives these 

informations: 

N : The interaction number. 

Region : Region where the interaction occurred (in reference to figure 5.2.1). 

x : Distance from area change (area change in driver section: x* ) (m). 

t : Time from diaphragm rupture (sec). 

u : Velocity of the flow at the intersection (4s ) .  

a : Speed of sound of the flow at the intersection (m/s). 



P : Pressure of the flow at the intersection (Pa). 
T : Temperature of the flow at the intersection (K). 
P : Density of the flow at the intersection (kg/m3). 

s : Entropy of the flow at the intersection (J/K). 

W : Shock velocity at the intersection (m/s) 

p and s are used only for regions 2 and 6 when the real gas characteristics method is used, 

otherwise p and s are set to zero. When there is an interaction involving the shock, a new 

shock velocity is determined, this information is put on a line by itself, only the position (x) 

and the time (t) at which that occurred is also given on that line. 

X 

Figure 5.2.1 Region numerating system. 

The seven other output files when plotted give: 

LINE.OUT (FOR009) : An x-t diagram of the entire flow 

TUNNEL-PPI (FOR01 1) : Pressure at the driver section end-wall as a function of time. 

TUNNEL.BRE (FOR012) : Pressure at the driven section end-wall as a function of time. 

TUNNEL.TEM (FOR013) : Temperature at the driven section end-wall as a function of 

time. 
TTJNNEL.WSH (FOR014) : Velocity of the incident shock as a function of the distance x. 

'PUNNEL.FLR (FOR018) : Flow rate at the driven section end-wall nozzle as a function 

of time. 

TUNNEL.VP1 (FOR019) : Velocity of the driver section end-wall as a function of time. 



6. S a m ~ l e  Calculations 

6.1 Free Piston Shock Tunnel 

One of the two main applications for the program is to simulate a free piston shock 

tunnel. The example calculation that follows simulates realistic conditions in the new free 

piston shock tunnel T5. 

T5 has a driver section of 30 cm in diameter by 30 m long, but at diaphragm rupture 

this length is reduced by a factor that can be as large as 120 due to the piston motion. The 

driven section is 9 cm in diameter, 12 rn long and the end-wall is terminated by a nozzle 

with a throat diameter of 3 cm. The mass of the piston is 150 kg. 

For that sample calculation, we have the driver section gas, which is helium, at 
2900 K and at a pressure of 80 MPa when the diaphragm ruptures. The air in the driven 

section is at 300 K and 50 Wa. The velocity of the piston, i.e. the velocity of the driver 

section end-wall, is 190 m/s and the length of the driver section is now only 1 m. Figure 

6.1.1 gives the input file for the calculation. 

T5 LAMBDA=30 P1=50 kPa VP=190 m/s 
INPUT: PRES 1 ,TEMP1 ,PRES4,TEMP4 

5.0000E+04 3.0000E+02 8.0000E+07 2.900E+03 
INPUT: GAS 1 (1-AIR ,%-PERFECT GAS),GAMl ,Rl,GAM4,R4 

1 1.4000E+00 2.8670E+02 1.6567E+00 2.0760E+03 
INPUT:XPISTON,VPI[STON,PISTON AREA,PISTON MASS 

- 1.0000E-00 1.9000E+02 7.0686E-02 1.5000E+02 
XNPUT:AREA RATIO,XDIAPH.,XMAX.,ASTAR 

l . l l l lE+0'1 2.0000E-01 1.2000E+01 1 . l l l lE-01  
INPUT: NB C#ARAC.,PREGISION,PLUS-C. REGION 7, TIME MAX 
06 1.0000E+02 1.0000E-0 1 4.0000E-03 

Figure 6.1.1 Input file TUNNEL.INP for T5 conditions. 

Figure 6.1.2, presented in the next two pages, reproduces the file used to evaluate 

the conditions in air khind the shock where it can no longer be considered a perfect gas. 



EQUILIBRIUM CALCULATION FOR AIR 
INPUT: ISC,ISS,IC,NFIT,KHO,INEQV 

4 8 2 1 1 0  
INPUT.. ELEMENTDSC],CMWnSC] 

N 14.00800 
0 16.00000 

AR 39.94400 
E- .00054847 

INPUT: ALPIJ[ISS,ISC] 
0 0 0 1  
2 0 0 0  
0 2 0 0  
0 0 1 0  
1 0 0 0  
0 1 0 0  
1 1 0 0  
1 1  0 - 1  

INPUT: IGJDSS] 
11111111 
INPUT: FOR EACH ISS: HP,TFA,TFB,TFC.TFD,TFE,TFK,SHJAP (IF IGJ=l) 

HP,ETAJ,SB J,THEVP,SHJAP,IGM 
GELJ,ELJ (FOR THE IGM LEVELS OF THE SPECIE ISS) 

E- 2.500000E+00 0.000000E+00 0.00OOOOE+00 0.000000E+00 
0.000000E+00 - 1.173500E+O 1 0.000000E+00 

E- 1.000000E+00 - 1.492832E+O 1 0.000000E+00 0.000000E+00 1 
2 0.000000E+00 
N2 3.45 1483E+00 3.088332E-04 -4.25 1428E-08 2.739295E-12 

-5.468320E-17 3.07 1269E+00 0.000000E+00 
N2 2.000000E+00 -4.2163 E-01 3.35324 E+03 0.000000E+00 4 
1 8.000000E+00 3 1.436850E+05 6 1.704750E+05 1 1.754000E+05 
02 3.249473E+00 4.963449E-04 -6.701753E-08 4.443339E-12 

- 1.00028 1E- 16 5.915022E+00 0.000000E+00 
0 2  2.000000E+00 1.074500E-0 1 2.238970E+03 0.000000E+00 5 
3 0.000000E+00 2 2.203700E+04 1 3.772500E+04 3 1.03 1980E+05 
3 1.423900E+05 
AR 2.563282E+00 -3.59177 E-05 7.469208E-09 -6.747034E-13 

2.234019E-17 4.000939E+00 0.000000E+00 
AR 1.000000E+00 1.86557 E+OO 0.000000E+00 0.000000E+00 3 
1 0.000000E+00 5 2.663070E+05 3 2.680420E+05 
N 3.008922E+00 -3.134625E-04 6.31 18 13E-08 -4.165203E-12 

9.334886E-17 1.303476E+00 1.125906E+05 
N 1.000000E+00 2.986800E-01 0.000000E+00 1.125906E+05 5 
4 0.000000E+00 6 5.497400E+04 4 5.5 12500E+04 6 8.245500E+04 
12 2.382100E+05 
0 2.594143E+00 -5.008914E-05 1.199502E-08 -8.68 161 1E-13 

2.148 100E- 17 4.600615E+00 5.898000E+04 
O 1.000000E+00 4.93200OE-01 O.O0000OE+00 5.898 E+04 6 
5 0.000000E+00 3 4.546200E+02 1 6.489800E+02 5 4.536800E+04 
1 9.661500E+04 5 2.10907 E+05 
NO 3.756216E+00 2.083961E-04 -2.639548E-08 1.690332B-12 

-3.61 1523E-17 3.61 1167E+00 2.147700E+04 
NO 2.000000E+00 5.394 1 OOE-0 1 2.699 180E+03 2.147 E+04 3 



Figure 6.1.2 Input file EQUIAIR.INP for the use of real air. 

