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, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
ESTIMATES OF OPTIMAL OPERATING CONDITIONS FOR HYDROGEN-OXYGEN 

CES IUM-SEEDED MAGNETOHYDRODYNAMIC POWER GENERATOR 

by J. M a r l i n  Smith and Lester D. Nichols 

Lewis Research Center zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
SUMMARY 

In this study the value of percent seed, oxygen to hydrogen ratio, combustion pres- 
sure, Mach number, and magnetic field strength, which maximize either the electrical 
conductivity or power density at the entrance of an MHD power generator were obtained. 
The working fluid is the combustion products of hydrogen and oxygen seeded with cesium 
hydroxide (CsOH).. Two forms of the power density are investigated: The first is that of 
the ideal theoretical segmented Faraday generator. The second is of an empirical form 
found from correlating the data of many experimenters working with generators of dif- 
ferent sizes, electrode configurations, and working fluids. 

ratio in the neighborhood of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3.5 mole percent and 7. 5, respectively. The optimum 
values of combustion pressure and Mach number depend on the operating magnetic field 
strength. 

The conductivity and power densities optimize at a seed fraction and an oxygen to fuel 

INTRODUCTION 

In the practical design of a magnetohydrodynamic power generator for either mobile 
or base power applications, one parameter is of particular importance - size. The mag- 
net size dominates the weight for mobile applications and the cost for base power applica- 
tions. Therefore, it is desirable to operate the device with controllable conditions ad- 
justed so as to obtain the maximum power density (smallest size for a specified power 
output) * 

In this study we considered a gaseous hydrogen and oxygen combustion working fluid 
seeded with cesium hydroxide (CsOH) dissolved in water. Hydrogen is desirable for 
lightweight mobile systems and was therefore chosen as a fuel because it has the highest 



energy content per unit mass. Recent discussions of a hydrogen economy (ref. 1) indi- 
cate that it may also be a candidate for large base power systems. 

hydrogen ratio, combustion pressure, Mach number, and magnetic field strength. The 
operating values of these parameters that maximize either the electric conductivity or 
the power density at the entrance to the generator are presented. 

Two forms of the power density are considered. The first is that of the ideal theo- 
retical segmented Faraday generator. However, inasmuch as the presently measured 
power density of MHD generators is considerably below this ideal value, particularly in 

the region of large Hall parameters, an empirically derived formula was also considered. 
This empirical formula was found by correlating the data of many experimenters working 
with different generator sizes, electrode configurations, and working fluids. This cor- 
relation indicated that the broad base of data could be fitted by the ideal power density 
times a correction factor which depends solely on the Hall parameter. 

the entrance was optimized as the f i r s t  step in optimizing the entire MHD channel. In 
that case, however, an idealized hydrocarbon fuel burned in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAair was considered, the 
combustion gases were seeded with potassium sulphate, and only stoichiometric com zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 
bustion was considered. 

The controllable parameters that are considered are the percent seed, oxygen to 

A previous optimization study was reported in reference 2, where power density at 
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> zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

O/F oxygen to hydrogen weight ratio, eq. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(16) 
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tan a, where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ! is defined on fig. 2 
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ANALYSIS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Performance Parameters to be Optimized 

The purpose of this study is to establish the operating conditions for a hydrogen- 
oxygen, cesium seeded MHD generator based on the optimization of the generator inlet 
conditions. The optimization of three quantities is considered. The first quantity is the 
electrical conductivity since its optimization zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAw i l l  give the maximum current density for a 
given electric field. 

The second quantity is the ideal power density. For the Faraday type of generator 
(ref. 3) that wil l  be considered here, the ideal power density (obtained when the load 
resistance matches the generator internal resistance) is 

1 2 2  P = - u u B  id 

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAU, the electrical conductivity, is 

2 
ne e zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa = -  

and where ne is the electron number density, e is the unit electric charge, me is the 
electron mass, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAv is the electron collision frequency for momentum transfer, u is the 
gas flow velocity, and B is the magnetic field strength. 

Because CT and u are basically independent of B, equation (1) indicates that the o p  

timum power density is obtained at maximum B. However, one finds that in practice 
the generator performance rapidly deteriorates as the Hall parameter zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP exceeds ap- 
proximately unity, where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

p=-  eB 

mev 

It is shown in the next section that a reasonable measure of the performance dete- 
rioration with p is given by 

1 2 2 1 + p  = - u u B  - P > I  'eff 
1 + P 2  

'eff = 'id p Z S 1  

(3) 

(4) 
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where Peff is the effective power density. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
This is the third quantity which will be optimizdd. 

