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A SIMPLIFIED STUDY OF OPEN-CYCLE MAGNETOHYDRODYNAMIC FOWER ‘
GENERATION AND AN EXAMINATION OF THE FOSSIEIE ROIE ' , ]
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a . his /F{eport mresents a preliminary simplified study of same of the ‘

' fagets involved in obtaining ¢pen-cycle '-.‘l(.H.D.J powsr gensration. Various i

parts of an idealised cycle are studied in detail, and examination has been ’ '
made of the possibility of supsrsonic cambustion farming a natural fea of

" . M.H.D. power gemeration cyoles in which a aupersouxiq{_‘ll.}l.l);,k;gmcatin_ ' t is

S

used., ‘ .
. 8In Appendices A to B, for completeneas, formulas relevant to the varioua l '
atages of the oycles are listed or derived.
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1 INTRODUCTION - IDEALISED M.H.D. FOWER GENERATION CYCLE

Fig.1(a) shows an idealised M.H.D. power generatiomn cycls, in which the
compressor, nozrle and diffuser of the system arc assumed to operate
isentropically. In this oycle it is also assumed that no reoccmpressicn is
necessary after the diffuser (following heat regeneretion) in order to exhaust
to the atmosphere or alternatively pass the gases through a conventional
steam boiler before rejection. This figure illustrates how entropy and
ambient enthaipy (temperature) vary through the cycle. In general the gas-
velocity will be low for the sections 0-1, 1-2, and 6=7-0. For the combustion
process 2-3 no restriction to subsonic flow has been asuumed, and, in fact,
the only restriction for this stage is that in practice the ambient tempera-

ture (enthalpy) may well be limited (see section 3).

Fig.1(b), on the other hani, shows the same cycle as Fig.1(a) but here
the total enthalpy and total pressure required in the system are shown. In
this diagram the isentropic sections assumed above are represented by a single
point in each case, and this representation of the cyclev shows clearly how the
total pressure in the system is reduced progressively, following the initisl
compression in the leg 0-1, back to atmcaspherio pressure at O. Also the
sections of the cycle are clearly seen where the total enthalp), and hence the
driving enthalpy for cavective heat transfer, is high.

1e1 M.H.D. duct temperature and heat regeneration

In order to get the degree of conductivity in the gas, even with
aeeding1, which would be sufficlentv for ecanamic use in the M.H.D. duct, the
embient temperature in the duct wou'd have to be of the arder of
25OO°K1’ 25 35ks5 Although with stoichiometric mixtures of fossil fuel and eir
at atmospheric temperature it would appear to be possible to cbtein tempera-
tures of this order by cumbustion, the adiabatic temperature of fossil fuel
being around 2500-270001(, ir practice such temperatures are only cbtained by
having oxygen enrichment of the air or using air preheated (by regeneration)
by about 1000°c. Hence when oxygen enrichment proves wmeconamic heat
regeneration fams an essential part of the cycle.

1.2 Thring's idea of improved heat regeneration leading to 'hypersonic!
combustion '

The maximm temperature at which a metallic wall capeble of standing a
very high pressure difference can be operated at the present time is-about
100) to 1100°C. It is therefare possible to regenerate heat through a wall
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maintained at this temperature. In view of this '.Ifh:c':l.lrzg3 2 has proposed a heat
exchanger which "would not only pre~heat the air to 1000°C, but then would

be extended to a series of convergent/divergent nezzles in parallel which were
externally heated by the cambustion products, so that the heat could be passed
througk tho walls and the expansion to high velocity could take place
ecsentially isothermally at 1000°C. In this way one arrivees at a gas having
the necessary velocity and at 1000°C, but not yet with the fuel burnt in it".
Thring goes on to point out that by this method one has transferred

‘considerably more heat into the system at 1000°C, due to the additional in-

take of kinetic energy, thon would be possible, say, in the ardinary system
where the air velocity at the entry to the cambustion chamber is Jowe Thus
he submits that cambustion can then take place in the high velocity, possibly
hypersonic, streams Indeed this system would give a net boost to the total
enthalpy of the working gas in the combustion chamber, with the only penalty,
a more severe loss of total pressure through supersonic/hypersonic cambustion
compared to subsonic combustion (see section Le1), which would have to be
allowed for in the initial campression stage of the cycle. However, it is
not clear how this convergent/divergent - honeycamb heat exchanger is to
viork. For, although the wall temperature may be maintained at 1000°C and the
cooler stream expanded rapidly, heat trensfer fram the wall to the gas will
be dominated by the total enthalpy of the cooler stream at each station rather
than its ambient enthalpy (temperature). Hence the effectiveness of heat-
exchangers of this type might be strictly limited in practice.

2 OPEN-CYCLE OPERATION ITHOUT HEAT REGENERAT ION

Although heat regeneration may be an essential part of the M.H.D.
power generation cycle (see section 1.1), in order to study in more detail
the interdependence of the cambustion, nozzle, and M.H.D. duct parts of the
cycle, it is convenient to include heat regeneration with combustion heat as
in Fige2 rather than to treat it as a separate stage of the cycle as in Fig.1.
This can be justified if one considers either the case of combustion with
oxygen enrichment of the air and no heat regeneration, or more generally that
for this simplified model of the processes the heat added by regeneration and
the heat released by cambustion may be included under the heading of
"combustion" alone. Hence for this latter case if we now define the heat

released by combustion, q, by

9 = q+ 9 | (1)
(cefs Figs.1 and 2)
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thsn, since the thermal efficiency, Nep? of the cycle in Fig.1 with heat
regeneration is given by:

ny . B-w C(2)

with regen. Ay

the thermal efficiency of the oycle in Fige2 considered fram the view of no
heat regeneration will be related by:

"th = Mgy ('i')

with regen. without regen.
+
= Mgy (&3;'—) . ()
without regen.

The duct efficiency will of course be unaltered by this device and is
given for both cases by:

P
Nuect = (h, +v+d = (h, +weq +q) (= Total energy at
0 o entry to duot

oo

P Energy frah duot) .
(4

Thus by this method we see that we may consider the problem neglecting
heat reggneratiqs, but we must consider in its place more efficient ocombustion
than is usually possible, and remember that the thermal efficiency of the
cycle with heat regeneration will in practice be r..ch improved upon that
without regene~ation.