The results of the calculation are presented in figures 6.1.3 to 6.1.9. The file 
TUNNEL.OUT is also reproduced in appendix A. Figure 6.1.3 is the x-t diagram of the 

flow. It shows the piston motion on the left, the shock as the first dotted line on the right 

and the interface as the second dotted line. The calculation stops after about 4 ms because 

the interface has reached the driven section end-wall, meaning driver gas contamination in 
the test section. Figures 6.1.3 shows the arrival of the initial shock at about 2.5 ms and a 

relatively constant condition at the end-wall for 1 ms starting at 2.8 ms after diaphragm 
rupture. The driven section end-wall temperature of figure 6.1.5 displays the same 

features. 

The flow rate through the driven section end-wall nozzle during the " steady " state 
is near 32.5 kg/s and is shown in figure 6.1.6. The shock speed at diaphragm rupture is 
4000 d s  but due to the area change in the driver section, it reaches more than 5000 m/s 

before reflecting at the end-wall, see figure 6.1.7. Figure 6.1.8 is particularly interesting, it 

shows the pressure in front of the driver section end-wall (the piston) with respect to time. 

You can see that the piston is moving fast enough to keep up with the flow leaving the 

driver section. As a result, the pressure stays almost constant and there are no significantly 

strong expansion waves propagating into the driven section and disturbing the conditions at 

the end-wall ~f the driven section. Figure 6.1.9 shows the piston velocity with respect to 

time and underlines the fast deceleration of the piston, it loses 50% of its velocity in about 2 
ms. 

These results seem reasonable, except maybe for the shock velocity which seems to 

be too high. Experimental data from T5 are going to be needed to determine where the main 
discrepancies between the theory used and the real experiments a. 



- 5 0 5 10 1 5  
S H O C K  T U B E  L E N G T H  ( m )  

Figure 6.1.3 Output file LINE.OUT representing the x-t diagram for T5 
simulation. 

Figure 6.1.4 Output file TUNNEiL.PRE representing the driven section end- 

wall pressure with respect to time for T5 simulation. 
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Figure 6.1.5 Output file TUNNEL.TEM representing the driven section end- 
wall temperature with respect to time for T5 simulation. 

0 . 0 0 E + 0 0  1 . 0 0 E - 0 3  2 . 0 0 E - 0 3  3 . 0 0 E - 0 3  4 . 0 0 E - 0 3  
T I M E  ( s )  

Figure 6.1.6 Output file TUNNEL.FLR representing the driven section end- 
wall flow rate through the nozzle with respect to time for T5 
simulation. 
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Figure 6.1.7 Output file TUNNEL.WSH representing the initial shock speed 

with respect to the position in the driven section for T5 

simulation. 

Figure 6.1.8 Output file TUNNEL.PP1 representing the driver section end-wall 

pressure with respect to time for T5 simulation. 
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Figure 6.1.9 Output file TUNNEL.VPI representing the driver section end-wall 

velocity with respect to time for T5 simulation. 

The combustion shock tube is the second main application for the program. A 
combusti~n shock tube is a shock tube where the driver gas pressure and temperature are 

obtained by combustion s f  a mixture of hydrogen, oxygen and usually helium. The 

program simulates the flow from diaphragm rupture to the predetermined limit time. It does 

not determine the products of the combustion prior to the diaphragm rupture, they can be 

evaluated by available chemistry software. The example calculation that is presented here 

represents conditions and dimensions of a combustion shock tube studied for a case of high 

enthalpy hydrogen injection system. 

The shock tube has a driver section of 2.5 m long, 5 cm in diameter, a driven 

section of 2.5 m long, 2.5 cm in diameter and ends in a nozzle of 5 mna throat diameter. At 

diaphragm rupture, the driver gas, which is a mixture of mainly helium and water, is at 

2850 K and at a pressure of 1 1  MPa. The hydrogen in the driven section is at 300 K and 

180 Wa. Figure 6.2.1 gives the complete input file used. 



COMB. P1=180 kPa P4=ll MPa T4=2850 K 
INPUT: PRES 1 ,TEMP 1 ,PRES4,TEMP4 

1.8000E+05 3.0000E+02 1.1000E+07 2.8500E+03 
INPUT: GAS l(1-AIR ,2-PERFECT GAS),GAMl,Rl ,GAM4,R4 

2 1.4000E+00 4.1250E+03 1.6000E+00 1.3600E+03 
INPUT:XPISTON,VPISTON,PISTON AREA,PISTON MASS 

-2.5000E-00 0.0000E+00 0.0000E-00 0.0000E+00 
INPUT:AREA RATIO,XDIAPH.,XMAX.,ASTAR 

4.0000E+00 4.0000E-02 2.5000E+00 4.0000E-02 
INPUT: NB CHARAC.,PRECISION,PLUS-C. REGION 7, TIME MAX 
10 1.0000E+01 5.0000E-01 3.0000E-03 

Figure 6.2.1 Input file TUNNEL.INP for combustion shock tube conditions. 

The result f i e  TUNNEL.OUT is reproduced in appendix B, the other result files of 

the calculation are presented in figures 6.2.2 to 6.2.6. Figure 6.2.2 is the x-t diagram of the 

flow, clearly showing the expansion wave going into the driver section and coming back. 