Calculation of Parameters 

Effective zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- power density. - Ohm's law, appropriate for an MHD working fluid in the 
presence of a magnetic field, is, in vector form (ref. 3, eq. 10.56) and for the orien- 
tation shown in figure 1, 

Equation (5) can be written in component form: 

where jx is the Hall current density, j 
electric field, and E is the Faraday electric field. The power density generated by 

Y 
such a working fluid is 

is the Faraday current density, Ex is the Hall 
Y 

P = jx(-Ex) + j Y Y  (-E ) (7) 

MHD generators are built with electrodes segmented in the x direction, and three types 
of connections are commonly considered (see fig. 2): (1) Faraday, where jx = 0, and 
for which E, = -P(uB + E  ); (2) diagonal, where E = qE, with zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAq =tan a where a 

is the angle the wall segment makes with u x B; and (3) Hall, where E = 0. 

that it is possible to develop. Equation (6b) shows that the value of Ex for any jx is 
proportional to j Since electrode voltage drops limit the current j they will also 
limit E,. For a given j 

Hence, Ex is a measure of the generator's ability on the one hand to provide j 

the other hand to prevent jx. The quantity 

Y Y 

Y _ _  
For each mode equation ('7) shows that the power density depends on the value of Ex 

Y' Y' 
any current jx will short out Ex and limit its value. 

Y 
and on 

Y 

where Ex is evaluated at the condition Ey = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAqEx can be used as a measure of gener- 
ator performance because it is the fraction of the ideal axial electric field which a 
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generator attains. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA s  shown in the appendix the power densities of the three types of 

generators (when loaded so as to give maximum power) are 

p -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 
1 2 2  - O U B  
4 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ p 2  
Faraday (9) 

these results are a generalization of those given in reference zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4. These forms allow for 
internal current leakage and electrode voltage drops by evaluating KH from experimen- 
tal results. 

The results for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAKH from many different experiments are shown in table I. The 
data are taken from generators with different working fluids as well as different elec- 
trode connections. The references from which the data were obtained and, in some 
cases, the data used in determining KH are also shown. 

shown in the empirical relationship 
The data corresponding to the highest values of KH are shown in figure 3. Also 

1 
KH(p) = -  

P 

which correlates the data with reasonable accuracy. 

ators when fluctuations are taken into account. 
into equation (9) gives 

This correlation agrees with a result obtained in reference 5 for inert gas gener- 
Thus substituting equation (12) for  /3 > 1 

2 2  
l + P  u B  - 1  Peff - - (T ~ 

1 + p 2  

6 
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! i 
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThen defining 
i 

results in 

which is the expression derived in reference zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 (see zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAeq. (19) and fig. 6)  for Pcrit = 1. 

Although fluctuations of the type discussed in reference 5 are only predominate in inert- 
gas, nonequilibrium, MHD generators, it appears that a similar degradation of perfor- 
mance can occur in combustion MHD generators. 

Collision frequency . _ _ _ _  for momentum transfer. - To evaluate the conductivity and Hall 
parameter (eqs. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(2) and (3)),  w e  need the electron collision frequency for momentum 
transfer. This quantity is defined in reference 3 as 

where the sum extends over zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAall species except electrons and where ni is the number 
density of the ith species, ( Qei) is the momentum transfer cross section between an 
electron and the ith species, k is the Boltzmann constant, and T is the gas temper - 
ature. The quantity ( Qei) is calculated from the monoenergetic beam cross section, 
Qei (by ref. 6) as 

where v is the relative velocity between the collision partners. One of the greatest 
sources of uncertainty in combustion MHD generator analysis is in the lack of good cross 
section data in the electron energy range of interest (2000 to 4000 K). 

Before proceeding to a discussion of the cross section data used in this report, it is 
interesting to note the mole fractions of various species in the hydrogen-oxygen-cesium 
chemistry. These are listed in table II for conditions-typical of those analyzed in this 
report. A discussion of the chemical analysis is presented in the next section. The im- 

7 



portant thing to note is that the mole fraction of water (HzO) is nearly an order of mag- 
nitude greater than any of the other species. Furthermore, its cross section is larger 
than for the other species (as shown in fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4), except for cesium which only appears in 
trace amounts. The result is that the collision frequency is grossly dominated by H20. 
Thus, the only cross section that must be established with some care is that of H20. 

from page 9 of reference 7. The momentum transfer cross section obtained by mmer-  
ical integration of equation (14) is plotted in figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 along with the data used by five 
other researchers in the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMHD field. It is seen that there is a wide variation in the 
values used. The value used in this report is the largest; hence, the results obtained zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA' 

from the optimization of electrical conductivity and power densities are on the conserv- 
ative side. 

