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I DODU1TM9 - IDrALI.M) M.H.D. POWER G1ERATION CYOI

* Fig.l(a) shows an idealised MH.D. power generation cycles in which the

F.- compressor, nozzle and 1U.LL-fMer Of '"le syza wa ar asa=fll to operate

isentropioally. In this cycle it is also assumed that no reocpression is

necessary after the diffuser (following heat regeneration) 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 enthalpy (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 restr-Lction to subsonic flow has been aau•ued, 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.l(b), on the other hand., shows the same cycle as Fig.l(a) but here

the total enthalpy aad total pressure required in the system are shown. In

Sthis diagram the isentropic sections assumed above are represented by a single

point in each case, and this representation of the cycle shows clearly how the

total pressure in the system is reduced progressively, following the initial

compression in the leg 0-1, back to atmospheric pressure at 0. Also the

sections of the cycle are clearly seen where the total enthalpyZ, and hence the

driving eithalpy for convective heat transfer, is high.

1.1 M.H.D. duct temperature and heat regeneration

In order to get the degree of comductivity in the gas, even with

seedingI, which would be sufficien-v for economic use in the M.H.D. duct, the

ambient temperature in the dcuct wou2,d have to be of the order of

25001' ' Although with stoichiometric mixtures of foss-l fuel and air

at atmospheric temperature it would appear to be possible to obtain tempera-

tures of this order by conbustion, the adiabatic temperature of fossil fuel

being around 2300-27000K, in practice such templratures are only obtained by

having oxygen enrihment of the air or using air preheated (by regeneration)

by about 1000°C. Hence when oxygen enrichment proves A.economic heat

regeneration forms an essential part of the cycle.

1*2 Thring's idea of improved heat regeneration leading to 'hypersonic'

combustion

The maxiuum temperature at which a metallic wall capable of standing a

very high pressure difference can be operated at the present time is ,about

100) to 11000C. It is therefore possible to regenerate heat through a wall

4tm+



4 117

maintained at this temperature. In view of this Thring3' 5 has proposed a heat
exchanger which "would not only pre-heat the air to 100090, but then would
be extended to a series of convergent/divergent nozzles in parallel which were

externally heated by the combustion products, so that the heat could be passed

through thý.. walls and the expansion to high velocity could take place

e.,sentially isothermally at 1000 0 C. In this way one arrives 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 10000C, due to the additional in-

take of kinetic energy, than would be possible, say, in the ordinary system

where the air velocity at the entry to the combustion chamber is low. Thus

he submits that combustion can then take place in the high velocity, possibly

hypersonic, stream. 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 combustion

compared to subsonic combustion (see section 4.1), which would have to be

allowed for in the initial compression stage of the cycle. However, it is

not clear how this convergent/divergent - honeycomb heat exchanger is to

work. For, although the wall temperature may be maintained at 10000 C and the

cooler stream expanded rapidly, heat transfer from 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 OFEN-CYCLE OPERATION dITHOUT HEAT REGENERATION

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 combustion, nozzle, and M.H.D. duct parts of the
cycle, it is convenient to include heat regeneration with combustion heat as

in Fig.2 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 combustion may be imcluded under the heading of
"combustion" alone. Hence for this latter case if we now define the heat

released by combustion, q, by:

q R +i)
(c0f. Figs.1I and 2)
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then, since the thermal efficiency, n th' of the cycle in Fig.1 with heat

regeneration is given by:
P-sw

-n- (2)

with regen.

the thermal efficiency of the cycle in Fig.2 considered from the view of no

heat regeneration will be related by:

" 11th = th)
with regen. without regen.

q(C)
without regen.

The duct effioienoy will of course be unaltered by this device and is

given for both oases bys

P P f nerM from duwct
11duct (h +( ht- + w + IR+q~ Total energy at/

t0entry to duct
• .. (4.)

Thus by this method we see that we may consider the problem neglecting

heat regeneration, but we must consider in its place more efficient combustion

than is usually possible, and remember that the thermal efficiency of the

cycle with heat regeneration will in practice be r..,h Improved upon that

without regene-ation.

It should be noted that in order to make the assumptions above, the

working f luid in the cycle has been idea•Lsed, and has been considered to be

composed of combustion products throughout all stages of the cycle. Hence a

constant value for y, the ratio of specific heats, for the working gases has

been assumed and the fuel mass addition has been neglected. The combustion
process (and heat generation) thus takes the form of a latent heat release in

the system, or may be considered as heat energy transferred to the gases

during combustion.

- .
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2.1 Typical relationships between-the ccle efficienrAes

Fron equations (1), (2), (3) and (4) we see that for the cycle given in

Fig.2 we have:

•th + w. + (

without regen.

For a typical range of conditions generally quoted for this cycle, it

is shown in Appendix & that, as the initial compression ratio, C, between

states 0 and 1 increases from I to 16, eaation (5) varies in the form:

/1.12 0S(o-

thto I duct to
without regen. 1.28 0.14

Hence for reasonable duct efficiencies the thermal efficiency in Fig.2

will for these conditions be close to the duct efficiency, assuming of course

that the compression ratio in turn is not excessive. How--;or, high initial

compression 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).

