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ABSTRACT 
Modelling, computation and performance animation of turbomachinery systems has recently enjoyed 
remarkable attention in CAD research. This is also reflected its application to exhaust machine components 
such as turbo loaders and the exceptionally novel pressure wave machine (Comprex) in the automobile 
industry and gas turbines. The necessity for the thermo-fluidic performance animation of such pressure 
wave machines results from the fact that the machine geometry must be adapted to the technical and 
thermo-fluidic properties of the exhaust flow of the gas turbine or automobile engine. Experimental 
adaptation or adjustment is costly and should be validated for every application case. Thus the potential 
to apply accurate animation for such shock-tube like behaviour of compressible flow is now economically 
promising with a view to optimizing the design of the pressure wave machine. This paper presents briefly 
the problem oriented algorithms used and illustrates the performance animation of the pressure wave 
machine operating under constant speed drive. After introducing the pressure wave machine operation, 
the principles and summary of the algorithms used to compute the thermodynamic behaviour within the 
cell, the boundary models and the accuracy of computation. A Comprex cycle operating on an engine 
exhaust gas with T= 920°K, p = 2bar is illustrated through 3-dimensional representations for pressure, 
speed of flow and temperature. The particle path (gas and air) together with time representation of the 
state variables at different points of the Compex will be shown. The mass balance problem is discussed 
and the conditions for mass balanced flow for the gas as well as for the air side are given. The results 
achieved for such materially balanced pressure wave machines indicate a reduction in the costs for subsequent 
experimental validation and to deliver the sound base for further development towards considering the 
pre-balanced transient operation cases as well. 
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INTRODUCTION 

Exhaust machine components and systems have been used as gas (air) loaders for a long time, 
especially for Diesel engines1. The most popular type of such exhaust machines in the turboloader, 
by which higher total motor power is achievable2. Its resulting loading pressure is almost 
proportional to the rotor speed, and thus to the motor speed. As a result, enhancing the total 
motor power at low motor speeds is scarcely achievable. Besides, the acceleration time response 
of the turbo-loaded motor is slow as a good part of the exhaust gas energy is required to 
accelerate the rotor. It is thus not surprising, that most of the technological improvements 
concerning turbo-loaders are related to these two performance points. 
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The novel alternative for turbo loaders is the pressure wave machine 'Comprex'3,4,5,6,7,8,9,10,11,12 

Originally, it was conceived as an upper stage for gas turbines7. In contrast to the mechanical 
turbo loaders, the energy exchange in the 'Comprex' is exploited directly through unstationary 
(compression; expansion) pressure waves8,13,14,15 propagating with the speed of sound. The 
above mentioned performance drawbacks of mechanical loaders are thus avoided. 

In his patent4, Seippel demonstrated how an extraordinary intuitive understanding of 
compressible flow can lead to the construction of a functioning pressure wave machine, named 
'Comprex'. It was firstly used as an upper stage in a gas turbine plant8. De Haller16 and Jenny17 

analysed and calculated the thermofluidic phenomena in the Comprex. Beginning in 1956, BBC 
(now ABB) adapted the pressure wave machine to the automative drives, where it had been 
successful for Diesel trucks. By 1969, Comprex prototypes for car drives were set in for durability 
experiments. 

PRINCIPLES OF COMPREX OPERATION CONDITIONS 

Figure 1 shows the principle components of the Comprex in connection to the motor-drive18. 
For a given motor speed, it is convenient to represent the cell drum as expanded over one cycle 
of rotation (Figure 2). Compression waves are represented by the bold lines, while expansion 
waves are indicated by dashed lines. For the so called 'complete trimmed process'11, whose 
thermodynamic state diagram is shown in Figure 3, the main aspects of the Comprex operation 
will be briefly addressed here. 
a) High pressure phase 

a.1: Opening of the high pressure gas channel 
A pressure wave (IL) results. Air will be compressed and hot gas particles enter the cell. 

