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ABSTRACT

The enthalpy extraction ratio is one of the most
significant parameter of a disk closed cycle MHD
generator. There are two methods to improve the
enthalpy extraction, those are the increase of
channel cross-sectional area ratio and the
implementation of inlet swirl. In this study, the
mechanism of enthalpy extraction improvement
has been confirmed by the two-dimensional
numerical calculation. As a result, by increasing
the channel cross-sectional area ratio of the disk
MHD generator, the increase of static pressure
and the velocity deceleration can be suppressed

due to the Lorentz force, and it is possible to
maintain a high flow velocity inside the channel
and a high Hall parameter. The implemention of
inlet swirl is possible to maintain a low static
pressure inside the channel and the enthalpy
extraction ratio rises due to the increase of Hall
parameter. In addition, the channel cross-
sectional area ratio increases due to the swirl
implementation, the static pressure is kept low,
and the channel inlet flow velocity increases. This
also leads to the increase of enthalpy extraction
ratio, that is the increase of output power.

Keywords: Enthalpy extraction, cross-sectional area ratio, inlet swirl, two-dimensional

calculation.

1. INTRODUCTION

Disk closed cycle MHD (CCMHD) power
generation directly converts the thermal and
kinetic energy into the electrical energy by
flowing a electrical conduction working fluid in
the radial direction into a disk channel which is
applied by a magnetic field. Recently, CCMHD
generator has revealed experimentally a high

enthalpy extraction ratio by using a disk-shaped
channel. There are two methods to improve the
enthalpy extraction. They are the increase of
channel cross-sectional area ratio and the
implementation of inlet swirl.

The improvement of enthalpy extraction
ratio due to the increase of generator channel

cross-sectional area ratio is  revealed
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experimentally by using a blowdown equipment
and shock tube [1]. It is known that the increase
of channel cross-sectional area ratio opposes the
velocity deceleration due to strong Lorentz force,
and leads to a high flow velocity inside the
generator channel. At this time, it puts a low
static pressure inside the generator channel and
may achieve a high Hall parameter. The
improvement of enthalpy extraction is indicated
by the quasi one-dimensional calculations [2].

The improvement of enthalpy extraction
ratio by the implementation of inlet swirl (swirl
flow) is described by experiments using the
shock tube, and this has achieved a high enthalpy
extraction of over 30% [3]. The low static
pressure inside the channel is preserved due to
the inlet swirl, and the maintain of a high Hall
parameter is similarly indicated by the quasi-
one-dimensional calculations [4].

The quasi one-dimensional calculation time
is short, and this calculation has been used to
describe the qualitative trend of the experimental
results because it is possible to change many
parameters. However in the quasi one-
dimensional calculation, the boundary layer
displacement thickness must be assumed,
therefore in recent years, a boundary layer two-
dimensional calculation has been proposed, but
the suitability should be studied because it is
clearly that the boundary layer thickness is
significantly different with different
operational condition [5,6,7]. In this study, the
mechanism of enthalpy extraction improvement
which considers the inlet swirl and the increase
of the channel cross-sectional area ratio has been
confirmed by the two-dimensional numerical
calculation. In addition, this study not only
examines the behavior of a boundary layer with
different inlet swirl and channel shape but also

shows the characteristics of the flow field that
has received a strong Lorentz force.

2. MHD
EQUATIONS

PLASMA  AND BASIC

In this study, the non-equilibrium plasma
using a two-temperature model is described [8].
The following assumptions have been proposed
for the plasma of CCMHD generator.

(1) Ignore the displacement current.
(2) Electrical neutral is maintained.

(3) Magnetic Reynolds number is rather small,
and the magnetic field is constant.

(4) Influence of ion slip can be ignored.

Furthermore, it is assumed that the
following equations are expressed in a
cylindrical coordinate system and the uniformity
in the circumferential direction 0/06=0. Basic
equations are composed of non-equilibrium
plasma equations and the governing equations in
the flow field that describes the working fluid.
Symbols used in this study agree with the
habitual symbols. The details of calculation
method and basic equations are refered in [6, 7].

2.1. Governing equations

The governing equations of the flow field
are written in the forms of very famous
compressibility Navier-Stokes equations, and the
MHD effect is applied to the energy and
momentum equation. The state equations are also
used appropriately.
do

E=—PV'U 1)

2

%:E_Fu_g_i@.’_vr (2)
dt p r por
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Here, V is viscosity term, and H in energy
equation shows the dissipation due to the heat
conduction and viscosity.

