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The numerical modding of the operation of a detonation MHD generator with T-layer has been performed at
large pressures in the duct. It is shown that the radiation absorption ingde the T-layer leads to a congderable varia-
tion of the layer characteridtics increesein the specific power and generator efficiency.

INTRODUCTION

As was shown in [1], at the duct pressures P > 100 atm. the effect of radiation
choking is manifested in the T-layer of the detonation MHD generator. In this connec-
tion, a correct consideration of both radiation and absorption in the flow are needed. An
analysis of the operation of detonation MHD generator with T-layer at a small pressure
in the flow has shown that the T-layer motion vel ocity behind the detonation wave front
is small in the constant section duct and decreases as the wave propagates along the
channel. Therefore, we have considered in the present computation a variable section
duct enabling one to increase the flow velocity. In the previous model of the detonation
MHD generator the loading coefficient was assumed to be constant, what was accept-
able for preliminary computations. However, while passing to large pressures the initia-
tion energy increases proportionally to the pressure increase. In this connection, the use
of the flow energy for the heating of T-layer iswell justified. An intense heating of the
latter is possible at small loading coefficients, whereas it is necessary to increase it for
increasing the energy production and efficiency. This seeming contradiction is quite
solvable if the loading coefficient increases at the T-layer heating. Such aregime can be
realized when using a congtant loading resistance. This is more justified also from the
viewpoint of the design of the electric scheme of the MHD duct, becausein this case the
condition of the absence of the voltage gradient along the continuous conductive elec-
trodes is satisfied. The gas dynamic flow characteristics at large temperature and pres-
sure gradients naturally depend very strongly on the local molecular mass and the adia-
batic exponent. The ideal solution would be the use of the real gas model. However, at
the given stage with regard for problem complexity one had to restrict oneself to the
politropic gas model, that is to compute the local molecular mass, and to assume the
adiabatic exponent to be constant. Its value was determined from the analysis of the
v(p, T) dependence in the operation range of the pressure and temperature variation. The
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task of the optimization of the generator power characteristics was not posed in the pre-
sent work. The main attention was paid to the analysis of the pressure effect on flow
characteristics for the purpose of determining the direction of further research.

1. COMPUTATIONAL MODEL

In the present work, a number of changes have been introduced in the MHD gen-
erator model [1]. The possibility of conducting the computations for the variable section
duct has been firstly added. Secondly, the approach to the computation of radiation
losses in the T-layer has been changed: also the absorption processes are now taken into
account besides the radiation processes, which enables usto model the radiation choking
in T-layer. The approximation of a constant loading coefficient isthirdly replaced with a
more realistic model of a constant loading resistance, which has enabled us to model
more exactly the processes of the T-layer initiation and itsinteractions with the magnetic
field.

1.1. The system of gas dynamics equations

The general system of gas dynamics equations governing the gas dynamics in the
duct of a detonation MHD generator is as follows:
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where A is the duct cross-section area, p, m and E are the conservative variables. the
density, momentum and energy, p isthe pressure; Qg, Q, ., Qv and Q,, arethe energy
sources: the radiation losses, the energy released at the loading, the initiation energy and
the heat release in detonation wave; J isthe current in the chain T-layer — loading; Bis
the magnetic induction. The superscript T denotes the transposition.

The ideal politropic gas equation of state with a constant adiabatic exponent
v = const and molecular mass L = u(p, T) given in tabular form were used in the model.

1.2. Radiation transfer

The one-dimensional equation of radiation transfer for a plane layer may be pre-
sented as
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where |, isthe spectral intensity of radiation, v isthe photon frequency, . is the cosine
of the angle between the direction of photon motion and the x— axis, y,, is the coeffi-



cient of photons absorption with frequency v corrected by the forced radiation, 1, isthe
spectral intensity of equilibrium radiation equal to
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Having solved the equation and found the distribution of the radiation spectral intensity
one can find the flux and density of the radiation energy as well as the radiation losses
from the unit volume:

H =Idviylkdy, u :%Idvilkdﬂ' Qg =—divH .
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Equation (1) was solved by the multi-group approximation [3]. The overall fre-
quency spectrum involved was partitioned into N,, intervals of groups. In each group the
absorption coefficient was found with the aid of averaging after Planck:
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and assumed to be independent of frequency. Equation (1) can be written in this case as
a system of multi-group equations, and each of them is solved independently:
dl
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In this case, the flux and the radiation energy density can be presented as
N, 1 N, 1
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The boundary conditions for equation (2) were chosen as the conditions of the absence
of radiation incident outside [3]:

I, (1, v) = 0 (to the left and to the right).