When these waves reach the end-wall of the driven section they create a pressure drop, 

making it impossible to keep the pressure constant any more. Usually this is the main factor 

limiting the test time of such a facility. In this particular case, the drainage of the hydrogen 

into the driven section end-wall nozzle was the factor that stopped the calculation, 

nevertheless the simulation shows 2 ms of hydrogen availability which is good for our 

application. Figure 6.2.3 shows the arrival of the initial shock at the driver section end-wall 

at about 0.6 ms and a relatively constant condition for 1 ms with a pressure of 16 MPa. The 

driven end-wall temperature of figure 6.2.4 displays the same features for a temperature of 
1700 K. 

At diaphragm rupture, the initial shock speed is 3700 m/s but due to a small area 

change in the driver section it reaches 4000 m/s before reflecting at the end-wall. This is 

shown in figure 6.2.5. Figure 6.2.6 shows the pressure in front of the driver section end- 

wall with respect to time. It is possible to see on that figure the drop of pressure due to the 

expansion waves. The plotting device draws straight lines between each point and a lack sf 

points in the first millisecond and the last 2 milliseconds explains the drop during these 

periods of time. 

Here again, these results seem reasonable but experimental data are going to be 

needed to determine the main discrepancy between the theory used and experiments. A 

combustion shock tube being built at GALCIT is going to be useful for that purpose. 
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Figure 6.2.2 Output file LINE.OUT representing the x-t diagram for the 
combustion shock tube simulation. 

Figure 6.2.3 Output file TUNNEL.PRE representing the driven section end- 
wall pressure with respect to time for the combustion shock tube 

simulation. 
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Figure 6.2.4 Output file TUNNEL.TEM representing the driven section end- 
wall temperature with respect to time for the combustion shock 
tube simulation. 

Figure 6.2.5 Output file TUNNEL.WSH representing the initial shock tube 

velocity with respect to the position in the shock tube for the 
combustion shock tube simulation. 
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Figure 6.2.6 Output file TUNNEL.PP1 representing the driver section end-wall 
pressure with respect to time for the combustion shock tube 

simulation. 



7. Subroutines and Variables 

7.1 Main Promam and sub rout in^ 

D am - -  aromam ; 
The main program is where all the decisions on which calculation to do next are 

taken, but first, it reads the input file TUNNEL.INP and initializes some variables. The 

second step is to call the subroutine inicond and dismbutes the characteristic lines in region 

2 according to the initial flow field at the moment of diaphragm rupture. From there, the 

main program starts the decision making process explained in section 7.2. The program 

stops when either the set limit time has been reached, the driven gas is drained or the 

interface has reached the end wall of the driven section. 

Almost all subroutines are called directly by the main program. The only exceptions 

are the subroutines shock and isentro and the solvers they use: dfac, matinv and simsol. 

These subroutines are called exclusively by the subroutines handling interactions. 

subroutine dfac ; 

This subroutine solves problems of the type A ( N, N ) * X ( N ) = B ( N ) where 

A and B are known. The manix A needs to be in the form of a vector of length N*N. 

subroutine inicond ; 

This subroutine does some initializations related to the initial conditions of the 

system. It then evaluates the initial shock speed, finds the conditions in region 2 and splits 

the variations of conditions in region 3 among the chosen number of initial characteristic 

lines. 

subroutines called: shock, writef, writef2 and writefmp 

subrouones interIM2 and interIM6 ; 

These subroutines evaluate the conditions at the intersection of the Interface and a 

Minus characteristic line coming from region 2 and 6 respectively. 

subroutines called: isentro, writef and writef2 



. . ubrouhne interIS ; 

This subroutine evaluates the conditions at the intersection of the Interface and the 

reflected Shock. 

subroutines called: shock, isentro, writef and writef;? 

su ws 
This subroutine evaluates the conditions in region 3 and 7 after a Minus 

characteristic line from region 3 intersects with the area change in the driver section. 

subroutine called: writef 

Su i i 
These subroutines evaluate the conditions at the intersection of a Minus 

characteristic line and a Plus characteristic line respectively in region 2,3,5,6 and 7. 

subroutines called: isentro only for interMP2 and interMP6 

subroutines interMS2 and intetMS3 ; 

These subroutines evaluate the conditions at the intersection of a Minus 

characteristic line coming from region 2 and 3 respectively and the reflected Shock. 

subroutines called: shack, writef and writef2 

. . 
Uhne interMW ; 

This subroutine evaluates the conditions at the intersection of a Minus characteristic 

line in region 7 and the driver section end-Wall. 

subroutine intern3 ; 

This subroutine evaluates the conditions in region 3 and 7 after a Plus characteristic 

line from region 7 intersects with the area change in the driver section. 

subroutines cded:  writef 

subroutines interPMS2 and interPMS3 ; 

These subroutines evaluate the conditions at the intersection of a Plus characteristic 

line coming from region 2 and 3 respectively and the reflected Shock. 

subroutines called: shock, writef and writef2 



subroutines interPI3 and interPI5 ; 

These subroutines evaluate the conditions at the intersection of a Plus characteristic 

line coming from region 3 and 5 respectively and the Interface. 

subroutines called: isentro, writef and writef2 

subroutine interPS2 ; 

This subroutine evaluates the conditions after a Plus characteristic line from region 

2 intersects with the initial Shock. 

subroutines called: shock, writef and writefit 

subroutine interPW ; 

This subroutine evaluates the conditions after a Plus characteristic line from region 

6 intersects with the driven end-Wall. 

subroutine called: isentro 

subroutines interSM5 and interSM6 : 

These subroutines evaluate the conditions at the intersection of the reflected Shock 

and a Minus characteristic line coming from region 5 and 6 respectively. 

subroutines called: shock, writef and writef2 

subroutine isentro ; 

This subroutine evaluates all the thermodynamic conditions at an intersection point 

knowing the pressure and the entropy at that point. 

subroutine called: simsol and matinv 

subroutine matinv ; 

This subroutine inverts matrix of the form A (MM,MM). 

subroutine reflex ; 

This subroutine evaluates the conditions in region 6 after the initial Shock has 

reached the driven section end-wall. 

subroutines called: shock, isentro, writef and writef2 



subroutine shock ; 
This subroutine evaluates the conditions behind a shock knowing the conditions in 

front of it and the shock velocity. 

subroutine called: simsol and matinv 

subroutine simsol ; 

This subroutine rearranges the matrix A ( N , N ) into a vector AA ( N*N) for 

input into the subroutine dfac. 

subroutine called: dfac 

~broutines write91. write92 and write93 ; 

These subroutines are used to create the output file LINE.OUT (FOR009) 

representing the x-t diagram of the flow. The subroutine with the postscript 1 is used when 

a full line is needed, the one with the postscript 2 is used for the interface and the area 

change and the postscript 3 is used to represent the shock. 

s p ,  
These subroutines are used to update the conditions of the flow in regions 1,2A, 

2B, 3A, 3B, 4,5A, 5B, 6 and 7. 

sub - 
These subroutines are used to update the conditions of the flow along plus and 

minus characteristic lines in regions 2,3,5, 6 and 7. 