The value for the monoenergetic cross section for H20 used in this report was taken 

Sources of other cross sections used in this report are listed here: 
(1) Cesium - Cesium momentum transfer cross section was previously evaluated in 

reference 6. 
(2) Atomic hydrogen (ref. 8, p. 132) - The curve used was an extrapolation of the 

results of Temkin and Lamkin. 
(3) Hydroxyl ion (OH) - A readily available monoenergetic cross section was not 

found. Therefore, we arbitrarily took a value between the two points given in refer- 
ence 9 and made the cross-section constant. 

ence 8'(p. 127). 

used. 

Lin and Kivel, was used (ref. 8, p. 133). 

(4) Molecular hydrogen - The momentum cross section is given directly in refer - 

(5) Molecular oxygen - The experimental results given in reference 8 (p. 144) were 

(6) Atomic oxygen - The curve labeled beam experiment, Bates and Massey, and 

(7) Ions - The collision frequency given by equation (29) of reference 6 wits used. 

Method of Solution 

The equilibrium chemistry of hydrogen-oxygen-cesium combustion was calculated 
using the rocket option of reference 10. This program calculates the mole fractions of 
the 31 species listed in table II as functions of combustion pressure and isentropic ex- 
pansion ratio. Because collision cross sections were not known for all of the species, 

the unknown were assigned the cross sections given here: 
(1) Cesium cross section - Cs, CsO, CsOH, Cs2, Cs20, Cs20ZH2 
(2) H 2 0  cross section - H20, H02, H202  

8 



(3) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH2 cross section zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-k2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(4) O2 cross section - 02, O3 

(5) H cross section - H zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(6) 0 cross section - 0 
(7) Ion cross section - CS+, CSOH+, H', H-, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo+, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0-, OH+, OH-, 02- 
(8) OH cross section - OH zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
On this basis the conductivity and power densities given by equations (l), (2), and 

(4) are readily calculable as functions of the following variable parameters: 
(1) Seed fraction - 1 part CsOH dissolved in two parts water. The CsOH is intro- 

duced into the combustion chamber as a solid dissolved in water (as a liquid). Both were 
introduced at room temperature. The percent seed is defined as 

Moles (CsOH + 2H20) 

total moles 
% seed = 100 

(2) Oxygen to hydrogen weight ratio - 

weight of O2 

weight of H2 
O/F = 

The oxygen and hydrogen were introduced into the combustion chamber as room temper- 
ature gases. 

(3) Combustion chamber pressure - The assigned value of combustion chamber 
pres sur e. 

(4) Area ratio - The ratio of inlet area of the MHD duct to the throat area of 

combustor. 
(5) Magnetic field - The assigned value of magnetic field strength. 
The question investigated in this study is what values of these five parameters should 

be chosen to optimize the conductivity or the power densities. The range of values 
studied are seed fraction all values; O/F, 4 to 12; combustion pressure, 0.5 to 4 mega- 
pascals; area ratio, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA03 subsonic to 10 supersonic; and magnetic field, 0 to 10 teslas. 

The procedure adopted was to investigate the effect of varying one parameter at a 
time to find an operating value that optimizes the conductivity or power densities over 
the range of values of the other parameters. This procedure is successful primarily be- 
cause the optimum values vary slowly as a function of seed fraction, O/F, and Mach 

number, 

9 



RESULTS AND zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBADISCUSSION zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 

Optimum Seed Fraction 

The influence of seed fraction on the optimum values of conductivity and power den- 
sities is evaluated by plotting conductivity and power densities as a function of seed frac- 
tion for various values of one of the other four quantities (O/F, combustion pressure, 
area ratio, magnetic field) while holding the other three values at an arbitrarily chosen 
value which is near the midpoint of their range. These fixed values were O/F zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 8 
(stoichiometric); combustion pressure, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 . 0 3  megapascals, and area ratio, 1 .30  (at 
M = -1.6). Because conductivity is independent of magnetic field and the ideal power 

density varies as B (eq. ( l ) ) ,  there is no optimum value as a function of magnetic field 
f o r  these two parameters. Hence, the influence of seed fraction on magnetic field varia- 
tion involves only the optimization of the effective power density. This effect differs for 
low and high values of magnetic field. For low magnetic field (i. e. , p zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 1) the effective 
power density (eq. (4)) equals the ideal power density (eq. (1)). Hence, the influence of 
seed fraction on effective power density at low magnetic field is the same as it is on ideal 
power density. Therefore, the fixed value of B for all computations of seed effect was 
set at the upper range of magnetic field, namely, 10 teslas. 