a.2: Opening of the high pressure air channel 
Ideal opening time should coincide with the arrival of the high pressure wave11. This 
timing is important for the efficiency of the Comprex. 
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a.3: Closure of high pressure gas channel 
This should be timed with the arrival of the reflected pressure wave. No gas particle back 
streaming is thus achievable. This condition is important for efficient trimmed process11. 

a.4: Closure of high pressure air channel 
Ideal closure should coincide with the arrival of the expansion wave. This is the third 
condition for a completely trimmed process11. 

b) Low pressure phase 
For opening and closing the low pressure gas or air-channels, another set of trimming rules 

is necessary in order to initiate a strong gas expansion wave that expells gas particles to the low 
pressure gas channel. When the gas expansion reaches the air side, the resulting air stream is 
strong enough to let the cell gas stream out and fresh air stream into the cell. Reference 11, 18 
and 19 can be further consulted for trimming details of this low pressure process. Also boundary 
improvements in form of expansion cavity, compression cavity and gas cavity are necessary for 
Comprex application in automotive drives11,18,19. However, these aspects will not be presented 
in this paper. 

THE NONSTATIONARY COMPRESSIBLE FLOW IN THE PRESSURE WAVE 
MACHINE (COMPREX) 

The one dimensional unsteady gas flow with friction, heat transfer, variable entropy and gradual 
area changes can be described by the continuity, momentum and energy equations1,2,3,17,18 in 
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differential form: 
continuity equation: 

F: tube area 
x: space variable 
t: time variable 
momentum equation: 

λ: friction factor 
D: tube diameter 
energy equation: 

K: isentropic coefficient 
q: heat transfer 

The analytic solution for the material speed u(x, t), pressure p(x, t) and density ρ[x, t] can be 
deduced following the argumentation in17,21 through the equation: 

as quotients of determinants17,18. The general direction condition is obtained when the 
determinant of (4) vanishes, thus: 

The three directions of characteristic at point p are: 

The above directions are usually called 'disturbances lines' or 'mach-lines'. Jenny17 derived 
the differential form of the solutions of equation4 and has shown that the resulting conditions 
of two determinants are identical. His graphical method for the design and analysis of machines 
with one dimensional unsteady gas flow used these two equations. In his dissertation Oberham18, 
succeeded to render the general compatibility condition using the third determinant. In its 
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differential form, the generalized compatibility condition18 is: 

Expanding this determinant and ordering of terms lead to the general compatibility condition18: 

With the compatibility condition (8) along the corresponding characteristic directions (6), the 
main equations for the numerical computation of the one dimensional compressible gas flow 
have been given in differential form18,20. 

Wave propagation and state variable relations at pressure wave discontinuities 
The basic equations for directions and compatibility conditions are valid almost to the 

continuity limit that can occur during the shock waves. For the compressible flow near pressure 
wave discontinuity however, the characteristics contact each other (shock wave case). The 
discontinuity of the states lead to ambiguous results. Sauer21 proposed the additional 
considerations to determine the speed of propagation and the state variable relations across the 
shock front. Based on his treatment, and using the Rankine-Hugoniot equations, the state 
conditions across a shock wave were derived: 
a) shock wave speed: 

with 
e = ½[(K - 3)ub - (K + 1)ua] (10) 

f = ½[(K - 1)ub - (K + 1)ua] + a2b (11) 
The positive sign in (9) is for the right travelling shock wave with the speed c1 while the 

negative sign is for the left travelling shock wave with speed c2. 
b) pressure ratio: 
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The set of equations (9-13) complement the dynamics of incompressible flow within the 
pressure wave machine (complex) completely. What is now required, before the numerical solution, 
is the information about the types of waves accruing within the cell. For this purpose, the 
following decision rules are cast in a disturbance index18,20,22 to identify the type and direction 
of propagated waves within the pressure wave machine: 

sign (∆u) = sign (∆p) compression wave (17) 
sign (∆u) ≠ sign (∆p) expansion wave (18) 
sign(∆u)>0 right travelling wave (19) 
sign (∆u) < 0 left travelling wave (20) 

With the sign test, it is possible to determine the type of the wave acting on (t0, x0). 