7.2 Flow Cham 

The main program uses a rather complex decision making process to determine 

what is the next step to do in the calculation. It can be divided into three parts, the first is 

used as long as the initial shock has not reached the driven section end-wall, at that point 

the second one takes over, up to the moment the reflected shock interacts with the interface, 

then the last part of the main program finishes the calculation. The flow charts of these 

three different parts are presented respectively in figures 7.2.2, 7.2.3 and 7.2.4. The 

EXIT paths for the first two only mean the end of that part of the calculation, the program 

then starts the next part. 



Often the program has to decide which interaction it has to evaluate first to make 

sure that the flow is chronologically solved. On the flow charts presented here, this 

decision process is simply shown using parentheses, so a line like 

( INTERMP3 - REFLEX - INTERIM2 ) 

in the charts means that the main program evaluates the time of the next interaction 

involving INTERMP3, REFLEX and INTERIM2, then it takes the one occurring first and 

actually evaluates that interaction and updates the necessary files. To be able to follow on 

the charts after that, you take the arrow under the subroutine that was actually evaluated. 

In the case of the third chart (figure 7.2.4), when a decision to evaluate an 

interaction INTERPI5 or INTERIM6 is taken, it involves more than just the evaluation of 

that interaction. The series of calculations really performed each time are presented in figure 

7.2.1. 

Call INTERMP5 X times 
to get F5- to the last F5+ 

Call I N T E ~ ~  X times 
to get F6+ to the last F6- 

""9""" 
Call INTERMP6 X times 
to get F6+ to the last F6- 

I 
Call INTERMP5 X times 
to get F5- to the last F5+ 

Figure 7.2.1 Calculation perfom for INTERPI5 and INTERIM6 in third flow 

chart. 
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Figure 7.2.2 Flow chart 1: from the diaphragm rupture to shock reflection. 



Call INTERMP6 X times 
to get F+ to the last F- 

t 
Call m R P w  

Call INTERMP6 X times 
to get F+ to the last F- 

+ to get F+ to the last F- Call INTERMP6 X times 
to get F+ to the last F- 

call INiERPw 
I 

t 
Cnll TNT.  

t ----.I_- 
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Call INTERMP7 hmes to get F- to the last F+ 3' + 
CallIN RMW P 

Figure 7.2.3 Flow chart 2: from shock reflection to shock-interface interaction. 



Call INTERMF'6 X time to get F+ to the last F- P 
t 

Call INTERPW 
I 

to get F5+ to the last F5- 

to get F5+ to the last F5- 

Call INTERMF'7 X time to get F7- to the last F7+ 

1 
mTRMW 

F i g m  7.2.4 Flow chart 3: from shock-interface interaction to the end. 



7.3 FORTRAN Variables 

The first set of variables described here are the ones containing ail the flow 

conditions. In all, 10 vectors and 10 matrices are used to keep track of the flow conditions 

in the entire system. The 10 vectors are used to keep track of the flow conditions along the 

borders of the different regions as shown in figure 7.3.1. The 10 matrices keep track of the 

flow conditions along any plus or minus characteristics in their respective regions. 

: flow condition kk in region 1. 

: flow condition kk in region 2A. 

: flow condition kk in region 2B. 

: flow condition k in region 3A. 
: flow condition k in region 3B. 

: flow condition k in region 4. 

: flow condition k in region 5A. 
: flow condition k in region 5B. 

: flow condition kk in region 6. 

: flow condition k in region 7. 

: flow condition k along the minus characteristic m2 of region 2. 

: flow condition k along the plus characteristic p2 of region 2. 

: flow condition k along the minus characteristic m3 of region 3. 
: flow condition k along the plus characteristic p3 of region 3. 

: flow condition k along the minus characteristic m5 of region 5. 
: flow condition k along the plus characteristic p5 of region 5. 

: flow condition k along the minus characteristic m6 of region 6. 

: flow condition k along the plus characteristic p6 of region 6. 

: flow condition k along the minus characteristic m7 of region 7. 

: flow condition k along the plus characteristic p7 of region 7. 



X 

Figure 7.3.1 Notation used to define the region borders. 

For perfect gas, we keep record of 10 different flow conditions (k=1, ..., lo), in the 

case of real gas, we keep 20 (&=I, ..., 20). They represent the conditions of the designated 

variables at the last interaction. The first 10 flow conditions of the real gas case are the 

same as the 10 for the perfect gas. These flow conditions are: 

: density ( p ) in kgIm3 

: Riemann invariants ( F+ or F- ) in m/s 

: position ( x ) in m 

:t ime(t)insec 

: speed of sound ( a ) in m/s 

: flow velocity ( u ) in m/s 

: pressure ( p ) in Pa 

: perfect gas ratio ( Y ) 
: gas constant R in J/kgK or molecular weight M in glmole 

: temperature ( T ) in K 

: mole fraction of e- 

: mole fraction of N2 

: mole fraction of 02 
kk=14 : mole fraction of AR 
&=I5 : mole fraction of N 

kk=16 : mole fraction of 0 

kk=17 : mole fraction of NO 

kk= 18 : mole fraction of NO+ 



kk= 19 : enthalpy ( h ) 

kk=20 : entropy ( s ) 

The other variables are: 

A2SP 

AMACH, AMS 

APRES 

AREA 

ASPEEDi 

ASTAR 

CAPX(i) 

CI 

CM 
CP 

CS 

CTAP 
DELTAA 

DELTAF' 

DELTAU 

DI 

DM 

DP 

DS 

DUMF'(i) 
Ei 

F---- 
GAM 
ISW5A 

: speed of sound ( d s )  

: speed of sound in region i after interaction (i = 2,5 or 6) ( d s )  

: speed of sound in region 2 after interaction with a characteristic 

( 4 s )  
: speed of sound in region 2 after interaction with a shock ( 4 s )  

: Mach number 

: pressure behind the shock (Pa) 

: area ratio between the driver section and the driven section 

: speed of sound in region i (i = 1 or 2 ) ( d s )  