Figure 6 shows the results. The only important thing to note is that, except for the 
curves at the very low value of O/F = 4 shown in figure S(a) (which these curves show 
is far below the optimum O/F ratio), there is a slow variation of all three parameters 
as a function of percent seed. A s  a result, at approximately 3 . 5  mole percent seed, all 

the curves are  within a few percentage points of their optimum value. Therefore, a seed 
fraction of 3 . 5  percent is chosen as the optimal seed fraction and is used to determine 
the optimal values of the other parameters. 

timizes with increasing seed fraction. This can be readily illustrated for an inert gas 
containing an ionizable seed. The electron number density ne is related to the seed 
number density ns by Saha's law (ref. 3). 

2 

The power densities optimize in these figures primarily because the conductivity op- 

where Ti is the temperature corresponding to the ionization potential. Ignoring for 
simplicity electron-ion collisions (weakly ionized gas), we obtain a collision frequency 
(given by eq. (13)) that is proportional to 

10 



: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAportional to 

Substituting equations zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(17) and (18) into equation (2) shows that the conductivity is pro- 

At  low seed fractions (nn( &e.,) >> ns( Qes) ) the conductivity increases as the square 
root of the seed fraction. The equation reaches a maximum when nn( Qen) = ns(Qes>, 
A more detailed study of this effect in inert gas systems is contained in reference 11. 

as straightforward since it is masked by the chemistry. In addition the alkali metal seed 
is introduced in the form of CsOH dissolved in water, and the water acts as a diluent 
which decreases the gas temperature. From equation (19) this obviously results in a de- 
crease in conductivity and hence also in power density. 

In the combustion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMHD system considered here, the location of the maximum is not 

Optimum Oxygen -Hydrogen Ratio 

Having set the optimum seed fraction at 3 . 5  percent we now proceed to optimize the 
O/F. The magnetic field remains fixed at 10 tesla a s  discussed in the previous section. 
The two remaining variables are the combustion pressure and area ratio. In figure 7 
conductivity and the power densities are plotted as  functions of O/F with area ratio as 
a parameter for three combustion pressures. In these nine figures all the curves are 
within 10 percent (and most are within a few percent) of their maximum at an O/F of 
approximately 7. 5. Therefore, an O/F of 7. 5 is chosen as the optimal O/F and is 
used to determine the optimal values of the other parameters. 

As  before, the power densities show an optimum in these figures primarily due to 
the influence of O/F on the conductivity. On either the fuel rich or oxygen rich side of 
stoichiometric (O/F = 8) there is a surplus of particles that have nothing with which to 
react and hence act as a diluent and decrease the temperature and hence the conductivity 
(eq. (19)). However, the conductivity plots of figure 7 indicate that the peak in the con- 
ductivity occurs on the fuel rich side of stoichiometric. This is due to the chemistry of 
the system and occurs because cesium is a strong reducing agent. Therefore, as O/F 
increases an increasingly greater amount of CsOH and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACsO is formed. This results in 
less atomic cesium, which produces the ionization, and thus results in a lower free elec- 
tron density and hence in a lower conductivity. 

11 



Optimum Mach Number 

With the optimum seed fraction set at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3.5 percent and O/F at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7.5,  we now investi- 
gate the influence of area ratio (or equivalently the influence of Mach number) on the op- 
timum values of conductivity and power densities. From the conductivity plot of fig- 
ures 6(c) and 7, it is obvious that the conductivity decreases with increasing Mach num- 
ber and is therefore a maximum in the combustion chamber (where M zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0). This is due 
to the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAstrong temperature dependence of the conductivity. 

In figure 8 uu (which is proportional to ideal power density) is plotted versus Mach 
number for various combustion pressures. The maximum occurs at a Mach mmber of 
approximately 2.5. The Mach number for maximum power density shows only a slight 
decrease with increasing combustion pressure. The maximum occurs as a result of the 
interplay between the rapidly decreasing value of conductivity and the increasing value of 
velocity with Mach number. 

Also in figure 8 the effective power density Peff is plotted versus Mach number for 
various combustion pressures. The maximum values of power density for the various 
pressures form a locus such that a maximum value of effective power density occurs for 
a chamber pressure between 1 and 20 megapascals. The effect of pressure is discussed 
in greater detail in the next two sections. 