It should be noted that in order to make the assumptions above, the
warking £1uid in the cycle has been idealised, and has been considered to be
composed of cambustion products throughout all stages of the oycle. Hence a
constant value far vy, the ratio of speoific heate, for the warking gases has
been assumed and the fuel mass addition has been neglected. The cambustion
process (and heat generation) thus takes the form of a latent heat relsase in
the system, or may be considered as heat energy transferred to the gases

during combustion.
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2.1 Typical relationshins between the cycle efficiencies
From equations (1), (2), (3) and (4) we see that far the cycle given in
Fig.2 we have: e ;
‘ -h, +wa+gq ’
_P-w to - - (X . (5) ‘ |
Nth = T q T T q duct ~ \q
without regen. ' ' E ’ o » o i
. ‘ a
For a typical range of conditions generally quoted f'ar this cycle, it ,
ie shown in Appendix A that, as the initial compression ratio, C, between
states O and 1 increases fram 1 to 16, equation (5) varies in the form:
11 0
eh " to | Yuet ~ to . *
without regen. 1,28 Oully

Hence for reasonable duct efficiencies the thermal efficiency in .Fig.z
will for these conditions be close to the duct efficiency, assuming of course
that the compression ratio in turn is not excessive. Howevsr, high initial 1
campression ratios may be requ. ‘ed if high pressure losses occur in the cycle.
(see section 4), and the above relationship will no longer apply (see
Appendix E and Fig.7). S

It is further shown in Appendix A that the thermal effioiency with i
regeneration will be around 1e6 to 1.4 times higher than the above value far |
the same range of the initial compression ratio. |

3 EFFECTS OF AMBIENT T TURE LIMITATIONS IN THE COMBUSTION ;
REGENERATION) - NOZZLE 1EG OF THE CYCIE : o

As indicated in section 1.1 the total enthalpy of the system after
canbustion may be limited in practice,' dus to heat losses in the cambustion
chamber. In order to ‘simpli'f‘y the picture f‘qr the energy-exchange processes ’
in the combustion chamher, these louses may be replaced by considering instead
inefficient or incamplete cambustior. However,' even with practical limitations
on the total enthalpy which the system may attain, it mey still be necessery
to restrict the ambient enthalpy (temptrature) throughout the cycle, and in
particular in the cambustion chamber. This in general will not be the result
of restricting convective heat transfer, since, as mentioned earlier, this
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depends more directly on the total enthalpy of the system. Nor is it expected
to be necessary to restrict ambient enthalpy on account of radiation losses,
although radiative energy transfer increases rapidly with increase of ambient
temperature, since the ambient temperature ranges considered at present for
practical purposes are still below the threshold for significant radiative
effects to ocour in the gas stream. But a restriction on ambient temperatwre
may result from attempting to limit or control the chemistry in the cambustion
reactions. Typically this might came fram the necessity to avold dissociations
of the woarking ges (ionization caming fram seeding) or influence the relative
concentrations of cambustion products. In this latter category, for example,
we have the suggestion far incamplete combustion of mela
the amount of CO, as campared to CO, since at high temperatures CO, would have

2 2
more serious erosive chemical effect on the electrodes of the duct.

in arder to reduce

31 Supersonic combustion due to ambient enthalpy limitations

In a gas stream the ratio of total enthalpy to ambient enthalpy is
given euproximately by:

h
_t=1+_(.Y_.£_.1).n2 .

h

Hence the gas stream is supersonioc when:

3—;—::- > h—'?_’;—l)- . (6)
For values of y in the range 1.2 to 143 this latter formula shows

that a gas stream will be supersomic when the total enthalpy of the stream is
more than 1.1 to 1.15 times greater than the ambient enthalpy. Therefore, if
a supersonic M.H.D. duct is to be used in the generation cycle and the ambient
enthalpy level is restricted during combustion, these values for enthalpy ratio
may well be exceeded at same point in the cambustion chamber. Hence the
cambustion prooess may well be required to consist of part subsonic and part

supersonic combustion.

In Fig.2, since suffix 4 denotes entry conditions to the M.H.D.
generating duct, the inequality (6) above shows that supersonic combustion
will ocour in the cambustion chamber whenever the maximum ambient enthalpy,
hm, satisfies the ineéquality:
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As mentioned earlier in section 1.1, ‘h# should oqrreapmd to at least a
N of around 2500%. Hence for v = 1.2, (7) indicates that for *
supersonic flow during cambustion Tma.x would have to be less than ZSOOCk ~

(i.e. h ) far ML; = 1 and 318001( (i.e. 14/11 h ) for Ml+ = 2. The corresponding .

values f'or Y = 1«3 are 25OOQK for Ml+ 1 and }ABOQK for Mh = 2 Although

these calculations assume constant specific heuts and thermally perfect gases,

temperature T

the rough values quoted serve to illustrate how, for a supersmioc duct, super-
sonic canbustion may still be necessary at some stage, even when the ambient
temperature in the combustion chamber is allowed to be as high as 300001(.

e M A S b 3 L e .~ 1

4 PRESSURE LOSSES IN THE COMRUSTION (REGINERATION) - NOZZIE 1EG OF [HE |
CYCLE i
Using the formula derived in Appendix B, we find quite generally that ;

the change (loss) in total pressure developed from state 1 to state 4 in the

cycle illustrated in Fig.2 is given from (16) by: |

: 1
Py 3:;- -£ 4 % {
—& = (1+=3) e h <1+ o Max . ) i
1 ht ht :

1 17 1 ;

Hence for a given amount of heat addition to the flow we see that the
loss in total pressure has a lower limit which depends on the maximum ambient
enthalpy (temperature) that can be allowed for the nambustion process (i.e.
the process which develops the minimum gain in entropy). '

Optimisation of the power generation cycle therefore requires the .

efficiency of the combustion process to be as close as possible to this lower
limit in order to minimise this loss in total pressure, which, as is seen in
section 2, has to be campensated for in the initial campression stage 0-1 of
the cycle. '

4+1 Model of the combustion (regeneration) - nozzle processes

Fig.3 shows a model of the processes between states 1 (or 2) and 4 in
Figs.1 and 2, where intermediate states A; B, C and D have been added.
Expansion of the flow isentropically prior to combustion (or heat sddition) as
well as expansion before entry to the M.H.D. Jduct have been included in this
model.
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Fige3(a) shows that once the maximum allowable ambient enthalpy has
been reached at B the cambustion process could continue in general for this
model to C at the same enthalpy, reducing in ambient enthalpy then to D'
before isentroplcally expanding to 4'. However, since this prooess will by
the farmula above be less efficient than continuing the path fram C to D at
maximum ambient enthalpy before isentropic expansion to 4, the paths to the
dashed points will not be considered, and the point C may be ignored in the
model of the cycle shown.

Appendix C gives the relationships required to determine the various
states through the isentropic nozzle processes, 1 (or 2) - i and D - 4, and
the combustion processes A-B and B-D. In the latter category we have constant
ambient enthalpy cambustion for B-D. The cambustion process A-B is, however,
not defined and for this one may assume, as in Appendix C, constant pressure
(velocity), constent Mach number, constant area (which would include
combustion through a detonation wave), or same more general combustion
process, determining properties in this latter case by using the basic
farmulae of Appendix B.

Comparative study of the loss of total pressure required by the
combustion-plus-nozzles model illustcated in Fige 3 can thus be made by
defining hmax (which in scme cases may be taken to be so large that in fact
no ambient temperature restriction exists) and varying both the combustion
process A-B and the velocity at state A. The velocity at state 4, the
conditions at state 1 (or 2), and the total combustion heat release being
fixed for this investigation, (the parameter A\ being fixed autamatically
by the other assumptions). Agein from the formula for the overall loss of
total pressure given earlier in this section, it is obvious that the minimum
loss of total pressure (minimum gain in entropy) will result when the ccumbus-
tion path A-B is chosen such that the ambient enthalpy (temperature) at each
stage of the process is as large as possible (i.e. as close to hma.x as
possible) .