The obtained system of equations was solved numerically by a difference scheme taken
from [3], which has the second order of approximation on smooth solutions.



1.3. Digtribution of the current density in T-layer

The interaction of T-layer with magnetic field was calculated previoudy in the
model of detonation MHD generator in the approximation of constant loading coeffi-
cient.

AU (x)

K= =const ,
£(x)

where AU is the voltage on the loading, € = u(x)B isthe electric field strength. If we de-
note the loading resistance by R, the resistance of the T-layer by R', then the load ng
coefficient may be written as

Ko R0
R"(x)+ R (x)
The equality is satisfied only in the case of an ideally sectioned MHD-duct, and a spe-
cific loading resistance corresponds to each region of the T-layer. It isimpossibleto im-
plement such a loading scheme in an actual generator. The model of a constant loading
coefficient was, therefore, modified to the model of a constant loading resistance. In this
case, the generator el ectrodes are continuous and ideally conductive (thereisno potential
gradient along the eectrodes) and are loaded for a constant resistance R". Such ascheme
is more preferable for the T-layer development, because at the initial development stage
of the T-layer, itsintegral resistance is much larger than the loading resistance, and the
loading coefficient is closeto zero. Therefore, at theinitial moment of time nearly all the
energy generated is spent for the heating of T-layer, and it develops quickly.

For continuous electrodes and constant loading resistance AU = JR". Accordi ng to
the Ohm’s law for a complete chain, the current density in the T-layer may be written as

x)—JR"

_&
‘](X) - RT (X) 1 (3)

where g(X) = U(X)A(X)B isthe eectric field strength. One can determine the resistance of
aT-layer (T xypcusom) interval with length h knowing the gas conductivity o(p, T)
and the duct cross-section Y:
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The integration of equation (3) over the total region of the T-layer Al yields the expres-
sion for thetotal current:
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The power released in the loading, and the Joulean dissipation power may be written,
respectively, as

Qloas = IJ(X)JRL(X)dX' Quis = IJ(X)JRT (x)dx.
bt A

2. RESULTSOF NUMERICAL EXPERIMENTS



For a preliminary estimation of the operating regime of high and low pressure gen-
erators we have carried out an analysis of the radiation characteristics of combustion
products of an air-hydrogen mixture from the T-layer with a sinusoidal temperature pro-
file versus the pressure and the layer dimensions [4]. From the analysis of the dependen-
cies obtained, the operating pressuresin gas flow and theinitial pressures p, of the work-
ing mixture in the detonation combustion chamber were chosen.

For the high-pressure generator, the range of operating pressures made 100 — 300
amandtheinitial pressure p, = 30 am. In thelow pressure generator p, = 0.5 am., the flow
pressure amountsto 2 — 5 atm. The following integral quantitiesand their dependencies
on time were determined in the numerical modeling: E, | (mpo6en mepen E). the internal

energy in the duct, E_,, the energy of fuel burnt, E_,, the energy of the T-layer initiation,
E, the Joulean dissipation energy in the T-layer, E,, the energy released on theloading,
Er, the energy of rdiation from T-layer, E_,, the flow energy at the duct outlet to dif-
fuser, J the total current in the loading, K, the effective loading coefficient, Al, the total
dimension of the T-layer determined at the temperature level T = 7.10° K, ng=(EL-
E,,)/E, the electric efficiency, E e theinternal energy of the T-layer, W, the specific
power capacity of the generator.

The energy balance was computed for the check-up at each moment of time, which
was determined as

En(0)+Ey +Ey,
E_(1)+Eq(1)+ E, (1) +E, (1)

=const .

It is to be noted that the energy balance is conserved with an error 2 %, which agrees
with the accuracy of the chosen numerical methods.

We present below a comparative analysis of two numerical experiments conducted
for the high and low pressure generators. The generator schemeisgivenin Fig. 1. The
detonation chamber 1.5 m in length and 2 m in height was filled with a stoichiometric
mixture of hydrogen and air with heat release 3.5 kJ/kg and the adiabatic exponent 1.35,
at pressure p, and room temperature. The detonation wave was initiated on the |€ft side
of the chamber. A planar nozzle 0.5 m in height was modeled as profiled one for a cor-
rect operation of numerical methods. The T-layer was initiated at the time when the
detonation wave reached the nozzle throat of the MHD generator. The MHD duct 3.5min
length had a congtant opening angle o. = 10° for each dectrode. The e ectrodes were assumed
to be continuous and having the ideal conductivity, connected to the congtant loading R
(xypcuBom). At the duct outlet, adiffuser 0.5 min length was posed with increasing the outl et
cross-section by afactor of 1.5.