2 

Optimum Combustion Pressure 

The conductivity plots of figures zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6(b) and 7 show that the maximum conductivity zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAoc- 
curs at the lowest combustion pressure. This results from the fact that the temperature 
is only slightly affected by combustion pressure for the pressure range considered here- 
in so that for the same seed fraction equation (19) reduces to 

that is, the conductivity decreases approximately as the inverse square root of the pres- 
sure. The (TU plots of figures 6(b) and 7 indicate that the ideal power density follows a 
similar trend, due to the fact that the velocity is only slightly affected by combustion 
pressure. Hence the ideal power density depends on combustion pressure only through 
the conductivity. 

power density. The power density decreases with increasing combustion pressure as 
does the conductivity. For the constant area ratio case of figure 6(a) (top plot) the 

2 

For high combustion pressure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(p < 1) the effective power density reduces to the ideal 
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temperature is only slightly affected by combustion pressure. Therefore, from equa- 
tions (31, (131, and (18) the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHall parameter is approximately proportional to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

B zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP a -  
P 

Hence as P zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-c zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA00 from equations zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(4), (20), and (21) yield 

and for 
sure. Therefore, the effective power density goes through a maximum with increasing 
combustion pressure for a given magnetic field strength (shown in figs. 6(b) (bottom plot) 
and 8). Figure 8 also shows that the Mach number for optimum effective power density 
decreases with decreasing combustion pressure. Since for a given combustion pressure 
the static pressure in the MHD channel is determined by the Mach number, this result 
indicates that there probably is an optimum static pressure for a given magnetic field 
strength. Or conversely, for a given magnetic field strength there is an entrance static 
pressure and hence combustion pressure and Mach number which optimizes the effective 
power density. 

>> 1, the effective power density increases with increasing combustion pres- 

Maximum Effective Power Density and Its Consequences 

As noted from figure 8 the maximum values of Peff for various combustion pres- 
sures form a locus of points such that a maximum value occurs as a function of combus- 
tion pressure. This is a consequence of the empirical correlation of figure 3. For the 
magnetic field strength of 10 teslas used, this maximum occurs between combustion 
pressures of 1 and 2 megapascals. It also may be noted that this maximum value then 
sets the Mach number at which one should operate. It is therefore concluded that mag- 
nitude of the magnetic field strength sets the combustion pressure and Mach number at 
the entrance of the MHD generator for maximum effective power density. 

The optimum combustion pressure and Mach number for maximum effective power 
density are plotted versus magnetic field strength in figures 9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand 10. The optimum 
combustion pressure increases nearly in direct proportion to the magnetic field strength, 
and the Mach number is nearly constant at a value of 2. The static pressure correspond- 
ing to these operating combustion pressures and Mach numbers is plotted in figure 11 as 
a function of magnetic field strength. This static pressure is nearly proportional to the 
magnetic field strength which indicates that the maximum effective power density should 
occur at nearly constant p (see eq. (21)). 
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This observation is confirmed by the plot shown in figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA12, wherein zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp at the op- 
erating conditions of figures 10 and 11 is plotted versus magnetic field. That zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp for 
maximum power density is constant at a value of 1 should not be totally unexpected. The 
gas temperature and velocity for a given expansion Mach number are relatively insen- 
sitive to combustion pressure. Since the optimum Mach number is relatively constant 
with operating conditions, that is, magnetic field, it follows that the gas temperature and 
velocity are relatively insensitive to operating conditions. Therefore, for a given value 
of magnetic field the conductivity from equation (20) is proportional to 

and the Hall parameter from equation (21) is proportional to 

Therefor e zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, 

Substituting equations 
sity is proportional to 

1 P a -  
P 

(23) and (24) into equation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(4), we find that the effective power den- 

Maximizing equation (25) with respect to p,  we find that p must satisfy 

A +  3 p  - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 2  - - p  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 3  = -(p - l)(L zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 + 2P +A)  = 0 
2 2  2 2 2 2 

Equation (2 1) is satisfied when p = 1. (The other two roots are negative. ) The value 

p = 1 is a function of the empirical model chosen (see eq. (12)). If a different expres- 
sion had been chosen, p would take on a different optimum value. 

power density with magnetic field strengths. The results are shown in figure 13. The 
effective power density increases monotonically with magnetic field, as does the ideal 
power density. The corresponding open circuit voltage uB is plotted versus magnetic 
field in figure 14. 

Additional calculations were made to evaluate the variation of the maximum effective 
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F zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
CONCLUDING REMARKS 

I 
In this study we have determined the values of percent seed, oxygen to fuel ratio, 

combustion pressure, Mach number, and magnetic field which optimize the values of 
either conductivity or power densities at the entrance of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAan MHD generator using a 
cesium seed hydrogen-oxygen working fluid. Although the utilization of these values as  
operating parameters for  an zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMHD generator should result in the shortest length device, 
it is not clear how these results would be affected by percent power extraction and power 
level of the device. These questions are currently being investigated. 