Le?2 Simplified calculations based on thé above model allowing for completely
supersonic and campletely subsonic combustion

' Pigel shows the results from caloulations (made by Thompson) based on
the model in Fig.3 for a fixed amount of heat addition by combustion where
the combustion-nozzle mocesses between states 2 and 4 have beeau considered.
{i.es only the prbcesses upstream of the M.H.D. duct which occur after the
heat regeneration leg 1-2 have been cansiderede) Also no restriction on
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smbient enthalpy level in the cambustion process has been made. Both |
completely supersonic amd campletely subsanic combustion processes have been

considered together with the appropriate isentroplic nozgle expansions which
are required to match in with these in order to arrive at the same Mach

number, HA = 1k, at entry to the M.H.D. duct, ‘ o .
The key to the various combustion-nozzle cambinations studied is given
in Pig.l4(a), with the various paths 2-I(n)-# identified by the suffix, (), C

of the intermediate state I(n)' For the conditions of this example it was
not poasibls to include the path with isentropic expansion followed by super-
sonic combustion at oconstent area. The reason for this is that in this case
the initial total enthalpy at atate 2 was not sufficiently high to allow
expansion of the flow to the large velocity required for matching this process
to canatant area supersonic cambustion through to a Mach number of 1.4 at |
state L. ‘

Pig.4(b) illustrates clearly for this example the large loss cf total s
pressure in the system through such supersmic ocombustion processes. As '
mentioned earlier, such mressure losses would thus have to be tolerated in the - "

Thring model of the heat regeneraticn - cambustion system described in
section 1.2. '

Fige5 shows results fram calculations similar to those illustrated in
Fig.l, where the Mach number at entry to the duct was assumed to be 2 instead
of 1.4+ Again matching superscuic combustion at constant area to the required
isentropic nozzle expansion was not possible far the conditioms essumed. Nor
was this matching ir. fact possible for supersanic cambustion at constant
pressure, although apart fram this the general piocture is much the same as
before in Figele. '

The processes shown in Figs.! and 5 are by no means optimum, but they
illustrate the large pressure losses involved with having fully supersenic
cambustion in the cycle as compared to fully subscnic combustion.

5 CONSTANT MACH NUMBER M.H.D. DUCT ~ INTEGRATION OF THE DUCT INTO THE CYCLE

In order to e¢stimate the efficiency of the M.H.D. duct itself, the duct
with constant Mach number has been considered. In fact, as is shown in
Refs.6 and 7, this duct is close to ha.ing optimum efficiency, even when a

constant loed ractor, K (see Appendix D), is assumed.
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A summary of the relations appropriate to this duct are given in
Appendix D, and the efficiency, My ., far such a system is jllustrated in
Fige6. In this figure two duct Mach numbers have been chosen together with
tvo values of the load factor, K« It should be noted how sharply (almost
exponentially) the pressure ratio required across the duct rises with a
demand for increase in efficiency. In order to integrate the duct into a
complete cycle it is therefare obvious that a large total pressure loss will
have to be allowed for in the duct itself, and this means that loss of total
pressure will thus be at a high premium throughout the early part of the cycle
upstream of the duct.

5e1 Integration of the constant Mach mmber duct into the camplete cycle

As is shown in Appendix D equation (24) the M.H.D. duct efficiency
possible in any particular case may be fixed by defining the ratio of total
pressures (or static pressures) across the duct. In practice the duct length
required to achieve this efficiency might be too long if the temperature level
or magnetic flux strength in the duct is lirited. However, in order to obtain
an idea of the relationship of overall cycle efficiency to duct efficiency it
will be assumed that the duct efficiency defined by the ratio of total
pressures across the duct is realistic.

When this model of an M.H.D. duct system iz integrated into the full
thermal oycle the overall thermal efficiency is given by equation (28) in

Appendix E as:

>

: 8
h‘co 1 +'$- B C
Mth = 1o 1O Mgued) e

without regen.

o)

"'1 ]

- This equation illustrates that far a fixed amount of heat addition by
combustion, q, the overall thermal efficiency decreases as entropy inareases

due to less favourable choice far the combustion processe.

When the type of combustion process is fixed, the relationship of overall
thermal efficiency to M.H.D. duct efficiency for various total amounts of heat
addition during cambustion has also been studied in Appendix E. Explicit
optimisation was not found to be possible for most ¢f the combustion mrocesses
conzidered, but for the case of constent pressure (velocity) cambustion at low
subsonic speeds it was found that the optimum value for the thermal efficiency

L
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is obtained by having the'hrgest amount of heat addition possible during the
canbustion process. Purther the same trend is true far this ocase at higher

v2
Thy

flow velocities (given by the velocity parameter ( )) 111 the oanbuatim

chamber, as can be seen from the examples illustrated 1.n Pigs7{a), (b) and (o). o

Here the cycle efficiency is plotted against the cambustion total=heat-sddition

parameter (-;f-—) and is shomn by sclid curves for each value of the velodty _
o

parameter. The regions in these figures for fully subsonic, fully superacnic,

and part subsonic and pert supersmic cambustion are illustrated by' the dashed

lines. (The Mach mmbef_s assuned for the M.H.D. duct in these sxamples were

1eky 0.5 and 2.) Thus 4t is seen that the M.H.D. duct effioiemqy of 0.25 is

approached only far the case of subsonic combustion with high heat additiom,

the supersonic cambustion region being much less efficient due to the large.

initial canp:ression which is required to ccmplete the cycle far this type of

combustion process. _ o , \d

6 CX)NGHIDING REMARKS

In the above simplified examination of parts of the M.H.D. power
generation cycle no allowances for ‘heat loss or real gas effects have been
made in the analysis. Although it might be argued that efficlent regeneratiomm
processes should campensate to some extent faor .héat losses; the design of a
system which requires the minimum amount of regeneration in this way might
well prove to be necessary in practice. | |

Thus far the operation of an M.H.D. power generation duct of supersonic
speeds, the possibility of having an effectively 'cold'! nozsle, perhaps with
regeneration as Thring suggests, followed by supersmic cambustion might be
desirable, since then no hot nozzle expansion is necessary, the ambient :
temperature is limited (see section 3), ard the maximum total enthalpy and
ambient temperature are produced only at the entry to the M.H.D. duct.
However, as is shown in section 4.2, pressure losses may prove to be too high
in such a system, and because of the large initial compression required to
compensate far this the overall efficiency may be low, as was indicated fram
the examples studied for supersonic combustion in section 5.

Since, on the other hand, complete cambustion before expansion in a
nozzle to the required conditions for the M.H.D. duct produces problems of

E
|
|

e e i B




heat losses and hig.a ambient temperature, a campromise between these two

‘systems is suggested whereby the nozzle and cambustion chember are cambined.
Thus & 'heat-addition' nozzle would seem arropriate, which would consist of
subsanic and supersonic regions of combustion, with the necessary area change
. to avoid choking in the channel. In fact, combining the roles of the verious
parts of the system in this way also suggests that further cambustion in the
M.H.D. duct might yrove efficient as a means of 'topping up' the total ’
enthalpy and improving the distribution of power densitya.long the duct A
:
i
:
)
3
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Aggendix A
TYPICAL RELATIDNSHIPS,BETW@EQ ;HE CYCLE UFFICIENCIEQ

- In section 241 we have.

h + W+ Qg

Mth |
without regen.

|

A "duct - B ’ say .