2.2 Plasma equations

Equations describing the plasma consist of
ionization equations, generalized Ohm's law
equations, and energy equations.

The energy equations ignore the time and
spatial gradient, and they are expressed as the
algebraic equations by assuming the relaxation
time of the electron temperature is much shorter
than the relaxation time of the electron humber
density.

o
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Here, B is the Hall parameter, ¢ is the

electrical conductivity, n’ the ion number

density, n."

is the ion number density that is

generated per unit time, v; is the collision

frequency between electron and j-particle, & is
the i-particle ionization potential. Maxwell's
equations are put together the following two
equations by MHD approximation.
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2.3 Boundary conditions and analysis method

The area for numerical analysis is from the
throat to the downstream end of the cathode.
Physical quantity for the generator symmetric
plane (z=0) is assumed to be symmetric, and only
the upper surface is analysed. The ionization
equation and the governing equation of flow field
are solved by using the CIP method [9]. To solve
and combine the Maxwell equation and the
generalized Ohm's law equation, the potential
function ¢ is defined and this is solved by using
the Galerkin method which is one type of finite
element method. The common conditions used
for the calculation are shown in Table 1. QOutlet
boundary is a free outflow condition. Applied
magnetic field uses a magnetic field distribution
that has been used in Fuji-1 MHD disk generator
[10]. This magnetic field is 4.7 [T] at the inlet and
2.5 [T] at the outlet after applying to downstream
and reducing gently.

Table 1. Calculation conditions.

Working gas Ar+Cs
Seed fraction 2x10*
Wall temperature [K]]500
Inlet Boundary Condition

Stagnation temperature  [K]|2000
Electron temperature [K]| 3000
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3. RESULTS AND DISCUSSION

3.1. Influence of channel cross-sectional area
ratio
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Figure 1. Generator channel height with
different cross-sectional area ratios.

In order to investigate the influence of
channel cross-sectional area ratio to the enthalpy
extraction ratio, the calculation for three different
cross-sectional area ratios of disk MHD
generator is carried out and shown in Fig. 1. The
channel height in this figure is the distance from
the wall to the symmetrical plane of the
generator. Fig. 1 represents the scale expended in
the z-direction. The graph (a), (b), (c) is in order
of decreasing cross-sectional area ratio of the
channel. The channel of the graph (b) has almost
the same shape as the channel of MHD device
refered in [10]. The stagnation pressure is
calculated at 0.60MPa with each cross-sectional
area ratio, and the inlet swirl is calculated at 0.

Fig. 2 shows dependence of the enthalpy
extraction ratio on the load resistance for each
cross-sectional area ratio, respectively. The
maximum of enthalpy extraction ratio in each

cross-sectional area ratio has been achieved by
the load resistance of 0.5€Q.
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Figure 2. Relationship of enthalpy

extraction and load resistance.

The enthalpy extraction ratio increases with
the increasing of the cross-sectional area ratio.
When comparing the enthalpy extraction of the
channel (a) and channel (b), the enthalpy
extraction at 0.5Q load resistance increases,
however, it remains to increase about 1% at the
load resistance which is bigger or smaller than
this value and when the cross-sectional area ratio
is bigger, the decreasing of the enthalpy
extraction which is out of the optimum load
resistance is remarkable.

Fig. 3 shows the radial direction
distribution of the quantities in the symmetrical
plane (z=0) for each cross-sectional area ratio
when the maximum output is obtained at the load
resistance of 0.5Q. The static pressure in the
generator channel remains low as the channel
cross-sectional area ratio increases. As the static
pressure is low, the collision frequency between
electrons and heavy particles reduces,
consequently  Hall ~ parameter  increases.
Moreover in the channel (a), (b) with large cross-
sectional area ratio, the velocity deceleration of
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working fluid is not sudden as in the channel (c).
Thus, as the channel cross-sectional area ratio
enlarges, the deceleration of working fluid and
the rise of static pressure can be suppressed by
the Lorentz force, and the increasing of both the
electromotive force puB and the enthalpy
extraction is confirmed when the flow velocity
and Hall parameter is high. In addition, with the
enlargement of the channel cross-sectional area
ratio, the flow velocity at the channel inlet rises,
and this leads to a rise of enthalpy extraction
ratio.
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Figure 3. Radial distribution of radial flow
velocity and static pressure with different area
ratios.
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Figure 4. Boundary layer thickness with