SUMMARY OF RESULTS 

The determinations of near optimum operating conditions for a hydrogen-oxygen, 
cesium-seeded MHD power generator have been shown based on the maximization of 
either electrical conductivity or power density at the entrance of the generator. Two 
forms of the power density were investigated. The first was the ideal value derived 
from theory and the second was an effective value based on an empirical formula obtained 
from the analysis of a broad range of experimental data. 

fractions and oxygen to fuel weight ratios. However, within the range of conditions in- 
vestigated (percent seed 0 to 10; O/F zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 4 to 12; combustion pressure, 0. 517 to 4.14 

mPa; Mach 0.5 to 3) the conductivity and power densities are slowly varying with per- 
cent seed and oxygen to fuel ratio so that the near maximum values of conductivity and 
power densities occurred at 3 . 5  percent seed and an oxygen to fuel ratio of 7.5. There- 
fore, these values appear to be the near optimum operating conditions for percent seed 
and O/F ratio. 

Using these values of percent seed and oxygen to fuel ratio the effect of Mach num- 
ber, combustion pressure, and magnetic field strength upon the optimum values of con- 
ductivity zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand power densities was investigated. The maximum electrical conductivity 
was found when the gas is at the combustion temperature or  at M = 0. This reflects the 
strong temperature, that is, free electron density, dependence of the conductivity. Since 
the temperature is highest at M = 0 so is the conductivity. The ideal power density 
maximum occurred at M 2.5 nearly independent of combustion pressure. Since the 
ideal power density Pid is proportional to vu2, the maximum occurs as a trade-off 
between the rapid increase in velocity with Mach number and the decrease of conductivity 
due to decreasing temperature with Mach number. Both the conductivity and ideal power 
density were monotonic decreasing functions of increasing combustion pressure. In both 
cases this is due to the nearly inverse, square root dependence of conductivity on pres- 
sure. For the transport theory formulation of the conductivity used in this report, the 

The conductivity and power densities maximize within a narrow range of molar seed 
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conductivity is independent of magnetic field while the ideal power density increases with 
the square of the magnetic field. 

The optimum values of the effective power occurred at strongly coupled values of 
Mach number, combustion pressure, and magnetic field strength. These quantities op- 
timized the effective power density such that the Hall parameter was unity. This result 
is sensitive to the empirical correlation chosen. 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, August zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA18, 1976, 

506-25. 
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APPENDIX zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- EFFECTIVE POWER.DENSITY FOR 

VARIOUS ELECTRODE CONFIGURATIONS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
MHD generators can be viewed a s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtwo coupled generators with equivalent circuits 

for Faraday and Hall connections: 

h (ul3 + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP :) 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

AVH 

vH 

where h is the distance between Faraday electrodes and Z is the distance between Hall 

electrodes. The conducting cross section area is A, resistances R, the voltage V, 
and the current I. The subscripts correspond to Hall H and Faraday F generators. 
These equivalent circuits can, in turn, be replaced by a second pair of equivalent 
circuits : 

where 
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These coupled voltage equations for each generator are 

vF 
Km FRiF zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- (VF + AVF) = 

%? 

The load voltages for the generators can be determined by solving these equations: 

It is now possible to derive expressions for the power density for two types of 
generators . 

This is called a Faraday 
generator. In this case there is no current flowing in the Hall load resistance, and the 
Faraday voltage is 

First, consider a generator with the condition zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARH - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa. 

RiF zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 hUB 
+ KmF - + KmFKmH 

RF 

The maximum power occurs when the load resistance RF is 

KmFRiF ~ RF = 
n 
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II 
~ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

For zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthis loading zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the generator, the 

r 
1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 2  Y m F  

P = - a u B  . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 T7 

. . . . . . . . .. . 

generator power density is 

Second, consider a generator with the condition zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARF = 0. This is called a Hall gen- 
erator. Since there is no voltage across the Faraday load resistance, the power is gen- 
erated entirely in the Hal l  circuit, and the Hall voltage is 

t’ 

ti 

n 
KmH - zB - -- 
+ K m H ( g )  RiH 

The maximum power occurs when the load resistance RH is 

% = KmHRiH 

The power density for this generator loading is 

The diagonal conducting wall generator can be analyzed by using one equivalent 
circuit: 
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which, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin turn, can be written as 

KmDRiD 

where 

The load voltage is 

The maximum power occurs when the load resistance is RD zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= K,DRiD, and the power 

density becomes 

P D = - a u  1 2 2  B zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 

20 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
r 1 2  



i 
i 
11 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIf electrode drops are negligible, then the power density divided by the ideal power zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 
i density is 

= -  P zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 2 2  - u u  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 

1 +K,H82 
Faraday 

KmF 2 
1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ P  

KmHp2 Hall zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1+8 

(cp + P2) Diagonal conducting wall KmD 
(1 + 2)(1 + 2) 

Even though KmH and KmD are defined in terms of resistances, they can be eval- 

uated from the voltage measurements (eq. (A3)). 