For typical cycles shown in Figs.1 and 2 a rough estimate of the qrder _fi =

of magnitude generally quoted for each of the quantities shown iss

h, ~ 300%
(o]

Q@ = 5 ht (“' 150001()

o

1
[(C)Y'1_|ht ,
o
where C is the initial compression ratio fram state O to state 1.

=1
= 4h -(C)Y n_
% t, t,

(based on the fact that the limit of regeneration is glven by:
hy =h, +w+q =4h ~1200%).

t2 to o
Hence:
x=1
q = + = 9h, =~ ()Y n
R+ Q@ o t,
Ao 9
X1
9 - (0)Y

: . RS : ‘.‘f |
o) w T T
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and

B = .

9 - ()Y
With v < 1.3 then -7;— < 0,25, and if we consider the moderate range for
the initial campression ratio of 1 < C < 16, then:
x=1
1<(0)Y <2 .

Therefare for C in this range we have:

1125 ¢ A < 1.285
and

A
. Thus as C increases from 1 to 16 the cm'responding o.ha.nge in equat:.on (5) is
given by:
L = [1.125 to 1.285] m . ~ [0 to 0.143] .
without regen.
In addition the conversion factar given in (3) for comversion to the case with
regeneration is given by:
| x=1

a4 _ 2=(aY

% 2 |
and this decreases fram 1.6 to 1.4 as C incresses from 1 to 16.

NPTUEREII- "> W
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SUMMARY OF THE RELATIONSHIPS BETWEEN GAS FROPERTIRES DURING
GOMBUSTION IN OR HEAT ADDITION TO THE FLOW

h, &

+

"For a typicalAleg of the cycle a-8, where an amount of heat, q, is
either added to ar produced by combustion in the flow, we have the following

relations when an ideal gas-model is assumed:
a9 = hy - hy

or g Energy equation (8)
. | dg = dh

dp =-pvav . Momentun equation (9)

P = (1—5—1) ph - Equation <;f state(10)

hy 1= h +'% ;2 ~ Definition of hy (11)
Y"" Y“1

(h = —-) Definition of p. (12)

Fram (9), (10) and (11) we have:

~ dh

& . -@ (vay = -7k ﬁ‘{dh"h } - @3)

EA L
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Appendix B

By logerithmic differentiation of (12) we get:

d P, ) 9.2 . d. h ) % : P ”‘1k) |
ppb P (r- 17( L R

Hence by adding (13) and (14) we obtains

d p, 1.1 Y 4 -3 o "
Py = (711) {Tl:"ﬁ}dht ‘ (7-1){(q+h'ta) h}d‘l ’ ﬁ-'m(e)‘

EYY) (15)

Integration of (15) gives:

p, fx=) 4
t

hy

P
ta a

there in terms of the specific heat we have!

%ag

1«1-&.39_’_’3>,
h

<l
Q

From (8) we have:

o, . | (17
tﬂ ta ¥ quﬁ S SR

Equations (16) and (17) thus give the total pressure and total enthalpy
at B. The determination of the integral in (16), howsver, cannot be made

until the cambustion or heat addition process between a and § has been defined.

Particular examples far the combustion (heat addition) process which are

usuelly considered are:

(1) Constant static enthalpy.

(ii) ~Constant static pressure (i.e. constant velocity).
(1ii) Constant Mach number.

(iv) Constant area.

,,,,, e g e e IR WY L ORIV £ R Y R U A S Eo 1 R e e e
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| proportie- at ﬂ in additim to equstimn (8) to (11) are given below.

hg = By (= ) , .o e G e

and 8o we have .

%ap
[3
h

(41) Constant statio preasure (velooit

(11i) Constant Mach number

-ig = "1_“4-':% (v = 1) »!2 = oonste, at all points from a to B.

e 0 'u;. EEN T ’ B R o C ht

{ 18 _ o | """‘Appendixn

? Far these processes the formulae required for the determination of me
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Appendix B
Therefores
Yp Tap
& . (1ezir-nu) l-ft

- Gap
(1+%(Y-1)H) /(;}%‘;—y
o

| qup-t-h
=(1+~‘z-(y-1)u)1og = )
't
[+4
h .+ h

t Ge *
e 2, () .

(3 ¢ ht

(iv) Constant area

Pe ¥a = Py Vg (= pv) , continuity of mass.(18)
Using this equation (9) integrates to give:
2
P+ pv = const.
i.e.
2 2 2
Pt PpVp = Fpt Py Vg (= Pepv) (19)

Fram (18), (19), (8) and (11) we have that for a general point:

Pa_Va
p = v ]
2 &
P = (py+p, V) = (p v v . (20) |
= + -7V i
% J _




Using (10) and (20) we obtain a quadratic for vi

an L

p .t ga :‘:i‘? ‘f ’
(v+1)vz_zrva(_.!..i+1>v+-2(x.-_1) (h, +@ ‘= 0 .
o Y ‘

The realistic solution for v fram this qua.dratio :Lsx

ees (21)

Thus using (21) together with (20), (11), (12) and (17) the properties

at point f may be determined. It should be noted that in this case it ia not

%Wp

convenient to calculate [

-d'f- in order to determine P, directlys. Note
B o

fram (8), (11), (12) and (20) we have:

h \(y-1
. t .
. ht;q Ol
(B + 74 ¥ = (py vp) ¥] (—2 ; 5)
-5V

ta

]

i1

Py

PPN opbnntostiniss w0y o e s o L L

: ;,_;!
o
!
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Appendix C
FUMULAE RELATING THE VARIOUS EARTS OF THE MODEL FOR THE

OOMBUSTION-PLUS-NOZZLES SECTION OF THE CYCLE
(see Fig.3)

(1) The process fram 1 (or 2) to A in Fige.3 is an isentropic nozzle

expansion and is given by:

h = h (OI‘ h )
'?A t1 t2
P, = D {or p, )
5 2 t,

1 _
v, (< @ by )?) depends upon the nozzle expansion, and can therefore be chosen
A . .

arbitrarily.

