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Abstract

Numerical simulation of non-isentropic and discontinuous unsteady flows with energy
addition or extraction, during ignition of solid propellant rocket motors was modified to
simulate transients of the airflow in tall solar towers based on the wave front method. Zannetti
previously used this method for isentropic flows in high-speed aerodynamics. Its application
in discontinuous flows through equation change and local energy extraction also proves
highly efficient. Computational efficiency is demonstrated by CFD simulation of the starting
transients in solar towers and the WINNDER aeroacoustic wind tunnel in particular. The 1-D
methodology and numerical code are especially suited for unsteady flows in slender channels,
where the ratio between the length of the duct and its diameter is high. The wave front model
scheme covers the dual behaviour of the fully non-isentropic flow in the heat exchanger and
the isentropic flow through the test chamber. Code robustness is demonstrated during runs on
the PC. The 1-D numerical scheme is based on resolution of gasdynamic discontinuities
within the enhanced method already proven for solid propellant rocket motors.
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1. PRESENT STATUS IN UNSTEADY FLOW COMPUTER CODES

Successful in describing continuous flows of normal air in aerodynamics, the wave front
method [1] was first extended [3], [4] to the wholly non-isentropic flows with sharp
discontinuities in solid rocket engines (SRE). The applicability of the extended wave front
method to unsteady flows in the SEATTLER solar mirror gravity-assisted (SMQ), tall tower
wind tunnel [4], [5], [6], [7] is now at the beginning of a full demonstration.

A different concept as compared to SEATTLER was built so far as the only existing
experimental power plant located near the Manzanares River in Spain [8]. The innovative
modification of this technology of the gravitational draught as described below was already
modelled by the 0-D method, during a previous CNCSIS grant in Romania. There are known
some approaches by the 0-D model [9] to demonstrate the feasibility of the Solar Tower
concept, all focused on the greenhouse system. In contrast to the greenhouse heater, the solar
mirror concentrator is by far more efficient [10].
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The combination of the mirror with the draught tower [4] is a major improvement. The
Zannetti 1-D approach by the wave front model was first extended to SRE-s [2]. The 1-D
approach is well justified in solar mirror gravity draught due to the slender aspect of the
channels in the tower. The Transit unsteady code is a very applied tool for studying the
instabilities revealed by the present 0-D model of WINNDER. A simple physical model is
first considered. In case of MGT, the short zone of heating at the tower base is continued with
the adiabatic gravity draught within the tall tower (Fig. 1). The jump in the internal flow is
resolved in the 1-D treatment that follows, physically motivated for all slender configurations
like SRE-s and tall solar towers as well.
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Figure 2: Schematic draft of the WINNDER/SEATTLER solar-mirror gravity-draught rigs.

While the diameter of the receiver equals 1 meter and its height equals the height of all the
individual mirrors of the array, the maximal amplification of the natural insolation of
regularly 1 W/m? is proportional to the squared mirror array external radius. Consequently
g=R.2/4 Wim*. For a 200 m array it results g=10 kW/m®.

2. UNSTEADY FLOWS THROUGH THE ONE-DIMENSIONAL WAVE
FRONT METHOD OF ZANNETTI.

In order reduce the phenomenon to a simple longitudinal overall motion of the working fluid,
an insight to the process must proceed. The assumed hypotheses are the following [7]:
1. The inlet is planar where the air is accelerated along a compressible or incompressible
Bernoulli law upon request;
2. The heating zone receives an ever-constant heat flux g and given friction law;
3. The gravity draught zone performs adiabatic, namely with no heat exchange with the
surroundings;
4. The intensity of gravity is strongly constant due to the negligible height of the tower;
The polytropic atmosphere is considered to model the gravity draught;

e
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6. At the upper exit from the tower the local static pressure from inside and outside balance
at equal levels;
7. A uniform distribution of parameters within every cross-area of the tower subsists.
These presumptions have a simplifying, some of them apparently conflicting, but all of
them an indispensable character. To cover the MGT case these equations are completed with
the effect of heat transfer, friction and the gravitational draught:

D 0
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Here e is the total thermal energy, including the chemical ey (6), & the kinetic energy, both
intensive, p is the density and y the adiabatic exponent of the working fluid, while o is the
control volume. The index »n and vector n designate the external normal to any control
volume. With no mass transfer along the channel, heat addition by a constant flux ¢ is
considered in the equation of energy, while friction t is considered within the conservation
law for the impulse (5), with gravitation of constant intensity g. A cylindrical circular channel
of radius R; was further assumed in (5) with the loss of energy by friction fully recovered into
heat, rendering
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This hyperbolic system apparently involves four dependent variables p, p, T and v. It is
not the case, however, because the equation of state is considered that reduces the number of
self-dependent variables to three. The thermal energy of the gas mixture does not enter as an
extra variable also, because it keeps proportional to the absolute temperature,

e=ey+cyl . (6)

The constant e is the relative chemical energy for reacting mixtures. However, for the
sake of simplicity, we shall further ignore the chemical behavior. The numerical scheme
TRANSIT is now based on the vector (p, v, InT)" of dependent variables. To structure this
vector the density is replaced by p=p/(RT) and its derivative dp by its counterpart

b _ P iy (7)

dp=-2£
pRT RT
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This is only to show that the given system of PDE-s presents the hyperbolic matrix form
[12], [13], [14], [15],
0w 1y 20) _

o1 ox O ®

[a]

where the final vector of the unknown variables is (u)T =[p,v, InT]. The square 3x3 core
matrices [a] and [b] are common for any ideal gas motion and are given by

1 0 -p v p -
RT
[a]=]0 1 O |, [b]=]— v 0 9)
p
0 0 1 0 y-1 v
while the free term vectors are
0
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By spectral resolution the given system of PDE-s is now transformed into an ODE
system along the eigen characteristic directions in the x-¢ space, after the left eigen vectors e"
[12] are found. This always proves possible because the determinant of the main matrix [a] is
positively defined [3]. The system (8) will be re-cast [12] in the form:

d, ()

(o) 7:(@5 (g) |j=123 (14)

where the transformed free term vector g is given by

(g)=[a]l™" (c). (15)

Note first that the inverse of A and the recurring matrix simply are

1 0 p v pa2 0
[a]'=|0 1 0], [f]:é v 0l
00 1 0 y-1 v

The spectrum A; of the eigen matrix [f] as the roots of the equation | [f]- A [E] | =0,

v—A pa2 0
Loy o =(v—x)[(v—x)2 —az]:O (16)
p
0 y-1 v-»A

where the isentropic speed of sound a, a’ =YRT, helps define, based on the eigen values
A =v+a, Ay =v—a, hy =V, the three characteristic directions in the x-¢ space.
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Note that the spectrum of eigen values and the associated directions are identical with those
for any other motion involving any ideal gases. The manner into which the wave front
develops is specific however, due to the particular characteristic equations. The three left-
eigen vectors accompanying these roots result now from the three corresponding equations

e (r1-2,[E)=©@T  [j=123 21)

With the assumption for a given, arbitrary constant equal to one, these eigen-vectors
defining the right “+”, the left “-” characteristics and the streamline “0” are

1 1 1
(e,)=|pal, (e)=|-pal, ()= 0 | (23)
0 0 _pa_
y—

Here (ey) should not be confused with the scalar chemical energy in (6). Up to this point
the non-isentropic problems are common. The distinct part of the method only comes into
action when the characteristic equations are approached, where the different free terms play a
role. The vector of the free terms results from equation (15) into the form (24) when the
notations are used,

r
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while the very characteristic equations (14) for MGT become
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The finite differences are based on the grid built on the local wave front, where the
positions for the upcoming node and of the streamline source result successively from
equations (28). The computational nodes within each characteristic tetragon are denoted
through A, E, C and D from left to right in the increasing sense of the space coordinate.