vH - = K m H  
ZuPB 

when RF = 0 and for the diagonal conducting wall (eq. (Al l ) )  

Thus, i f  

t where it is understood that Ey = gaE, and KmF is set equal to 1, although all of the 
power densities can be expressed in terms of KH( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAq) as 

0 

21 

I 



Faraday zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Hall zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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TABLE I. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- EXPERIMENTAL DATA FOR CALCULATION zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

v 

Refer. 
ence zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

definition 

OF GENERATOR COEFFICIENT 

Hall 
taram 
e ter , zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

P 

1.45 
1.10 
4.15 

2.8 
1.45 
2.7 
1.3 
2.4 
1.7 
1.9 

2.9 
4.0 
1.1 
1. 15 
2.0 

2.4 
2.3 
3.85 
5.0 
5. 1 
3.9 
4.5 
2.8 
5.0 
2.3 
4.2 

of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa. 

bKH(0) = 1 

l--(1+/3) jX 2 

"EX 
-E 

(uB + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEY) 

'KH = X 

Hall 
ele ctr i 
field, 

volt/M 

772 
443 

3360 

-Ex 

(b) 
1480 
1580 
4000 
12 10 
1250 

( 4  

4 560 
4300 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

7 00 
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2430 
2 540 
1030 
620 
7 50 

---- 
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45 
88 

Gas floi 
velocity 

M/sec 
u 
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64 1 
2250 
2250 
1630 
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1000 
1400 
72 0 

1430 
4500 
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103 0 
103 0 
1050 
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3600 
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---- 
---- 
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- 

Magneti 
field 

strength 
B 

Tesla 

1. 9 
2.5 
3.1 
1. 9 
1.9 
2.2 
1.9 
3.4 
2.4 
3. 3 

3.7 
1. 13 

.65 
1. 03 
1.78 
2.72 
1. 35 
2.26 
2.94 

1.4 
2.2 
1. 4 
---- 
---- 
. 19 
.34 

Tan zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACY' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
cp 

0 

1 
. 578 
1.0 
1.0 
0 
0 

0 

0 

Generator 
coefficien' 

KH( cp) 