(ii) Process fram A to B is given by: (hB sh )

h, = h_ +1q
k) ty
together with (for the following special cases given in Appendix B):
(a) Constant static pressure (velocity)
Vg o= v,
and P x=1 ht + Ng ht -% vi
( tB) L A A
P - h 4 .2
t t h, + M-V
A A i \ tA A ’
(or pg = p,)
(b) Constant Mach number
htA + AQ A
B T Ty " VA
A

mz‘"”iﬂ:;

i Wn i st cdn




22 - Appendix C

and
h
h, W/
: -
x-1 _A 1 2
P - (b, -7 v))
Y h t A
<"'I')—t'§> = @ A = € A .

tA
(c) Constant area

P 2

YvA<A2+1)+JY2v:(A2+1>'2(72'1)(ht+7‘q>
v - Paa P,
B (r+ 1)
and
h A
5 - ( ) [ —ta - ¥
Pr, = [(py + 0y Vi) = oy vy g T2 '
ht + kq -7 WV
A B

(1ii) Process fram B to D is given by: (hD =h )

h

]

1_1) htB+(1-)\)q

vy = JZ (htD - hE)
(or by = )
and i'rom the constant ambient enthalpy process given in Appendix B
p, 1— h, + (1 ~-2Ng -
Y
(_f:_:) _ _.t_B_B_._______ . B
Vg t
(iv) Process fram D to 4 is again an isentropic nozzle expansion given by:
h = h
%), %
b = P
%, &

with v, (< V2 ht ) chosen to give required velocity at state L
’.
4

RS ARy L h T A RS i 5 D e e R YRR A B e AT e A St 3 1mh e i L i 5 e

o7

et e o s e e e e




s,

a e AR T L T SR Sl ke S G

"7 .

@3

Appendix D
FORMULAE RELATING PROPERTIES IN J CONSTANT
' MAGH NUMEER M.H.D. DUCT

From Ref.6 using the notation of Fig.2 we find that for the constant
Mach rumber M.i.D. duct the efficiency of the duct, MNquct? and temperature
and pressure ratios across it are given by: -

T, | o o
oot © 1-5;5 (22)
Tk
and
R - -
.—fi=—5=<f5)ﬂ=(-f2§ (23)
Ty, T \R Py, -

where 8 = {1 + ¥ (1K) {(y-1) Mf} y/(v-1) K, a.ndldh_ and y are constant.

K is considered constant in this analysis (0 < K < 1) and is the external
load factor (= _E'B (see list of symbols) ) at each point in the ducte A typical

value far K being 0.5 to 0.75 for.a.n efficient duct.

From (22) and (23) we obtain:

| 8
& _ -m -
5
This relationship is illustrated in Fig.6 and shows how the ratio of
total pressure across the M.H.D. duct varies with the efficiency of the duct,

for v = 1.3 and various values of M)+ and X.

Although for particular values of Mh-
depends only on pressure and temperature ratios across tha duct, the duct
length required to achieve this efficiency depends on the absolute values of
the conditions in the duct. It must always be remembered, therefore, when a
value for the duct efficiency is assumed, that in rractice this value may

s ¥ and K the duct efficiency

carrespond to an unrealistic length for the duct, when, for example, the
temperature level ar magnetic flux strength is limited. Also it should be

PR VS UPIE S *2" NSy

R
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noted thet optimum duct efficiency does not necessarily corresperd to optimm

overall efficiency fq;' the full thermal gcycle.

Appendix }D_

For a constant Mach number duct with canstant K and y the duct length

x is given bys

E- LR _'nduct)_w
whers w' = (B - %) - (y' - B3'),
(p, v,) htu

x* =

) 3
K(1 < K) w'. ahvhaa

@

3 =gt
and the indices y'and z' ariginate from an expression of the form ¢ = v p %

for the electrical conductivity o. Typically y' is of the order of 10-13 and

z' is of the arder of Oe4=0.5.

i 1y TS o - e e e 5 g e st = e
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Appendix E

INTEGRATION OF THE CONSTANT }ACH NUMBER
li.H.D. DUCT INTO THE COLPLETE CYCLE

Using the notation in Figs.2 and 3, fram Appendix B equation (16) we
have directly, by considering the energy addition w during isentropic
campression and heat addition q during cambustion:

x=1
pt > q+w+ht _F_c_l‘g
4 _ o) o © h
(6] o
q+w+ht --3-9-
o} P
= T € ‘
to

where As is tne entropy gain in the process.

If we assume that p

v t
A 5
initial nressure), then by metching the pressure through the system we see
that:

=P, (i.e. that the duct operates down to the
o ,

py S a+weh =gt
G) = @
D = h ) ] .

b t,

P x=1 s 9
txy C
w h {/—-L’ ep-—17-q
to \pt5 J
= (27)

As

--S-(Y-1) ¢,
= hto{(1-nduct) e -1}"1

This shows how an increase in initial campression, glven by the energy

parameter w, arises from an increace in entropy in the system.




¢ et it

; 26 ’ Appendix E - 11

ok !

From (5) seotion 2.1, (24) Appendix D, and (27) eliminating w we get:

| 1-3-4 é' ) |

" (@ )T e
without regen. T } .‘_ : (28) . %
By (1+«9-a) & o '
= 1-——{(1 n Y ep-1}J . 4

Equation (28) illustrates how for a fixed amount of heat addition, q,
the thermal efficiency of the cycle decreaaes as entropy in the system
i..creases. Hence the most efficient system for a fixed value of q requires

the minimum entropy gain or total pressure loss in the ocombustion part of the
cycle.

This is an obvious result and is associated with the camparison of
various cambustion processes far a fixed amount of heat addition, q. 'Howevar,
for a particular combustion rrocess, optimisation of the thermal efficiency
when q is varied is far more camplex, since in (28) Az is a function of ge.

Differentiating (28) with respect to q it follows that for stationary : ’]
values of Men » @ must satisfy the equation:
without regen. B

C. -1 -8
%{%} ) _::..2.(1_11&“%)(5 1 Y)

» " | o
,";(1-;&%2) - (1-ndmt)(a-1-$) : (29

Hence if a clear maximum value of n, : exists it will
without regen.
.correspond to a value for q given by (29). In (29) As may be assumed to be
a function of q and is found from (27), assuming w also as a function of
q, and the appropriate law for the cambustion process assumed. |

[ o - et mrs et . ) - l
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Appendix B

As exumnles of this ortimisation prooess we may con:ider in detail the

cases of (i) ccnstant static enthalpy, (ii) constunt static presswre

(velocity), and (iii) constant kech number, conbustion, which :2'e listed in

For these processes we may consilder comtustion, using tae

notation of Figs.1 and 2, to start froem some stute 4 between 1 (or 2) and &

as in PFig. 3

Hence we have in addition to ejuation (27) far each cese the rollowing
equations fran Apvendix B:

(1)

(11)

(111)

i

1]

#

a8 o9
C h,

o]

!
2%
“~r

Clb
/]
~
£
+
3
o
\
N}
<
5
p -

kel
Lo

TV By B ) 1Y
e
< w+ht )

©

(30)

;“;MW

27

o st et

[T PPN

e dn ¢ i e i EARb i Ml st bt < skl
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Particular ouo'i

The simplest ce.s~ e.b ve to et!.d" e.l”b"e.icﬂl" is that of' '-xj.eté.nt N
static pressure cqn_buation: Ror thia case equations (27) md ( )v"‘(iih) may

4s
G . A .
be solved for ¢ P and w directly to give:

s T
R S ]

- 2
K -2 (?:t:) - (f::)"' 0} (32)

(-]

]

(31)

",E"

."ht' . | o
J
,' = 2 {( ﬂduc)

w

where

® = {[ (2h )* (1 "duct E(Y-1)]z (2h (1 =" 92(7-1)?