The computations were carried out on a uniform mesh with step dx = 0.0025 m, and
timestepdt =25 10"® s. The radiation was taken into account in the rangefrom 0.25: 10°
m™ to 150-10° m™%; the spectrum was partitioned uniformly into five groups. For the
high pressure  generator P, = 30 atm, B, = 15 Tl
R = 2107 Ohm, for the low pres-
sure generator p, = 0.5 atm, B =

=6Tl, R =310 Ohm.

Figure 2 shows the dynamics of
V% Eget
N *
Fig. 1 The scheme of detonation
MHD generator. (Ha prcyn-
Ke onmmobKa: R; Hy:KHO 3aMeHHTH Ha R|)
Thedimensionsin meters. l—1.5
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Fig. 2. The T-layer motion dynamics in the duct.
a isthe high pressure generator; b isthe low pressure generator.

the temperature profile variation of the T-layer at its motion in the MHD duct. It may be
seen that in the high pressure generator (Fig. 2, a) the T-layer temperature reaches 2.10°
K, and its effective width makes about 30 cm. In the low pressure generator (Fig. 2, b)
the T-layer dimension is considerably smaller and amounts to 3— 4 cm, and the tempera-
ture makes about 10° K. The power characteristics of the processes of the interaction in
the generatorsare given in Table 1.

If one adheres to the concept that the MHD duct width must be comparable with a
reference size of the T-layer, then one can estimate the power of a unit duct as

E_ Al

Wel T y

where Al is a dimensionless reference size of the T-layer. Then for the high pressure
generator W, = 500 MWt, and for low pressure generator W, = 1.0 MWH!. It should,
however, be kept in mind that the MHD duct length cannot exceed the val ue of the order
20-Al [5]. In other words, the high pressure duct length can reach 6 m (mpo6en mexmy 6
u m), and for alow pressure duct it cannot exceed 1.0 m. The electric efficiency of alow
pressure generator at such alength is negative.

Assuming that the duct length of a high pressure generator can be increased with
regard for a reference size of the T-layer at least up to 6 m, one can expect that its effi-

Tablel
Results of numerical experiments
Parameter High pressure generator Low pressure generator
B 271.5MJ 45MJ
» 15.0MJ 0.1MJ
= 18.2MJ 0.4MJ
E 456 MJ 0.3MJ
1 (6mecmo byxevt bvin  K6a0- 11% 5%
pamux)
T 18 ms 9Ims
W 460 MWH/m’ 7 MWtm’®




ciency will also increase at the expense of reducing the fraction of theinitiation energy.
The efficiency of the energy transformation into the electric power in the regime under
study (with no regard for the initiation expenses) indeed amountsto 17 %. It is of course
early to speak of a specific value of the eectric efficiency, because the optimization of
the electric and gas dynamic parameters of the generator is a subject of separate re-
search.

The dependencies of loading currents J(t) for high and low pressure generators are
shown in Fig. 3. The effect of shock waves in the generator duct (in the form of current
peaks) is observed in the dependence of current on time for the simplest electric scheme
of generator and operation with purely ohmic loading. In the actual generator schemethe
effect of shock waveswill apparently decrease, however, they should be taken into account
by virtue of the fact that they can either support or suppressthe T-layer. Such regimeswere
observed in the course of numerical modeling.

With regard for the significance of the effect of characteristics of radiation from the
T-layer on the formation of its structure and the efficiency of generator operation, the
temperature profiles of T-layers of the high and low pressure generators were analyzed.
In thefirst case, atemperature profile of the T-layer was chosen at the seventh millisecond
of operation (the maximum temperature in the T-layjer T =
=1.910" K, thereferencesizel = 34 cm, the pressure jump p,/p, = 185 atm/45 atm). Fora

low pressure generator the temperature profile was considered at the fifth millisecond (T™ =
10K, Al =3 cm, p/p, = 35 am/1.0 am).

For an actual temperature profile of the T-layer and actual pressure jump theradia-
tion fluxes towards the pushing gas H, and downstream to the generator outlet H,, the

corresponding  brightness temperatures T =4/H/o  and the blackness coefficients

€= H/aT * were calculated. The computed results are shown in Fig. 4. For the high pres-
sure generator H, = 1.4 10° wt/m’, H,= 2,7-10° Wt/m? (Bmecto “[” HyskHO ") . The cor-
responding brightness temperatures are 7.1.10° K and 8.3-10° K, the blackness coeffi-
cients are 0.11 and 0.22. Since at the seventh millisecond the T-layer was in the duct
region, where the duct height is equal to 1.2 m, the total radiation power may be esti-
mated as Wg = (H, + H,)A = 4.76-10° Wt. If this power is accepted as a mean one, then
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Fig. 3. The current momentum of the detonation MHD generator.
a isthe high pressure generator; b isthe low pressure generator.
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Fig. 4. The radiation flux from the T-layer.
a isthe high pressure generator; b isthe low pressure generator.

one can estimate the total radiation energy Eg = WT = 7.4- 10° J, which agrees quite sat-
isfactorily with the radiation energy obtained at the numerical modeling (Fig. 5). For the
low pressure generator H, = 8.510° wt/m’, H, =
= 10.7-10° Wt/m’, the brightness temperature 3.5- 10° K, the blackness coefficient 0.015
agree well with reference data.