: area ratio between the driven section end-wall nozzle and the 

driven section 

: mole fraction of the species i (i = 1,2, ... , 8  ) 
: 1 labsolute velocity of the interface (dm) 

: 1 / absolute velocity of the minus characteristic (dm) 

: 1 labsolute velocity of the plus characteristic (slm) 

: 1 1 absolute velocity of the shock (dm) 

: temperature (K) 
: A a ( d s )  

: Ap (Pa) 

: A u ( d s )  

: virtual time at which the interface was at x = 0 (s) 

: virtual time at which the minus characteristic was at x = 0 (s) 

: virtual time at which the plus characteristic was at x = 0 (s) 

: virtual time at which the shock was at x = 0 (s) 

: dummy variable for comments 

:2Yi/(Yi - 1) (i = 2 ,3 ,5  or 6 )  

: see beginning of section 7.3 for description 

: Y 
: = 0 subroutine shock to evaluate only initial shock 

= 1 subroutine shock to evaluate initial and reflected shock 



N 

NBCHARA 
N12 

M i  
NPi 

NPXi 

NSHOCK 

P2SP 

Pip 

(i = 5 or 6 )  (Pa) 

PRES 

TEMP 

TIME 
TIMEi 

TIMEF 

TMIN 

u 
U2EP 

UREFi 

VEL, VELYI 

VELSHOCK 

: = 0 subroutine shock to evaluate only initial shock 

= 1 subroutine shock to evaluate only reflected shock 

: no. of interaction evaluated by the program 

: no. of minus characteristics created at diaphragm rupture 

: = 0 if at least one plus characteristic is left in region 3 

= 1 if no plus characteristic is left in region 3 

: no. of minus characteristics in region i (i = 2,3,5,6 or 7) 

: no. of minus characteristics not in use any more in region i 

(i = 2,3,5,6 or 7) 

: most recent minus characteristic used in region i (i = 2 or 3) 

: no. of plus characteristic in region i (i = 2,3,5,6 or 7) 

: no. of plus characteristic not in use any more in region i 

(i = 2,3,5,6 or 7) 

: = 1 for real gas as a driven section gas 

= 2 for a perfect gas as a driven section gas 

: pressure in region 2 for the gas going though the shock (Pa) 

: pressure in region i for the gas going though a characteristic 

: P (pa) 

: T Oo 
: t (s) 

: time at which the interaction i occur (i = 1,2,3,4 or 5) (s) 

: time predetermined to stop calculation (s) 

: time of the first interaction occurring (s) 

: u ( d s )  
: flow velocity in region 2 for a gas going though a characteristic 

( d s )  
: flow velocity in region 2 for a gas going though a shock ( d s )  

: absolute variation of the flow velocity in region i before and 

after the interaction (i = 5 or 6) ( d s )  

: flow velocity in region i for a gas going though a characteristic 

(i = 5 or 6) ( d s )  

: flow velocity in region i before interaction (i = 5 or 6) (mls) 

: relative velocity of the chock with respect of the incoming flow 

( d s )  
: absolute velocity of the shock ( d s )  



VPIS TON : velocity of the driver section end-wall (mls) 

XDWH : distance between the area change and the main diaphragm (m) 

XMAX : distance between the driver section area change and the driver 

section end-wall (m) 

XPISTON : position of the driver section end-wall (m) 

Xi : intermediate calculation results (i = 1 , 2 , 3 , 5  or 6 )  
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Appendix A 

TUNNEL.OUT File for T5 Simulation 















297 3 
298 3 
299 3 
299 5 
300 3 
301 3 
302 3 
302 5 
303 3 
303 5 
304 3 
304 3 
304 5 
305 5 . 
306 5 
307 5 
308 5 
309 5 
310 5 
311 5 
312 5 
313 5 
314 5 
314 6 
315 6 
316 5 
317 5 
318 5 
318 6 
319 5 
320 5 
321 5 
321 6 
322 6 
323 5 
323 6 
324 5 

WARNING: THE 

0.7752Et01 0.3256E-02 0.4472E+04 0.2275Et04 0.1528E+08 0.1495Et04 
0.7805Et01 0.3264E-02 0.44768104 0.2273Et04 0.1523EtO8 0.1494Et04 
0.1014Et02 0.3404E-02 
0.1014Et02 0.3404E-02-0.1248Et03 0.4386Et04 0.1531Et09 0.5559Et04 
0.8915Et01 0.34298-02 0.4567E+04 0.2243E104 0.1424Et08 0.1454Et04 
0.9233Et01 0.3475E-02 0.4561Et04 0.2245Et04 0.1430Et08 0.1451Et04 
0.4942Et01 0.3488E-02 
0.9942Et01 0.3488E-02-0.1059EtO3 0.438OEt04 0.1522Et09 0.5545E104 
0.9820Et01 0.3541E-02 
0.9820Et01 0.3541E-02-0.7701Et02 0.4371Et04 0.1506Et09 0.5522Et04 
0.9784Et01 0.3556E-02 
0.9784Et01 0.3556E-02 0.4561E+04 0.2245Et04 0.1430EtO8 0.1457Et04 
0.9784Et01 0.3556E-02 0.5497Et02 0.4415Et04 0.1583Et09 0.5634Et04 
0.986BEt01 0.35153-02 0.8330Et02 0.4406Et04 0.1566Et09 0.5610Et04 
0.1004Et02 0.36138-02 0.2126E+03 0.4363Et04 0.1491Et09 0.5500Et04 
0.1023Et02 0.3656E-02 0.1816Et03 0,43738104 0.1509E+09 0.5526Et04 
0.1043Et02 0.3699E-02 0.2402Et03 0.4353Et04 0.14168109 0.5477Et04 
0.1074Et02 0.37678-02 0.2134Et03 0.4362Et04 0.1491Et09 0.55006+04 
0.1082Et02 0.3785E-02 0.6448Et02 0.4412E+04 0.1578Et09 0.5626Et04 
0.1092Et02 0.3806E-02 0.9411Et02 0.4402E+04 0.1560Et09 0.5600EtO4 
0.1114Et02 0.3855E-02 0.903OE+02 0.4403Et04 0.1562Et09 0.5604Et04 
0.1117EtO2 0.3862E-02 O.l188E+03 0.4394Et04 0.1545Et09 0.5580Et04 
0.1198Et02 0.3698E-02 0.1782Et03 0.4327Et04 0.1431Et09 0.5411Et04 
0.1198Et02 0.3698E-02 0.179OEt03 0.2092Et04 0.1431Et09 0.9758Et04 0.3910E+02 0.1019Et05 
0.1200Et02 0.37088-02 0.1552Et03 0.2353Et04 0.1451Et09 O.llO2Et05 0.3145F*02 0 1009Ft05 
0.1175E+02 0.3753E-02 0.1742Et03 0.4326Ct04 0.1429EtO9 0.5408Et04 
0.1124Et02 0.3876E-02 0.2489Et03 0.4350Et04 0.1471Ct09 0.5470Ei04 
0.1198Et02 0.3716E-02 0.1500Et03 0.4336Et01 0.1447Ei09 0.5431Et04 
0.1198Et02 0.3716E-02 0.1499Et03 0.2096Et04 0.1447Et09 0.9772Et04 0.3946Et07 0.1019Et05 
0.1179Et02 0.3763E-02 0.1460Et03 0.43358104 0 1445E+09 0.5431Et04 
0.1127Et02 0.38858-02 0.2207Et03 0.4360Et04 0.1487Et09 0.5494Et04 
0.1199Et02 0.3809E-02 0.1460EtO3 0.4335E+04 0.1445Et09 0.5431Et04 
0.1199EtO2 0.3809E-02 0.1472Et03 0.2093EtO4 0.1445Et09 0.9770Et04 0.3941Et02 0.1019Et05 
0,1200E+02 0.3811E-02 0.1551Et03 0.2351Et04 0.1438Et09 0.1100Et05 0.312?E+02 O.l009E+05 
0.1200Et02 0.3813E-02 0.1568Et03 0.4331Et04 0.1439Et09 0.5422Et04 
0.1200Et02 0.3813E-02 0.1558Et03 0.2091E104 0.1439Et09 0.9765E+04 0.3977r+02 0.1019Et05 
0.1150E+02 0.39338-02 0.2315Et03 0.43568104 0.1481Et09 0.5485Et04 
INTERFACE HAS REACH THE END WALL 