different cross-sectional area ratios.
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Next, the development state of boundary
layer in each channel is shown in Fig. 4. In
channel (a) particularly, the development of
boundary layer is great, and the boundary layer
in the channel outlet vicinity almost spreads
throughout the channel and it will extend to the
nozzle when the load resistance is high. As the
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boundary layer extends greatly to the nozzle, the
flow velocity and the Hall parameter in the
channel inlet is lower comparing to the case of
low load resistance. In contrast, the extent of the
boundary layer in the nozzle is small even when
the load resistance is high in the channel (c).
With the enlargement of the channel cross-
sectional area, the boundary layer thickness
increases that thickness, and the increasing of
that thickness is remarkable at a high load
resistance. The power output in channel (a), (b)
increases significantly in the low load resistance
case in which the extent of boundary layer is
slight as shown in Fig. 2 comparing to the
channel (c). However, when the load resistance
is high, the increasing of power output is small
but the boundary layer develops greatly and the
decrease of the influence which increases the
cross-sectional area ratio can be explained.

3.2. Influence of inlet swirl
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Figure 5. Radial distributions with various
inlet swirl.
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Swirl S is defined as the ratio of the radial
flow velocity to the circumferential flow velocity
(momentum). The swirl calculations were carried
out with S=0, 0.5, 1.0 in the throat. Since the
Mach number at the throat is fixed at 1.0, the
radial flow velocity is small due to the swirl, and
the heat input expressing by pu:c,TA (A is throat
cross-sectional area) decreases. The calculation
used the channel (b) and the stagnation pressure
was set to 0.45MPa. Table 2 shows the achieved
enthalpy extraction. As the swirl is provided, the
heat input declines and then the power output
reduces, however, the enthalpy extraction rises.

Table 2. Dendence of power output and
enthalpy extraction on inlet swirl.

Inlet swirl 0.0 0.5 1.0

Inlet ur [m/s]| 721.3 | 675.2 | 510.1
[MW]| 3.75 | 3.3 | 2.65
Power output [MW]| 1.18 | 1.24 | 1.07
Enthalpy extraction [%]| 31.6 | 37.7 | 40.3

Thermal input

Fig. 5 shows the radial distribution of
various quantities in the symmetrical plane. The
static pressure distribution is kept low as the
swirl is provided. Although the radial flow
velocity at the throat is small because of
providing a swirl, it is nearly the same value in
the channel inlet. This is because there is a
difference occuring in the isentropic flow by the
swirl, and there is a behavior to change the cross-
sectional area in the flow direction by providing
a swirl [11]. As a result, in the nozzle in which
the isentropic flow is nearly the same, a high
Mach number can be obtained from the channel
inlet, while the static pressure is small and the
Hall parameter is large.
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Figure 6. Distribution of radial flow
velocity with various inlet swirl.

The increase of Hall parameter leads to a
substantial decrease of/(1+5?) in electrical
conductivity in the circumferential direction, the
Faraday current density in Eqg. (8) decreases.
Therefore, the Lorentz force in the channel inlet
is weakened, and a low static pressure, as well as
a high Hall parameter, is maintained throughout
the channel. From the above results, by the
implementation of the inlet swirl, a high Hall
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parameter throughout the channel can be
maintained and the increase of enthalpy
extraction ratio is clearly shown.

The distribution of the radial and
circumferential flow velocity of the disk MHD
generator are shown in Figs. 6 and 7. The
difference in the radial component of flow
velocity due to the swirl is remarkably seen in the
channel inlet while it is nearly the same profile in
the other areas. Fig. 8 shows the flow separation
line for each swirl. The flow separation line is the
line that connects the area of u,=0. In this case,
the fluid flows radially outward in the
mainstream from the flow separation line, but the
boundary layer inside the flow separation line is
exfoliated and the vortex is generated in the flow.
For small Lorentz force at the generator inlet, as
the swirl is provided, the exfoliation component
is moved downstream together with the swirl and
that area is also small.