It is further shown in Appendix A that the thermal efficiency with

regeneration will be around 1i6 to 1.4 times higher than the above value far

the same range of the initial compression ratio.

3 EFFECTS OF AMBIENT T TAUM LaQT T 0S W THE CIBUSTION
R.EX' 3W) - NOZZ.E LMG OF THE CY(J

As indicated in section 1.1 the total enthalpy of the system after

combustion may be limited in practice, dlz to heat losses in the combustion

chamber. In order to simplify the picture far the energy-exchange processes

in the combustion cbnm1•, these losses may be replaced by considering instead

inefficient or incomplete combustion. However, even with practical limitations

on the total enthalpy which the system may attain, it may still be necessary

to restrict the ambient enthalpy (temp-.rature) throughout the cycle, and in

particular in the combustion 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,

althouwh 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 occur in the gas stream. But a restriction on ambient tcmperature

may result from attempting to limit or control the chemistry in the combustion

reactions. Typically this might come from the necessity to avoid dissociations

of the worldng gas (ionization coming fran seeding) or influence the relative

concentrations of combustion products. In this latter category, for example,

we have the suggestion for incomplete combustion of fuel in order to reduce

the amount of 002 as compared to CO, since at high temperatures CO2 would have

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

3.1 Supersonic combustion due to ambient enthalp limitations

In a gas stream the ratio of total enthalpy to ambient enthalpy is

given 8a)proximately by:

ht
h + 2

Hence the gas stream is supersonic when:

hht >(Y + 1)(6
h 2 (6)

For values of y in the range 1.2 to 1.3 this latter formula shows

that a gas stream will be supersonic 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 cambl.stion chamber. Hence the

combustion process 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 occur in the combustion chamber whenever the maximum ambient enthalpy,

h , satisfies the inequality:

ma
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m2+ (h ) (7

As mentioned earlier in section 1.1, should correspond to at least a

4h
temperature T4 of around 25000K. Hence for y = 1.e2, (7) indicates that f or

supersonic flow during combustion T would have uo be less than 250OCkmax

(i.e. h.) for M= I and 3180k (i.e. 14/11 h4) for M4 = 2. The corresponding

values for y = 1.3 are 2500 0K for M4 = I and 34809K for M,+= 2. Although

these calculations assume constant specific heats and thermally perfect gases,

the rough values quoted serve to illustrate how, for a superscnic 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 30000K.

4 PRESSURE LOSSES IN THE C OkBUSTION (REGENERATION) - NOZZLE- OF THE

CYCLE

Using the formula derived in Appendix B, we find quite generally that

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

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

h + maxptl) ht

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 combustion 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

secti on 2, has to be compensated 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 I (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 addition) as

well as expansion before entry to the M.H.D. duct have been included in this

model.
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Fig. 3(a) shows that once the maximum allowable ambient enthalpy has

been reached at B the ocmbustion process could continue in general for this

model to C at the same enthalpy, reducing in ambient enthalpy then to D'

before isentropically expanding to 4'. However, since this process will by

the formula above be less efficient than continuing the path from 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.

Appecndix C gives the relationships required to determine the various

states through the isentropic nozzle processes, I (or 2) - A 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 combustion Isocess A-B is, however,

not defined and for this one may assume, as in Appendix C, constant pressure

(velocity), constant 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

formulae of Appendix B.

Comparative study of the loss of total pressure required by the

ccmbustion-plus-nozzles model illustrated in Fig. 3 can thus be made by

defining h (which in same 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 I (or 2), and the total combustion heat release being

fixed for this investigation, (the parameter X being fixed automatically

by the other assumptions). Again 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 combus-

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 hmax as

possible).

4.2 Simplified calculations based on the above model allaming for completely
supersonic and complete Y subsonic ccabustion

Fig.4 shows the results from calculations (made by Thompson) based on

the model in Fig.3 for a fixed amount of heat addition by combustion where

the combustion-nozzle processes between states 2 and 4 have been considered.

(i.e. only the processes upstream of the M.H.D. duct which occur after the

heat regeneration leg 1-2 have been cons-iered.) Also no restriction an
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aomp!etely supers~oni &P ccnplete•y mp__se•tk co-mbutiont Processes have b feen
considered together with the appropriate isentrcpio nozzle expansions which

are required to match in with these in order to arrive at the same Mach
number, X 4 = 1*4, at entry to the M*HeD. ducot

The key to the various oomb,,_1etiar-nozzle combinations studied in given

in Fig.4(a), with the various paths 2-In -4 identified by the suffi, (n),

of the intermediate State I • For the conditions of this example it was(n)
not possible to include the path with isentrcpic expansion followed by super-

snic combustion at constant area. The reason for this is that in this case

the initial total enthalpy at state 2 was not sufficiently high to allow

expansion of the flow to the large velocity required for matching this process

to acnatant area supersonic o abusticn th ough to a Mach number of 1.4 at

state 4.