0. 172 
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. 116 

.319 

.39 

.725 
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? 271 

'. 38 
d. 43 

0.297 
.211 

.93 

.77 

.47 

.36 

. 54 

.28 

. 17 

.04 

.073 
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.234 

. 140 

.472 

.289 
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TABLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIf.. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- MOLE FRACTIONS FOR STOICHIOMETRIC 

~~~ 

Speciesa 

_ _  

cs 

cso 
C SOH 
E 
H 

cs+ 

Ho2 
HZ 
H20 
H2OZ 
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0- 
OH 
OH - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 

HYDROGEN AND OXYGEN COMBUSTION 

WITH CESIUM SEED zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1. O34X1O6 

3320 

Pressure,  N/m 2 

6. O06X1O5 2. 811X105 I 
Temperature, K 

3178 I 2992 pv 
Mach number 

0 1 1.0000 I 1.5820 I 1.9- 

Mole fractions 
~ . ~~. 

0.00322 
.00032 
.00023 
.01327 
.00024 
.04222 

.00006 

. 12461 

.66213 

.00001 

.01911 

.00001 

.09388 

.00008 

.04059 
~ ~~ 

0.00344 
.00030 
.00019 
.01337 
-00023 
.03671 
.00004 
. 11562 
.69146 
.00001 
.01617 
.00001 
.08353 
.00006 
.03885 

0.00373 
.00027 
.00014 
.01350 
.00022 
.02946 
.00002 
.lo259 
.73199 

0 
.01244 

0 

.06961 

.00004 

.03597 

0.00397 
.00023 
. O O O l l  
.01363 
.00020 
.02330 
.00001 
.09017 
,76861 

0 

,00943 
0 
.05747 
.00003 
.03283 

0.00419 
.00019 
.00007 
.01381 
.00018 
.01706 
.00001 
.07587 
.80849 

0 

.00655 

. a 4 7 7  

. 00002 

.02 880 

0 

a 
Additional species considered but whose mole fractions were less 

C S ~ O Y  Cs202H2, H+, H-, HZO(S), H20@), O+, OH', 02-, 03. 

than 5X10-6 Cs(S), Cs(L), CsOH(S), CsOH(L), CsOH' 7 cs2, 
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Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1. - Coordinates for Ohm's zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALaw. 

t Load , O a d i  

(a) Faraday; load resistances on  all electrode pairs; jx = 0, tan  (I = 0. 

I 
Load 

(b) Diagonal; shorted electrode pairs make angle a; Ey = E, tan a. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( c )  Hall; each electrode pa i r  shorted; Ey = 0, tan (I = 0. 

Figure 2. -Types of generator. 
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1.0- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
.8- 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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L' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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I 

Type zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof generator zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 Faraday 
A Diagonal conductinq 

wall 
0 Hall 

condition 

combustion condition 

Open symbols denote inert  

Solid symbols denote 

0 1 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 4 5 
Ideal hal l  parameter, p 

Figure 3. - Best apparent hal l  parameter data. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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L 

L 
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0 loo0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm m 4000 5Ooo 
Temperature, K 

Figure 4. - Cross sections for momentum transfer. 



a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

\ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Source 

I I 
1000 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMoo zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm 4000 

Temperature, K 

Figure 5. - Comparison of water cross sections used by various 
researchers in MHD field. 
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J zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

- - 
/ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr\ 2.069 

v 4.137 / 
r\ 

- \ 

- - - - 
- 
- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE -... 

b 

Oxygen to  hydrogen 
weight ratio, 40r 01 F 
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lI. - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I 

r\ " 

60 

40 

10 

4WOF zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
200 

1001. I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI d  
0 2 4 6 8 

! A. 

0.51717 b? 

2 4 6 8 
Seed fraction, mole 

Area 
r ratio 

L 25 Subsonic h 

I\ ', 3. 5 

F 
0 Maximum value 

1.OMach 1 

c 
1.25 Subsonic 

t-IY77 
r 

1.3 Supersonic - 
(a) Area ratio, 1.3; combustion pressure, (b) Area ratio, 1.3; oxygen to (c) Oxygen to hydrogen weight 

sure, LO34 megapascals. 
1.034 megapascals. hydrogen weight ratio, 8. ratio, 8; combustion pres- 

Figure 6. - Influence Of percent seed on  optimum values of conductivity and power densities. Magnetic field strength 
(applicable to Pe plots only; see text), 10 tesla. 
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E 
d- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

- 
1.3, supersonic zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

/,-l.O, Mach 1 

I I 

4mr- 7 3 . 5 1  

1%- I I I I 8 

I 
10 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
9. 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6 7 8 

L l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
r 
I r 3 . 5 1  

i 
c 

I 
6 7 a 9 10 

Oxygen to hydrogen weight ratio 

r 

1 r 3.57 

1. I I I 

(a, Combustion pressure, 0.5171 megapascals. (bl Combustion pressure, L 034 megapascals. (c) Combustion pressure, 4. 137 megapascals. 

Figure 7. - Influence of oxygen to hydrogen weight ratio on conductivity and power densities. Seed fraction, 3.5 mole percent; magnetic field 
strength (applicable to P, plots only), 10 teslas. 
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N -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 Maximum value 

lor 8 I I 
. 5  1.0 L 5  2.0 2.5 3.0 
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E zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
z 
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a 

L 

n 
0) > .- 
P - 
iz 

M = 1.642. M = 1.990, 4M)or pe = 24757 ,rpe = 25% 

Mach number, M 

Figure 8. - Influence of Mach number on power densities. Seed fraction, 3.5 mole percent; oxygen to 
hydrogen weight ratio, 7.5; magnetic field strength (P, plot only), 10 teslas. 

m 

4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc 

Magnetic fieldstrength. B, T 

Figure 9. - Combustion pressure for maximum effective power 
density versus magnetic field. Oxygen to  hydrogen weight 
ratio, 7.5; seed fraction, 3.5 mole percent. 
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Magnetic field strength, B, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10. -Mach number for  maximum effective power density 
versus magnetic field. Oxygen to hydrogen weight ratio, 7.5; 
seed fraction, 3.5 mole percent. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

m 
x 
a 

P) L 

VI VI 

cz 

S 

I I I I I I I I I  
0 4 8 12 16 

Magnetic field strength, B, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT 

Figure 11. - Inlet static pressure for  maximum effective power 
density versus magnetic field. Oxygen to hydrogen weight 
ratio, 7.5; seed fraction, 3.5 mole percent. 
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c zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
g 1000 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAVI 

L 

800 
n 
al > .- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c 

al zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
E, 

Figure 

Figure 12. - Hall parameter for  maximum effective power density 
versus magnetic field. Oxygen to hydrogen weight ratio, 7.5; 
seed fraction, 3.5 mole percent. 

13. - Maximum effective power density versus magnetic field. 

NASA- Langley, 1977 E-8828 

c .- 
c 3 

I al 

n 

t/ 
._ 

Magnetic field strength, B, T 

Figure 14. - @en-circuit  voltage at maximum 
effective power density versus magnetic 
field. Oxygen to hydrogen weight ratio, 7.5; 
seed fraction, 3.5 mole percent. 
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