The discretization for direction and compatibility conditions 
The basic analytic equation (6) for the characteristics through an arbitrary point as well as 

the corresponding compatibility conditions along these characteristics18,20,22 offer both locality 
and physical interpretation of the dynamic equations. By discretizing these system of equations 
for every three points, a nonlinear equation in five unknown variables: position xk, tk, and states 
uk, pk, ρk is obtained. Applying a finite different approximation to the compatibility conditions 
in its integral form18,20,22 and using a second oder approximation for the integrals leads to the 
following nonlinear equations18,22 

where are nonlinear disturbance terms at the points 1, 2, 3 respectively while 
disturbance terms at point P0 for corresponding lines,18,22. Equations (22-24) are 

the basic nonlinear equations for the variable grid method. In order to achieve robustness in 
the convergence when a Newton-Raphson Algorithm is used, a first order approximation was 
derived to obtain the starting values of the states18,22. Also, it is necessary to reorganize the 
grid after a certain limit of computation steps. A grid reorganization step is introduced to the 
pure variable grid method in order to attain a homogeneous grid. For the pressure wave machines, 
the number of grid organizations did not get higher than four grid organization steps. 

Test for the accuracy of numerical computations within the pressure wave cell 
The accuracy of the variable grid method has been checked for the case of a shock tube, as 

the numerical solution can be compared with semi-analytical methods. For an infinite value 
problem, a shock tube of infinite length was considered, so that reflections are excluded. The 
test results for the open sided shock tube case are documented in reference 18 and shown in 
reference 22. 

The main aspects are mentioned here briefly: After 13 ms, the difference at the temperature 
is less than 0.5 degrees and the difference in the pressure is 10mbar. Also the material speed 
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accuracy is within 1 m/s. The shock wave side of solution was shown at 1.5 m. The sharpness of 
the pressure, material and temperature discontinuities is sustained. This is in contrast to the 
known results out of the fixed grid difference methods where damped oscillations appear at the 
discontinuity sides. One can summarize the solution accuracy at x = 1,5 m of the expansion side 
as well as the compression side by noting the maximal error18,22: 

Compression side 

shock wave speed 
pressure p 
temperature T 
material speed 

Numerical 

456.62 (m/s) 
1.946 (bar) 

353.7 K 
168.6 m/s 

Analytical 

459.98 (m/s) 
1.929 (bar) 

356.4 K 
169.85 m/s 

Error 

0.73% 
0.88% 
0.76% 
0.73% 

Expansion side: Pressure p = 0.98%, Temperature T= 0.29%, Material speed u = 1.33% 

The boundary models for inflow and outflow 
The closed boundary phase was animated by generating a new grid point at the boundary. 

The time of generation of this boundary point as well as the computation of its gas states are 
computed by two compatibility conditions only as the state speed u at the boundary is identically 
zero. An auxiliary supporting grid point - outside the cell - is introduced having the same state 
variable values as the nearest grid point used for computation, but with opposite wave propagation 
direction. The nonlinear equations for closed boundary are thus18: 

For a left boundary, equations (26) and (27) are used while equations (25) and (26) are used 
for the right side boundary. 

For outflow or inflow cases, corresponding models were implemented and incorporated in a 
manner that animates the particle flow by expelling grid points at outflow and inserting new 
grid points at inflow case18,20. 

SIMULATION AND ANIMATION FOR THE PRESSURE WAVE MACHINE 
PERFORMANCE UNDER GIVEN BOUNDARY CONDITION 

As the boundary geometry is the main adjustment and design parameter for adapting the pressure 
wave machine to a new application, it is not only necessary to compute the physical variables 
in the Comprex, but also let them be animated in a manner suitable for a designer using a 
CAD-animated pressure wave machine. This software package has been implemented on a 
CYBER 170 using 41 grid original points. With five grid reorganization steps, a Comprex cycle was 
animated within 9.6 seconds18. Besides curve or function illustrations, a video film can be 
produced to illustrate the dynamic performance of the Comprex, that indicates to the design 
engineer the dynamic effects occurring in the Comprex due to variation of the Comprex design 
parameters18. 