Appendix B 

TUNNEL.OUT File for Combustion Shock Tube Simulation 



ON X t U a P T RO SEN W 
0.4000E-01 0.0000Et00 0.0000E+OO 0.1316Et04 0.1800Et06 O.JOOOE403 
0.4000E-01 0.0000Et00 0.2575Et04 0.2022Et04 0.1519EtOJ 0.7080Et03 0.0000Et00 0.0000Et00 
0.4000E-01 0.0000Et00 0.2514EtO4 0.1718Et04 0.1519Et07 0.1356Et04 
0.0000Et00 0.0000Et00 0.0000Et00 0.2490Et04 0.1100EtOB 0.285OEt04 
0.4000E-01 0.0000Et00 0.3575Et04 
O.OOOOEt00 0.2041E-04 0.6007Et03 0.2426Et04 0.9562Et07 0.2704Et04 
0.0000Et00 0.2041E-04 0.1456Et03 0.2447Et04 0.1001Et08 0.2751Et04 
-0.2500Et01 0.1107E-02 0.0000Et00 0.2403Et04 0.9093Et07 0.2654Ct04 
0.5285E-02 0.22168-04 0.903OEtO3 0.2335Et04 0.7803Et07 0.2506Et04 
0.1099E-01 0.2392E-04 0.1175Et04 0.2253Et04 0.6454Et07 0.2333Et04 
0.1728E-01 0.2575E-04 0.1429Et04 0.2177Et04 0.5371Et07 0.2178Et04 
0.24278-01 0.2769E-04 0.1671Et04 0.2105Et04 0.4483Et07 0.2035E*04 

. 0.3207E-01 0.2976E-04 0.1903Et04 0.2035Et04 0.3747Et07 0.1903Et04 
0.4081E-01 0.3198E-04 0.2128Et04 0.1968Et04 0.3131EtO7 0.1779Et04 
0.5062E-01 0.3437E-04 0.2346Et04 0.1902Et04 0.2614Et07 0.1663Et04 
0.6165E-01 0.36978-04 0.2559Et04 0.1838Et04 0.2179Et07 0.1553Et04 
0.7406E-01 0.3979E-04 0.2767Et04 0.1776Et04 0.1812Et07 0.1449Et04 
0.2318Et00 0.74528-04 0.2796Et04 0.2066Et04 0.1765Et07 0.7391Et03 O.OOOOEtO0 0.0000Et03 
0.231BEt00 0.74528-04 0.27968104 0.1767Et04 0.176SFt07 0.1282E+04 
0.5135Et00 0.1325E-03 0.3827Et04 
0.5135Et00 0.1325E-03 0.2813Et04 0.2062Et04 0.174SEt07 0.7366Et03 0 OOOOEtOO 0 OOOOPtOO 
0.0000Et00 0.25858-04 0.9956Et03 0.2363Et04 0.8311Et07 0.2566Et04 
0.0000EtOO 0.2585E-04 0.2289Et03 0.2422Et04 0.9476Et07 0.2695Et04 

-0.2432E+01 0.1135E-02 0.8332EtO2 0.2378Et04 0.8600Et07 0.25998104 
-0.2500Et01 0.1165E-02 0.0000E+00 0.2353Et04 0.8128Et07 0.2544Et04 
0.6743E-02 0.2785E-04 0.1268Et04 0.2281Et04 0.6889Et07 0.2391Et04 
0.1414E-01 0.2994E-04 0.1522E+04 0.2205Et04 0.5746Et07 0.2234Et04 
0.2234E-01 0.3214E-04 0.1764Et04 0.2132Et04 0.4808Et07 0.2090Et04 
0.3145E-01 0.34408-04 0.1996Et04 0.2063Et04 0.4027Et07 0.1955Et04 
0.4161E-01 0.3698E-04 0.2220Et04 0.1995Et04 0.3374EtOf 0.1830Et04 
0.52988-01 0.3968E-04 0.2439Et04 0.1930Et04 0.2824Et07 0.1712Et04 
0.6570E-01 0.4259E-04 0.2651Et04 0.1866Et04 0.2360Et07 0.1600Et04 
0.7997E-01 0.4575E-04 0.2859Et04 0.1804Et04 0.1969Et07 0.1495Et04 
0.2368E+00 0.7939E-04 0.2889Et04 0.1795Et04 0.1918EtO7 0.1481Et04 
0.2582Et00 0.8395E-04 0.2902Et04 0.2087Et04 0.1895Et07 0.7542Et03 0.0000Et00 0.0000Et00 
0.2582Et00 0.8395E-04 0.2902Et04 0.1791Et04 0.1895Et07 0.1249Et04 
0.5159Et00 0.1356E-03 0.2919Et04 0.2084Et04 0.1874Et07 0.7518Et03 0.0000Et00 0.0000Et00 
0.5569Et00 0.1438E-03 0.3951E+04 
0.5569E+00 0.1438E-03 0.2929Et04 0.2082Et04 0.1862Et07 0.7700Et03 0.0000Et00 0.0000Et00 
0.0000Et00 0.3451E-04 0.1325Et04 0.2298Et04 0.7169Et07 0.2427Et04 
0.0000Et00 0.3451E-04 0.2844Et03 0.2405Et04 0.9133Et07 0.2658Et04 