.Y

c .
However, substitution of e P rrom equation (31) into (29) results in an
equation for q which i8 not amenable to simple analytical treatment. Hence
it is better to study the behaviour of the thermal efficiency with q more
as :

: c_ .
directly by substituting for e ¥ from (31) into equation (28). This gives:
; ' - -

(1+2-9

) _ ’ - 1 ' ‘_ ) Y -
N¢h = 1= 7S 7 ey !
without regen. ht o

dcy) e T

- - 2 _
[(1 " Muot) AR (-2:::;) ] (ﬁij ’ e_i

J

+

ees (33)

R
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Appendix B T 29
At any stage during the cambustion process we have!

= r-N¥h = (- (wah, +q -Ev) N
o |

v2
A

where q' is the amount of heat added up to that stage during cambustion and
0<q <q.

Hence, fram (34), the flow during cambustion will be sonic ar super-
sonic at points where:

2 - R
va(Y 1) (w+ht°+q ;qvA)
il.ee
A ety 2 ' (%
2<Y_1)vAa(w+hto+q) . [ 35)

Thus since q' lies in the range O < q' < q, the combustion process w1l be
completely supersonic when:

A/x s n 2 3
2<Y-1)VA>(w+hto+QJ

and campletely subsonic when: \ (33)

1 <x_+_l ¥ < (w

- +h_ )

2 \y -1 ) A to ‘
(36) and (32) may therefore be used to define the regions for campletely
supersonic and completely subsonic combustion. In between we have a region
where, in this constant velocity, Vyo case, the flow starts off superaonic but
gradually reduces to subsonic as heat is added during combustion.

Ag a special case of equation (33) we have the case of low subsonic

v

_ : A
i
combustion when (2 ht

o]

) may be neglected. Hence we get in this case:

- Bly-1)

.1
- - - SR
without regen. ht
o

»w-

Py ¥ 4

e ikt . ik b
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~ Equation (37) shows that for combustion at low subsauic speeds .the.
maximum value of the thermal efficiency is obtained for the largest value of

(..‘L) (Sim. ;1 ‘l> 1, see (23) Append.:lxD)

vy

In the nam of higher flow velocities in the combustion chember,
aqurtion “33) in fact gives a similar trend for the variation of the thermal
cfficieucy with che total amount of heat addition during combustion. This is
c! 'y seen in Fig.7(a), (b) and (c) where cases associated with a ¢onstant

Vauh uur.ar MH.D. duct (K = 0.75), for Mach numbers of 1¢4, 0.5 and 2
respectively and duct efficlency of 0.25, are plotted far various values of
o :

: v
the cambustion velocity parameter (-é-—ﬁ-—> » Also shown are the regions for,

o

fully subsonic and fully supersonic flow during oombustion which are given by
equations (35) and (32). ' o

7
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. SBBOLS
temperaturs ‘
velooity

enthalpy
*,tal enthalpy

Mech number
heat added by regeneration

heat added by combustion

total heat addition

intermediate heat addition

heat addition on going from state a to state 8

specific heat at constant pressure

entropy
q t
<Defined by 22 - j 9—%—)
p

energy added during initial isentropic compression
ambient pressure ‘
total pressure

energy output from li.H.Dse duct
ratio of specific heats
initial canpression ratio

n

- (w
(m/sec)
(u%/000?)

) (_xnz/seo2)

- (n%/asc?)
(n%/ seoz)
(n/20?)
(mz/ seoa)

 (a¥sed)
(m2/ seczol()
(m?'/ secack)

(mz/'seoz)
(N/m2 or atmospheres)
(N/m2 or atmospheres)

(mz/ aecz)

expression defined in Appendix D far equations (31) and (32)

expressions defined in Avpendix A
Expression defined in Appendix A
length of M.H.Ds duct

"characteristic" length far M.H.D. duct given by
equation (25) in Appendix D

index used in Appendix D for o

index used in Appendix D for ¢

index used in Appendix D equation (25)
index used in Appendix D equation (23)
electrical conductivity

external load factor for M.H.D. duct (: j%é>

(m)
(m)
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| SYMBOLS (Contde)

'_B \ slectric field across the duct (webers/ m sec = volta/m)

. B | magnetic field across the duct ““'(wnberq/hga
‘Suffices o _ .

ot total conditions _
- 0,1,2,00¢7 stages in the oycle L e - .

adiate




117

AN

D.V. Freck
R.V. Harrowell
J.K. Wright

Se Nay
W.E. Young

I\‘Io We Thr ing

B.Y. Shumyatsky
P.G‘l POletav.kin.
Y.S. Malyvgin

M.W. Thring

D.T. Swift-Hook
J-K- Wrigh‘b

C. Carter

33

REFERENCES

Title, etc.
A survey ¢ results of the C.E.G.B. programms of
research on open cycle li,li.D. generation.
Proceedings of an International Symposiun on
Magnetohydralynamic Electrical Power Generation
Paris 6~11 July, 1954, Vole3 pp1301-1309 No.85

The feasibility of large-scale M.H.D. power
generation.

Proceedings of an International Symposium on
Magnetohydrodynamic Electrical Power Generation
Paris 6-11 July, 1964, Vole3 pp1483-1495 No.98

Survey of M.H.D. research.
Direct Current, (1965) ph0-59

M.H.D. generator unit with incomplete combustion
of fuel.

Proceedings of an International Symposium on
Magnetohydrodynamic Electrical Power Generation
Pa:is 6-11 July, 1964, Vol.3 pp1549-1560, No.100b

Magnetohydrodynamic power generation.
Journal of the I.E.E. (1962), pp237-241

The constant-Mach-number M.H.D. generator.
Journal of Fluid Mechanics, Vole15, pp97-110 (1962)

The optimization of a magnetohydrodynemic generating
duct.

Brit. J. Appl. Phys., (1966), Vol.17 pp863~871

July 1966, No.7

e,




005 903179

AMBIENT ENTHALPY LIMIT hmo.g

—— g =P

NOZZLE

h‘?
COMBUSTION 4

e M.H.D. DUCT
, . ;

HEAT DIFFUSER

REGENERATION

5
/ g
STEAM
| //k‘ 80ILER OR
COMPRESSOR ’/,/ . HEAT REJECTION
(@]
3 S
Q. h-s DIAGRAM OF THE CYCLE
A% 4
h‘l‘. A INCREASING
THERMAL CONVECTIYE 5% 6
HEAT TRAMSFER _
7
\
\ \
. )
w _ : )
L ____________  — :m-\o
6 P

L. hy-by DIAGRAM OF THE CYCLE

FIG. lasb IDEALISED POWER GENERATION CYCLE

bt sns o st ra e MR < e s e « -




005 903180

AMBIENT ENTHALPY LIMIT hmax 3

hA >
g /- - YNozzLe
, .
6
DIFFUSER
)
|
COMPRESSOR
0
P
a. h-s DIAGRAM OF THE CYCLE
38 4
hy 45 INCREASING
THERMAL COVECTIVE
TOTAL
HEAT TRANSFER 586  PRESSURE
NIV
I FOR
I M.HD
loucT

b. hy- py DIAGRAM OF THE CYCLE

FIG.2aeb POWER GENERATION CYCLE WITHOUT HEAT

REGENERATION




i I el it i

s sode Fgdan |

i —-,mmw.;@.-?,-u-’

o) < AMBIENT

| . ENTHALPY .
t. " LIMIT. Lo oo
5 (0) EQ

COMBUSTION w !