Let us analyze the T-layer energy balance.

It was assumed previoudy in [6] that the T-layer structure stabilizes when the en-
ergy release at the expense of Joulean dissipation compensates for the radiation losses.
Then it was shown in [7] for the low pressure generator that thereisa T-layer drift oppo-
site to the dectrodynamic force action. It was found in [8] that the T-layer structurein
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Fig. 5. The power characteristics of the detonation MHD generator.
a ishigh pressure generator; b islow pressure generator.



the high pressure generator changes abruptly, and a high temperature is settled in the
high pressureregion in the T-layer.

Figure 5 presents the power characteristics of high and low pressure generators. A
pronounced excess of the Joulean dissipation energy over the radiation energy losses is
revealed at the analysis of the energy balance of the high pressure generator under study.
The assumption was made that the Joulean dissipation is spent also for increasing the
internal energy of the T-layer and the heat and mass exchange with gas flow. In the high
pressure region in the T-layer, where the maximum temperature is reached, the heating
of pushing gas occurs, which leads to the increase in the T-layer internal energy. At the
same time, the gas cooling occurs at the right boundary of the T-layer (downstream) at
the expense of a considerably larger radiation flux. The gaslosesits e ectric conductivity
and moves to the rarefaction wave. Thus, the T-layer indeed moves upstream towardsthe
electromagnetic deceleration force, and a part of the pushing gas flows through it. To
analyze this phenomenon we have considered the variation of the energies of dissipation,
radiation, and internal energy of the T-layer during the time from the second to the fif-
teenth milliseconds and computed the heat and mass exchange energy during this period
of time:

Erve = AEgs —AER — AEIayer .

The obtained results are presented in Table 2.

Thus, about 20 % of the Joulean dissipation energy are spent for the heat and mass
exchange with the pushing gas flow and thereby characterizes the plasma piston “ perme-
ability”. The estimate of thermal power density across the T-layer gives the value 200
MWt/m”,

In the low pressure generator the Joulean dissipation energy practically coincides
with radiation energy, and thereis practically no internal energy change after initiation.
The detection of the effect of the heat and mass exchange of the T-layer with pushing gas
flow by considering the power dependencies only has not met with success. The heat and
mass exchange appears to lie outside the numerical experiment accuracy.

The computation of the T-layer internal energy showsthat part of energy is spent at
initiation for shock waves formation: immediately after initiation Eer reachesthe value

13-10°J (Fig. 5, @) and makes 87 % of the energy spent.

CONCLUSIONS

We note in concluding that the results of numerical experimentswith a correct con-
sideration of radiation and absorption in flow enable us to point to the impossibility of
the devel opment of a generator with the T-layer on the combustion products at low pres-
sures. In the low pressure generator under consideration the loading coefficient did not
exceed 0.4, that isthe main part of the energy generated was spent for maintaining the T-
layer. The attempts to increase the flow pressure (up to 10 atm) led to the T-layer disin-
tegration. The results of high pressure generator investigation have lived up the expecta-
tions: the generator has a high specific power, a large loading coefficient (0.6 — 0.8), a

Table 2
The estimate of the heat and mass exchange energy in the T-layer
Parameter Ego MJ Eg MJ E e MJ Erve MJ
t=2ms 1.68 0.005 9.08 -
t=15ms 15.06 6.05 13.55 -
AE 13.38 6.05 447 2.86
AE/AE; , % 100 452 334 214




high eectric efficiency, and a large reference size of the T-layer, which enables us to
hope to develop an actual generator. The devel oped numerical model gives the possibil-
ity of obtaining a large amount of information about the generator operation, but it re-
quires considerable computer time expenses for computations, and it should be improved
for a detailed analysis of the operation regimes of the detonation MHD generator.

It is necessary to go over in subsequent research to the real gas equation of state

and to optimize the gas dynamics of the duct flow, because the next emerging problemis
the periodicity of generator operation. Just the generator periodicity will determine the
possibility of the organization of a parametric regime of power generation.
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