Figure 4 shows the boundary geometry (opening and closing angles) together with the boundary 
conditions for one complete Comprex cycle. Figures 5, 6 and 7 show the three-dimensional 
illustration of the dynamic performance of the pressure p, particle speed u and temperature T 
for a complete Comprex cycle. The analysis of such dynamic performance is given briefly here: 
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a) High pressure phase 
A gas pressure wave (IL) propagates towards the air side. Just before its arrival, the air high 

pressure channel is opened. Due to such inadequate timing, air enters the cell but will be 
compressed thereafter (Figure 6). The corresponding temperature rise (Figure 7) is moderate in 
comparison to gas to fresh air wave front temperature. With closure of both high pressure 
channels, an undesired strong pressure wave (2L) is induced. 
b) Low pressure phase 

With opening of the gas low pressure channel (Figure 6), a strong expansion wave (4L) builds 
up and propagates to the air side. The material front (gas-air) propagates in the opposite direction. 
Opening of the low air pressure channel causes some auxiliary waves. The Comprex cell is 
relieved from the rest of the gas (in ideal case) and is being filled with fresh air. With the closure 
of both channels, some new waves arise, before the cell returns to its original state at the beginning 
of the cycle. 

From the brief analysis above, one notices that besides the 'main waves', a remarkable number 
of auxiliary waves that propagate, reflect and cross over each other. The accurate computation 
of the unstationary compressible flow by the variable grid method is capable of dealing with 
such complex wave processes. Its adaptability to those waves occurring is demonstrated by the 
supporting grid (Figure 8). The supporting grid points in Figure 8 show the variation of grid 
points location in dependence on the dynamics and the waves in the cell. They may be also 
interpreted as a 'particle path'. One also observed the necessary grid reorganization. The insertion 
of new grid supporting points whenever particles are coming into the cell as well as the excretion 
of the grid points whenever the particles are expelled out of the Comprex is illustrated clearly 
in Figure 9. In Figure 9 the particle path is computed showing gas or air particles streaming 
inside and outside the Comprex. The flow states at x = 0 and x = 1 are shown as a function of 
time in Figures 10 and 11. The consequences of pre-timed opening (at 0.19 ms) can be studied 
exactly. Material discontinuities, pressure discontinuities (Figure 10) as well as discontinuous 
material speed reversal (Figure 11) are accurately computed without any unphysical oscillations. 
This fact is clearly illustrated through the time flash of the distribution of the pressure, temperature 
and particle speed over the cell (Figure 12). Such accuracy of Comprex animation is desired in 
order to achieve the optimum design of the Comprex cell geometric boundary and opening angles. 
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THE BALANCE OF MATERIAL OPERATION CONDITIONS 

For a proper Comprex motor operation, it is necessary that the gas and air materials are 
balanced. Otherwise, the motor cannot be loaded properly. Computing a materially balanced 
Comprex has been very tedious and inaccurate. Besides, they could not be arranged to be 
automated. Through the variable grid method18, however, such balancing is adequately 
automated. The material and energy balance is parametrized through the physical variables at 
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the boundaries of the Comprex. Figure 13 shows the material flow (gas and air) as a function 
of the gas pressure in the gas high pressure side. Both curves are computed through numerical 
simulation of the Comprex for a given constant air pressure. The point of intersection of the 
two curves represent a balanced operation point for the Comprex motor cycle (0.05 m/F; 
1.827 bar). Similar curves were computed for a constant gas pressure (Figure 14). A balancing 
point (0.062 m/F; 2.176 bar) is noted. The stationary and materially balanced operating point of 
the Comprex-motor circuit needs thus to be computed iteratively by computing the above curves 
out of Comprex animation. Every point in these figures requires the computation of a complete 
Comprex cycle. The simple regula falsi algorithm was used to compute the resulting stationary 
and materially balanced operating point of the Comprex-motor circuit18. 
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