@)

' NOZZLES
A 1
s
a. h - s REPRESENTATION.
. D4 (D?_(4’)
t A INcrREASING T
THERMAL CONVECTIVE (¢) _~Z---""~ !
HEAT TRANSFER - !
|
!
{
! !Q,
B ] 5
' '
[} |
g :
] |
! ]
w2/ L 1]
A
—Q Py
b. he -py REPRESENTATION o |

 FIG.3aeb MODEL OF THE PROCESSES WHICH
_ MAY BE CONSIDERED IN THE COMBUSTION - PLUS-
' NOZZLES SECTION OF THE CYCLE.




O < .

- Fig.4asb

005 903ise -

4ooo‘k‘

3000 F

2000 | e

1000 | 7 (n)

\.

* (i) TSENTROPIC EXPANSION - SUPERSONK]

(w

T Tot
(%R)
i

|

(

/ I
. i

I

|

R Y T

Fe
< NOTATION FOR COMBUSTION
CESSES 2-I - 4,

\
\
\
\
2
O

_ .
i)SUBSONIC COMBUSTION AT CONSTANT
PRESURE ~ ISENTROPIC EXPANSION
(i) SUBSONIC COMBUSTION AT CONSTANT
AREA, —ISENTROPIC EXPANSION

- COMBUSTION AT CONSTANT F’RESSURH
. )ISENTROPIC EXPANSION —~ SUPERSONIC
COMBUSTION AT CONSTANT MACH|N9.=l'4.

a TEMPERATURE v ENTROPY

et S
iI3x 103 14%10% 2

&)

LOSS OF TOTAL

S ﬁ). A0 T4 e—— PRESSURE
! WITH SUPERSONIC _-Z-7
I COMBUSTION

A

///’/
//

”~ .
/‘/"

b TOTAL ENTHALPY v TOTAL PRESSURE

FIG.4aeb RESULTS FROM

he b _2277 NOTATION FOR COMBUSTION

2\ 3 E' A7 PROCESSES 2- [iy-4,
i P (n) AS ABOVE

; ol i

2 I Liv), -
1y
1x10 > L 1 L -4 Pt

4 ) 2 | . 0

(AT™MOS)

MODEL GIVEN IN FIG. 3, WITH

COMPLETELY SUPERSONIC AND COMPLETELY SUBSONIC
COMBUSTION PROCESSES. MACH NUMBER AT ENTRY T0

MH.D. DUCT M =1-4,

¥= 13 (AFTER THOMPSON)

e e e e kit s e it .

. N




005 90™I83 Fig.Sasb |
| i
4000°K, :
4 ,].:1(')
7 |
7
/s
7/ {
7 I
7/
/ |
7/ |
- // | §
’ I !
/ I
T e y 4(v) i
/ - 1
/ PR i
2000 |- yd _-- _,
/ -
/S Pl '
e -~ NOTATION FOR COMBUSTION
2.( -7 PROCESSES 2- I, 4,
[ —=T(i) SUBSONIC COMBUSTION AT CONSTANT |
ocoo L I _-~ PRESSURE - ISENTROPIC EXPANSION
16 - {(iv) ISENTROPIC EXPANSION - SUPERSONIC
Y COMBUSTION AT CONSTANT MACH No=2
| | %5
tZX\Os |3X\03 I4Xl03
m* | {
a TEMPERATURE v ENTROPY ' (SECz 0K>
S Ko .
T}, 4i) = LOSS OF TOTAL -4
| PRESSURE WITH SUPERSONIC .-~
| COMBUSTION -7
4 - | -
:
h ' "
3 | ' ~=" NOTATION FOR COMBUSTION
) ” I -~ PROCESSES 2-I(n)- 4 i
m*= | P ) ;
;E | /z’
| P
2 - (n) AS ABOVE
2,10
6 l L. ! ' -3 P
} X10 4 3 2 u o't
b TOTAL ENTHALPY v TOTAL PRESSURE (ATMOS)
FIG.5asb RESULTS FROM MODEL GIVEN IN FIG. 3 WITH
COMPLETELY SUPERSONIC AND COMPLETELY SUBSONIC
COMBUSTION PROCESSES. MACH NUMBER AT ENTRY TO
MHD. DUCT M,=2, &=13 (AFTER THOMPSON)




AR Yo S s S e < ra At et T A e i syt A l

% Fig.6 005 903184

KT-AO-S

100 ‘ ~

80 —f 7

70 2] \JJo&8 /] ¥Kk:0TS
©0 /[ // /

50 / 7;
a0 /R4
RATIO OF

TOTAL.

/
4V
ACROSS / j/ /

MHD 20 A
DuUCT
Pt‘) /
R S AN A
8 // / /
. 77/ 77
— /7
/)
4
3 ////// Mg DUCT MACH NUMBER
V K LOAL FACTOR

(EE APPENDIX D)

n

) O-1 o2 03 04 0'S
N bucT |

FIG.6 EFFICIENCY OF A CONSTANT MACH NUMBER
MHD. DUCT VERSUS RATIO OF TOTAL PRESSURE
ACROSS THE DucT (5=13)

M et Mo S




005 903188 Fig. 7g‘"
LEVEL OF MH.D DUCT EFFICIENCY ("\ nuc:r) LR

(o) —

\ L

029

s L ot S

SUBSONIC P
conaau:gw;:/\
7”7

7 PART SUPERSONIC
/ AND PART SUBRSONIC
,/ COMBUSTION

O I8 /
/ .
/e
CYCLE

EFFICIENCY ./ - -
| //"

o-20

i

WITHOUT 7 SUPERSONIC
REGENERATION 4/ COMBUSTION
a-10
005}
o | L , |
l 2 3 4 |

W
( r , COM BUSTION TOTAL-HEAT-ADDITION PARAMETER.
to

Pt

4

FIG7a MH.O DUCT MACH NUMBER 14 <—5—— = 4‘66)
ts

FIG7a-C EFFICIENCY OF A COMPLETE CYCLE WITH

CONSTANT PRESSURE (VELOCITY) COMBUSTION AND A i

CONSTANT MACH NUMBER MHD. DUCT (K=0O75) OF
EFFICIENCY 025, FOR VARIOUS VALUES OF THE

P
V.
COMBUSTION VELOCITY PARAMETER (‘}A'Tf{\) & =13)
' (o]