-0.2379Et01 0.1157E-02 0.1389Et03 0.2361Et04 0.8283Et07 0.2562Et04 
-0.2447Et01 0.1187E-02 0.5556Et02 0.2336Et04 0.7826Et07 0.2508Et04 
-0.2500Et01 O.12lOE-02 0.0000EtOO 0,2320Et04 0.7533Et07 0.2473Et04 
0.9275E-02 0.3707E-04 0.1579Et04 0.2222Et04 0.5988Et07 0.2269Ei04 
0.19538-01 0.3976E-04 0.1821Et04 0.2149Et04 0.5017Et07 0.2123Et04 
0.3090E-01 0.4263E-04 0.2053Et04 0.2080Et04 0.4208Et07 0.1988Et04 
0.435BE-01 0.4570E-04 0.2277Et04 0.2012E+04 0.3531Et07 0.1861Et04 
0.5772E-01 0.4899E-04 0.2495Et04 0.1947Et04 0.2960Et07 0.1742Et04 
0.7352E-01 0.5255E-04 0.2708Et04 0.1883Et04 0.2478Et07 0.1630Et04 
0.91223-01 0.5641E-04 0.2916Et04 0.1821Et04 0.2070Et07 0.1523Et04 
0.2479Et00 0.8947E-04 0.2945Et04 0.1812Et04 0.2018Et07 0.1509Et04 
0.2694Et00 0.9399E-04 0.2959Et04 0.1808Et04 0.1993Et07 0.1502Et04 
0.3153Et00 0.1036E-03 0.2968Et04 0.2100Et04 0.1978Et07 0.7635Et03 0.0000Et00 0.0000E+00 
0.3153Et00 0.1036E-03 0.2968E104 0.1805Et04 0.1978Et07 0.1229Et04 
0.5235E+00 0.1447E-03 0.2984Et04 0.2097Et04 0.1958Et07 0.78llEt03 0.0000Et00 0.0000Et00 
0.5645Et00 0.15288-03 0.2994E104 0.2095Et04 0.1945Ei07 0.7797Et03 0.000OEt00 0.0000E+00 
0.6894Et00 0.1773E-03 0.4028E+04 
0.6B94Et00 0.1773E-03 0.3000Et04 0.2093Et04 0.1937Et07 0.8034Et03 0.0000EtOO 0.0000Et00 
0.0000Et00 0.5149E-04 0.1614Et04 0.2232Et04 0.6139Et07 0.2290Et04 
0.0000Et00 0.5149E-04 0.3192EtO3 0.2395Et04 0.8924Et01 0.2635Et04 