Next, the circumferential direction
component is focused on. When the electric
current flows from the anode to the cathode in the
channel, the direction of Lorentz force (jrxB)
acting on the working fluid is taken as the
negative direction of the circumferential
component of the flow velocity. When an inlet
swirl is not provided, the radial flow in the nozzle
is bent in the negative direction by the Lorentz
force in the channel. When focusing on the wall
vicinity (dotted line) near the upstream part of the
channel, the circumferential component is found
to be a positive value. This is because the Hall
current flows backwards through the area where
the electromotive force is weak inside the
boundary layer. Because the Lorentz force acting
in the negative direction in the mainstream is
stronger than the Lorentz force acting in the
positive direction at the wall vicinity, the flow

velocity near the wall is dragged in the
mainstream and changes to a negative value.
When the swirl is provided in the positive
direction at the inlet, the unique flow field, where
the positive direction flow exists in the negative
direction wall vicinity in the mainstream, is
specially remarkable.
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Figure 7. Distribution of azimuthal flow
velocity with various inlet swirl.
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Figure 8. Separation line with various inlet
swirl.

In this MHD generator, the Hall parameter
is about 8, the radial flow velocity u, is about 700
[m/s], the circumferential flow velocity ug is less
than 100 [m/s], and because the electromotive
force ugB is much smaller than the electromotive
force pu.B, the influence on the power generation
performance of such flow field is small.

4. CONCLUSIONS

Based on the increase of enthalpy
extraction in the disk CCMHD generator, which
was shown due to the increase of channel cross-
sectional area ratio and the implementation of
inlet swirl, the enthalpy extraction improvement
mechanism was verified using a two-
dimensional numerical calculation including the
boundary layer. As a result, the following is
concluded.

(1) By increasing the channel cross-sectional
area ratio of the disk MHD generator, the
increase of static pressure and the velocity
deceleration can be suppressed due to the
Lorentz force, and it is possible to maintain a
high flow velocity inside the channel and a high
Hall  parameter. Therefore, both the
electromotive force and enthalpy extraction
increases. Moreover, the increasing of channel
cross-sectional area ratio is not effeted at a high
load resistance which acts a large Lorentz force
on the fluid because of the large development
of boundary layer.

(2) By implementing an inlet swirl, it is
possible to maintain a low static pressure inside
the channel and the enthalpy extraction ratio
rises due to the increase of Hall parameter. If
there is a swirl in the flow, the cross-sectional
area which is obtained from the flow direction
cross-sectional area and the generator channel
height is different. As a result, the channel
cross-sectional area ratio increases due to the
swirl implementation, the static pressure is kept
low, and the channel inlet flow velocity
increases. This also leads to the increase of
enthalpy extraction ratio. The structure of the
flow field with the circumferential velocity
component which is generated by the Lorentz
force and the state of boundary layer inside the
channel is also shown.
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Phan tich hoat dong cua may phat dién Tu

thuy dong loai dia chu trinh kin v61 anh

huong cua cac thudc tinh 6ng dan

e Lé&ChiKién

Truong Pai hoc Su pham Ky thuat TP.HCM

TOM TAT

Ti chiét enthalpy la mét trong nhimg
théng sé quan trong nhdt ciia mdy phdt dién Tir
thuy dong logi dia chu trinh kin. Co hai phwong
phdp cdi thién ti chiét enthalpy nay la ting ti s6
mdt cdt ong dan va thue hién dong chay xody ngo
vdo. Bai bdo nay di khang dinh co ché cai thién
ti chiét enthalpy bang nhitng tinh todn sé hai
chiéu. Két qua la viéc tang dp sudt tinh va su
gidm toc ciia dong chay cé thé dwoc kim ché bang

lwe Lorentz va cé thé giik toc dé dong chdy bén

trong éng dan va tham sé Hall & gid tri cao. Viéc
thwe hién dong xody ngé vao cé thé giit cho dp
sudt tinh thdp bén trong ong dan dong thoi ting
ti chiét enthalpy do béi su tang ciia tham sé Hall.
Hon nita cdc théng sé khdc nhw ti s6 mdt cdt ong
dadn sé tang do dong xody ngé vao, dp sudt tinh
€ drgre giik & mike thdp va van toc dong chdy ngo
vdo éng dan sé tang. Piéu ndy dan dén viéc ting
ti chiét enthalpy, c6 nghia la ting cong sudt dién
phat ra.

Tir khéa: Ti chiét enthalpy, ti s6 mdt cdt, dong xody ngé vdo, tinh todn hai chiéu
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