(see apPENDIX E (33) - 37)) J




025
(-V-Aa ,
SUBSONIC T
COMBUSTION P
-
/t'
- ozof - \
//
/’ PART SUPERSONIC
y AND PART SUBSONIC
/ COMBUSTION
/
/
ots |
cveee Ve
EFFICIENCY e
i’  WITHoOUT e
REGENERATIONj ,7
010 | SUPERSONIC
COMBUSTION
2
VAW
2h =
tO
005
VAZ
Zhe, |2
(o) L | [} 1 1 1
: & 3 4 5 e 7 8
(%——) , COMBUSTION TOTAL-HEAT-ADDITION PARAMETER.
&)
Py
FIG.7b MH.D. DUCT MACH NUMBER O-5 B =
t
5

005 903186

LEVEL OF M.M.D. buct erFFicieNcy (0 ouct)




CYCLE

©-25

020

G-\s

E".F'F'I"('ZI ENCY

WITHOUV
REGENE

T
RATION
o110

005

o

htO/

003 303187

LeveL oF MH.D. pucT efFiciency (M ouer

-~
SUBRSONIC -~
comsusnon’\
7”7
\,

, .
/ PART SUPERSONIC
/’ AND PART SUBSONIC

COMBUSTION

Fig. 7c_

, COMBUSTION TOTAL - HEAT-ADDITION PARAMETER

FIG.7c M.H.D. DUCT MACH NUMBER 2. -5-3- = 6-76
5




*DaAJIED JO PIE]T I8 TIMO AN Jo s3%els
SNOTIEA &1 07 QUBASTSI JCTMEIO] fs53ualatdmod Jo) 3 07 v sadTpusddy ul

*pasn s} 70MP
-3upquIausd ‘g H*{ STUOSJIHNS B YSJUM U] SST0A0 UOTIBJIued Jamod °Q°HH

JO amies] (eIMBU B BUTKIO] WOIISNGEOD djuosJadns JO A3jrialssod &3 Jo
SpEW USMq SBY WOJITUIMEX? pUe *TJe1dp UF PIIPNIS aIe IT2AD DIBITBAPT UB JO
gaIed SWOJJIBA *UCIqBIRUAl Jamod *GHH °TaMdo-usdo BuTuIeIqo Ul PIATOAUT
579983 %1 JO wWOS Jo Apnas papJitduys Aseupuiread e squesaxd gaoday sIUl

296 Awy Lillg 3loday TEIJWIO3] JUMYS [1qeIST JeX0ITY TeA0Y

FIMO FHL NI NOILSNGHDD ODINORHIHS

40 TPY IWISH4 THL 40 NOIIVNIYIE W WV NOIIVYANGD MaMOd

cozes OINVNAGORIAHOLINOYH FTXO=-NIJ0 O AQNLS QITITTIUS ¥
$ ¢°g¢s
3 62°Ligc 129 *g°p ¢L3TPOOM

*DaAlJIp JC PIISIT ate ITILD Y1 JO s33els
SNOJJRA 7 07 QUBAST2J SETNOLIOJ *S5audlITdmod J0J 49 07 v sadppuxddy ujg

*pasn ST 30D
-8uqBlaued "(°H*N oTuosIadns B UYOIUM UL SITOR uoraeIaued Jamod °*Q°H°H
JO aungBaj reanleu B SUINLIO] UOTISTKIOD Ofuosaadus Jo £La11191850d QY3 JO
epum U3aq SEBY UOT1BUIWEX3 pue f{ie1ep Ul POIPMIE 3Jde 3TIAD pasyTeep} ue JO
sqqed SNOJJEA  *U0(qBIouadd Jamod °A°HCH 9TdAIUdd0 BUIUTEIQO UL PIATOAU]
sqa0®) 8yl JO aWOSs JO Apnis payjrrdmys Aseupmyraad e squssaad dodsy STUL
1961 Leyd L9 21043 TROTWKIOR] JUSMKS{Iqedsd  QJedday 1eAcy
FIOAD 3HL NI NOILSAEHDO JINOS¥3dNE
JO 104 F19ISSOd FHI 40 NOILVNINVY3 NV QNY¥ NOILVHANGD MaMOd
§%2e% IV NAGOMCGAHOLANOVI FIOAD=N3dO 40 RGNLS Q3IJITTHIS V
LI+ 14]

s 62°Lig*i9 enep € SaTPCOM

*DaA]Jep JO PEISJT 3J' 9T0AD SY] JO s9Bels
SNOJJBA 7 07 JUBAITAI FETNMIO] *B5aUS1aTCWO0 J03 *3 07 ¥ sadypuaddy ul

‘pasn s 10Np

-SupnBIaULS *Q*H*Jl 2TUCBJRANS © UDIUM U £9T94D uolI8asued Jamod °Q°HH

JO sami¥e ) TarInjeu e SUTWIO] UOTISNAWOd JIUOSIAANS JO £a11191550d A3 O
Ip™m UBIQ SBY UOTIEUTWEX3 DUB *TIE93p Uj PaIpnls aJe ITMO pIs(Iespr ue jo
gqqed SNOJIBA  *WIRIaURS JaMod °q°H°H aTS4o-uado Bujuyslqo Uy paAgoaut
§q908] IG3 JO YWOS JO Sfpms pepJiTdmys Aseupmraad ® squasaxi quoday syyl

*DBALJIP JO POIS|T aaB 9TALD Yyl Jo sadels
SNOJJBA Y3 07 JUBASTS] 9BTNMIO] *SE3UdITdWOD J0J 9 07 ¥ sao7pusddy ul

*pasn s} 9Np
~Fujqeaeusd *Q°H°H ouostedns B UOJUM Uf SI[AAD U0TIBIAUAF Jawod °Q°HH

JO sumea) TINjBuU ' SUNGIO] UOTISNQEEd djucsaadns Jo Aq11191850d U7 JO
9pBW uPaq SEY UO{1BUTWEX? Due *T1213D U PIIPN3S e ITIAD PISTLEIPY W JO
gqred SnolIeA *uoclimisusld Jemod °Q°HH °TMO~uRdo BUjuIRIqO Ul PIATCAU]
§7908] 9y3 JO MOE Jo Apniys papyjrduys AJeuympyaad ® squesaxd 10dey sTUL

e P 5 ot S e

l961 Layy LiU9 2xdey TeoTWIoal JUAMS}TqeISd IJRIdATY TRACY 1961 Aoyl L19 1aodey TESTUIDS] JUAKSITAEIST 3 JBIITY ooy
: FIOO FHE NI NOLISAHDD OINOSHIdOS FIOAD SEL NI NOILSAGHDO OINOSHILNS
40 T0¥ TIEISS0d I S0 NOLLVNIHVXE NV GNV NOTIVYENGD ¥aMOd 40 FI0¥ TIIISSOd FHL SO NDILVNIHVXI NV QNV NOILVYANGD Y3MOd
5265 IMNAQOUIHOLANOVH TTXO~KEJ0 40 XANIS Q3141TdHIS ¥ 52 DIHVMNAGOWIEHOLANOVR TTMO-N340 40 QNS GITJITdHIS ¥
L 141 L4 14
t 62’116 129 *9°r *AatpoopM 2 62°LI£°129 *g°p fRaTpooH
L L - - - L

e T ORI e i S e e kT TR e e T oo