0.2442Et00 0.2162E-02-0.4989Et02 0.2871E104 0.1476Et08 0.3025Et04 
0.3220Et00 0.2189E-02-0.3895E+02 O.2868Et04 0.1467Et05 0.3018Et04 
0.3563Et00 0.2202E-02-0.4175Et02 0.2868Et04 0.1469Et08 0.3020Et04 
0.3870Et00 0.2212E-02-0.3932E102 0.2868Et04 0.1467E+08 0.3018Et04 
0.4281Et00 0.2227E-02-0.3150Et02 0.2867E104 0.1466EtO8 0.3017Et04 
0.5685Et00 0.2271E-02-0.3501Et02 0.2866Et04 0.1464Et08 0.3016Et04 
0.6548Et00 O.2307E-02-0.5375EtO2 0.2872Et04 0.1479E108 0.3027Et04 
0.7426Et00 0.2338E-02-0.5662EtO2 O.2873Et04 0.1481Et08 0.3029Et04 
0.7496Et00 0.2341E-02-0.5837Et02 O.2873Et04 0.1483EtOB 0.3030Et04 
0.8388Et00 0.2372E-02-0.4101E+O2 0.2870Et04 0.1473Et08 0.3023Et04 
0.8751Et00 0.2385E-02-0.3624Et02 0.2867Et04 0.1465E108 0.3016Et04 
0.9250Et00 0.2403E-02-0.3500Et02 0.2866Et04 0.1464Et08 0.3015Et04 
0.9117E100 0.2398E-02-0.1532E103 0.2902Et04 0.1563E108 0.3091Et04 
0.9778Et00 0.2422E-02-0.1626Et03 0.2905Et04 0.1571E108 0.3097E104 
0.1244Et01 0.2520E-02-0.1602ElO3 0.2904Ct04 0.1569Et08 0.3095Et04 
0.2445E101 0.2146E-02 0.7305Et02 0.2986Et04 0.1822Et08 0.3273Et04 
0.2445Et01 0.21468-02 0.7305Et02 0.3075Et04 0.1822Et08 0.1791E+04 O.OOOOEt00 0.0000Et00 
0.2500Et01 0.2163E-02 0.6939Et02 0.3075Et04 0.1825Et08 0.1791Et04 0.0000E+00 0.0000E+00 
0.2364Et01 0.2114E-02-0.3000EtO2 0.2956Et04 0.1723E+OB 0.3206Et04 
0.1934E+01 O.2318E-02 0.9056Et02 0.2992Et04 0.1839Et08 0.3285Ei04 
0.1524Et01 0.2459E-02-0.1706E+02 0.2959Et04 0.1736Et08 0.3214Et04 
0.1292Et01 0.253lE-02-0.l8llEtO3 0.2910Et04 0.1587Et08 0.3108Et04 
0.2448Et01 0.2181E-02 0.6994Et02 0.2987Et04 0.1825EtOB 0.3276Et04 
0.2448Et01 0.2181E-02 0.6994Et02 0.3076Et04 0.1825Et08 0.1792Et04 0.0000E+00 0.0000E+00 
0.2416Et01 0.2192E-02-0.3311Et02 0.2956Et04 0.1726EtO8 0.3208Et04 
0.1987Et01 0.2335E-02 0.8744Et02 0.2993Et04 0.1842EtOB 0.3287Et04 
0.1575Et01 0,2417E-02-0.2018EtO2 0.2960Et04 0.1739Et08 0.3216Et04 
0.1342Et01 0.2555E-02-0.1843Et03 0.2911Et04 0.1S90Et08 0.3110Et04 
0.2449Et01 O.2203E-02-0.4212Et02 0.2959Et04 0.1735EtO8 0.3214Et04 
0.2449Et01 0.2203E-02-0.4212E+02 0.3053Et04 0.1135E+08 0.1766Et04 0.0000F+00 0 OOOOEtOO 
0.2020Et01 0.2346E-02 0.7843Et02 0.2995Et04 0.1851EtOB 0.3293Et04 
0.1607Et01 O.2488E-02-0.2919EtO2 0.2963Et04 0.1747E+08 0.3222E104 
0.1372EtOl 0.2566E-02-0.1933E103 0.2914C104 0.1598;f08 0.3116Et04 
0.2500Et01 0.2220E-02 0.6839E+02 0.3031Et04 0.1649EtOR 0.1710Et04 0.0000E+00 0.000OEt00 
0.2448Et01 0.2237E-02 0.5863Et02 0.2929Et04 0.1642Et08 0.3149Et04 
0.2448Et01 0.2237E-02 0.5863Ei02 0.3029Et04 0.1642Et08 0.1738Et04 0.0000E+00 0.0000Et00 
0.2500Et01 0.2254E-02 0.6830E102 0.3027Et04 0.1635Et08 0.1736Et04 0.0000Et00 0.0000Et00 
0.208OEt01 0.2366E-02 0.1792Et03 0.2965Et04 0.1753Et08 0.3221Et04 
0.1675Et01 0.25118-02 0.7156Et02 0.2933Et04 0.1654Et08 0.3157Et04 
0.1443Et01 0.2592E-02-0.9253Et02 0.28B4Et04 0.1511Et08 0.3052Et04 
0.2450Et01 0.2271E-02 0.6681Et02 0.2926Et04 0.1635Et08 0.3143Et04 
0.2450Et01 0.2271E-02 0.6681Et02 0.3027Et04 0.1635Et08 0.1736E104 0.0000E+00 0.000OE+00 
0.2132Et01 0.2382E-02 0.1874E103 0.2963Et04 0.1746Et08 0.3222Et04 
0.1727Et01 0.25288-02 0.7975E102 0.2930E104 0.1647Et08 0.3152Et04 
0.1493Et01 0.2610E-02-0.8434Et02 0.2881E104 O.lS04EtO8 0.3047Et04 
0.2464Et01 0.2488E-02 0.1980Et03 0.2959Et04 0.1736EtOB 0.3215Et04 
0.2464Et01 0.2488E-02 0.1980Et03 0.3053Et04 0.1736Et08 0.1766Et04 0.0000Et00 0.0000E+00 
0.2053Et01 0.2636E-02 0.9042E+02 0.2927Et04 0.1637Et08 0.3145Et04 
0.1808EtOl 0.2723E-02-0.7367E102 0.2878Et04 0.1496Et08 0.3040E104 
0.2500E+01 0.2499E-02 0.6946Et02 0.3079Et04 0.1841Et08 0.1795Et04 0.0000Et00 0.0000Et00 
0.2469Et01 0.25093-02 0.8058Et02 0.2995Et04 0.1849E+08 0.3292Et04 
0,2469Et01 0.25093-02 0.8058Et02 0.3081Et04 0.1849Ec08 0.1798Et04 0.0000Et00 0.0000Et00 
0,2500Et01 0.2519E-02 0.6956E+02 0.3083Et04 0.1858Et08 0.1801E104 0.0000Et00 0.0000Et00 
0.2016E+01 0.2644E-02-0.2703Et02 0.2962Et04 0.1745EtO8 0.3221Et04 
0.1823Et01 0.2728E-02-0.1911EtO3 0.2913Et04 0.1596Et08 0.3115Et04 
0.2470Et01 0.2529E-02 0.7121Et02 0.2997Et04 0.1858E108 0.3298Et04 
0.2470E101 0.2529E-02 0.1121Et02 0.3084Et04 0.1858EtO8 0.1801E104 0.0000E+00 0.0000Et00 
0.2105E+01 0.2654E-02-0.3641E+02 0.2965Et04 0.1754Et08 0.322lEt04 
0.1851E101 0.2738E-O2-0.2005E+O3 0.2916E+04 0.1604Et08 0.3121Et04 
0.2488Et01 0.2785E-02-0.4578EtO2 0.29688104 0.1763E+08 0.3233Et04 
0.2488Et01 0.2785E-02-0.4578Et02 0.3060Et04 0.1763E108 0.1771Et04 0 OOOOEtOO 0.0000E+00 
0.2219E+01 0.2874E-02-0.2099Et03 0.2919Et04 0 1612E408 0.3127E404 



350 6 0.2500Et01 0.2789E-02 0.6853Et02 0.3037E+04 0.1673Et08 0.1748Et04 0.0000Et00 0.0000Et00 
351 5 0.2488Et01 0.2793E-02 0.5847Et02 0.2937Et04 0.1666Et08 0.3165Et04 
351 6 0.24BBEt01 0.2793E-02 0.5847Et02 0.3035Et04 0.1666Bt08 0.1745E+04 0.0000Et00 0.0000Et00 
352 6 0.2500Et01 0.2196E-02 0.6844Et02 0.3033Et04 0.1658Et08 0.1743E104 0.0000Et00 O.OOOOEtO0 
353 5 0.2236Et01 0.2880E-02-0.1056Et03 0.2888Et04 0.1522Et08 0.3060Et04 
354 5 0.2489Et01 0.2800E-02 0.6691E102 0.2934Et04 0.1658Et08 0.3160Et04 
354 6 0.2489Et01 0.2800E-02 0.6691Et02 0.30338104 0.1658EtOB 0.1743Et04 0.0000~r00 0.0000Et00 
355 5 0.2247Et01 O.ZB84E-02-0.9718EtO2 0.2885E+04 0.1515Et08 0.3055EtO4 

WARNING: THE INTERFACE HAS REACH THE END WALL 