Passing now to finite differences to obtain all required equations in the working form
for the solar receiver and the tower zones, with gravitation, heat exchange and drag, the
working form of the system (27) becomes
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where m denotes the mean values between nodes A and C within the current wave front. In
contrast to the situation in (28), here the mediation of the values for the speed of sound and
the density between A and C within the left and right characteristics proved highly profitable
for the regularity of the computational mesh [7]. Based on the same observation, the functions
G+ and G. for the receiver (rec) and tower (fow) zones are,

. 21
G (p,a)=— [(y-1)g—a,1], G =-g,
Ri (p a)m
. 2
G (p,a) = 2 ( [-(y-Dg—-a,t], G =-g. (30)
) pa)m

From equations (29) the values for all the parameters of the flow in every new node D
result, as a first order, linearized output,

Vyt+Ve P4g—Pc
Vp = +g (l’}’l),
P72 (pa),+pa)e T
pszA +pc +(pa)A+(Pa)c |:VA_VC +g_(m)}, (31)
2 2 2
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where the notations g,° = G} -(tp —14)/2 and g"* =G -(t) —t-)/2 were used.

4. RESULTS FOR MIRROR GRAVITATIONAL TOWERS

A constant heat flux of 10 kW/m* was considered, as described at the end of chapter 1,
for the heater part with the length of 3 meters of a constant area cylindrical tower with the
overall diameter of 2 meters and a total height of 200 meters. Within the heater a Hagen-

Poiseuille type friction loss 1= ki pvv, of 5 Pa was also considered at 10 m/s mean air
1

velocity. With an air viscosity v=1-10-> m*/s and p=1.25 kg/m’ this results in k=10". A regular

grid with an initial step of 1m was applied along the tower, ending in 201 initial nodes where

the initial velocity is zero, vy=0. Initially the temperature-pressure distribution into the tower

and around are the same, but beginning from 7/=0 the heat flux acts and produces a small

compression wave that travels along the right characteristic up through the tower.
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The flow is fully unsteady and steep variations in temperature and speed manifest, as
given in figures 6-7 for two stations within the heater and for the exit area from above.

Speed at heater exit stage 3m and air temperature above 300K at stage 2m.
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Figure 6: Air speed at exit, at heater end and temperature above 300K.

Due to the fast heating and subsequent dilatation of the air within the first 3 meters
where the heater is located, the air expands on both sides up and down and thus a small
reversed flow towards below the tower appears at the entrance. Thereafter a stepwise
increment in the airspeed appears, while the cause itself, namely the heating and the
temperature raise within the heating zone preserve continuous (Fig. 6). The evolution of the
temperature itself goes through a maximum during the first 2 seconds and thereafter lowers
below the ambient temperature for the rest of the time. The demonstration of the code was
applied for the first 6 seconds of the tower transient, with steady state not been fully achieved.
The first wavy motion along the tower lasts about 0.566 second, after which the first air
motion is felt at the upper exit. At that moment an expansion wake is reflecting below which
arrives at the entrance after 0.57 more seconds producing the first air admission into the
tower. The stepwise velocity increment is perhaps a consequence of the long time constant of
the air within the tower and does not derive from numerical effects.

S CONCLUSIONS

The one-dimensional method of characteristics appears as an efficient and accurate tool
for the simulation of the purely gasdynamic transient work of rocket engines with high length-
to-diameter ratios, if the method is augmented with thickening and leveling of the
computational mesh. Nevertheless, it was clearly observed that a double density mesh has a
small effect on the results, the method being stable and efficient. Repeated tests of the code
revealed that the thickening of the mesh nodes through Spline interpolation (Micula 1978) or
Bezier interpolation (Mortari 2007) is very smooth and substantially contributes to the
stability of the scheme. A major improvement was also introduced when the adjacent
characteristic lines are merged into small shock that is carried along the very characteristics
downwind. The TRANSIT code is much aggressed, due to the very small variations in flow
parameters values that scatter each other with increasing effects. Even the faintest bumps in
the velocity or the speed of sound produce small shocks followed by a rarefaction of the
characteristic lines. Behind this shocks a fan is accumulating that gradually develops into
irregularities of the computational mesh. The acceptance of locally reversed flows also plays a
main role in providing a reliable code for the MGT case. It seems that the computational task
involving the draught towers is a barrier type proof of the unsteady method and the numerical
code. Further improvements are also envisaged for a multidimensional analyzes.
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