Pig.4(b) illustrates clearly for this example the large loss of total

pressure in the system through such supersonic combustion processes. As

mentioned earlier, such pressure losses would thus have to be tolerated in the

Thring model of the heat regeneration - ccmbustion system described in

section 1.2.

Fig.-5 shows results from caloAiaticas similar to those illustrated in

Fig.4, where the Mach number at entry to the duct was assumed to be 2 instead

of 1.4. Again matching supersonic combustion at constant area to the required

isentropic nozzle expansion was not possible for the conditions assumed. Nor

was this matching ir. fact possible for supersonic combustion at constant

pressure, although apart fran this the general picture is much the same as

before in Fig.4.

The processes shown in Figs. and 5 are by no means optimum, but they

illustrate the large pressure losses involved with having fully supersonic

combustion in the cycle as compared to fully subsonic caubustion.

5 CONSTANT MACH NUhMER M.H.D. DUCT - INTEGRATION OF THE DUCT INT0 THE CYCLE

In order to estimate the efficiency of the M.H.D. duct itself, the duct

with constant Mach number has been conside:red. in fact, as is shown in

Refs. 6 and 7, this duct is close to ha ./ing optimum efficiency, even when a

constant load factor, K (see Appendix D), ie assumed.
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A simamery of the relations appropriate to this duct are given in

Appendix D, and the efficiency, Tduc A. for such a system is illustrated in

Fig.6. 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 (a most

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 therefore 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.

5.1 Integration of the constant Mach number duct into the cMaplete 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. Irn practice the duct length

. required to achieve this efficiency might be too long if the temperature level

or mvAgnetic flux strength in the duct is limited. 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 is integrated into the full

thermal cycle the overall thermal efficiency is given by equation (28) in

Appendix E as:

II + C s
7th =01 _( -I
without regen.

This equation illustrates that for a fixed amount of heat addition by

combustion, q, the overall thermal efficiency decreases as entropy increases

due to less favourable choice for the combustion process.

When the type of combustion process is fixed, the relationship of overall

thermal efficiency to .. H.D. duct efficiency for various total amounts of heat

addition during conbustion has also been studied in Appendix E. Explicit

optimisation was not found to be possible far most of the combustion processes

considered, but for the case of constant pressure (velocity) c cmbustion at low

subsonic speeds it was found that the optimum value for the thernml efficiency

.I... ..
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is obtained by having the largest amount of heat addition possible daur&Wa the

combustion process. Purther the same trend. is true for this a&se at high• r

flow velocities given by the velocity parameter in the oombustion

chamber, as can be seen from the examples illustrated in Pi•.7(a), (b) and (a).

Here the cycle efficiency is plotted against the combustion total-heat-addition

parameter (i-) and is shown by solid curves for each value of the velocdty

0
parameter. The regions in these figuros for fully subsonic, fully supersonio,
and part subsonic and part supersonic combustion are illustrated by the dashed

lines. (The Mach numbers assumed for the M.H.D. duct in these examples were

1.4, 0.5 and 2.) Thus it is seen that the M.H.D.. duot Ifi of 0.25 1&

approached only for the case of subsonic combustion with high heat additon

the supersonic combustion region being much less efficient due to the large

initial compression which is required to camplete the cycle for this type of

combustion process. e

6 CODNA03NG R=(ARS

In the above simplified examination of parts of the M.H.D. poer

generation cycle no allowances for heat loss or real gas effects have been

made in the analysis. Although it might be argued that efficient regeneration

processes should compensate to some extent for heat 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' nozale, perhaps with

regeneration as Thring suggests, followed by supersonic combustion might be

desirable, since then no hot nozzle expansion is necessary, the ambient

temperature is limited (see section 3), and the maximumn 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 f or this the overall efficiency may be low, as was indicated fron

the examples studied for supersonic combustion in section 5.

Since, on the other hand, complete canbustion before expansion in a

nozzle to the required conditions for the M.H.D. duct produces problems of

............. ......



117 13

heat loaves and~ hi~a ambient temperature, a compromise between1 these two

systems is suggested whereby the nozzle end oombuqtiori chamber are cczibinede

Thus a 'heat-addition' nozzle would seem app7ropriate, whiichi woul~d consist of

subsonic and supersonic regions of combustion# with the necessar'y area change

to avoid choking in the channel. In fact., combining the roles of the -ia~rious

M.H.D. duct might prove efficient as a means of 't~opping up' the total
enhlyarx1 improving the distribution of power density alor the ,duct.

I 7I
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TXPICAL R~I~INHP BETEE THEOL~ TCI~OE

.In section 2.1 we. have:

h + w +q

dut

0 /

wihu 5 h (g1500 K

wherei thepinital cylshompresion raios Ir st2at roug estiate ofte.re

0

htC 5h ht+ c15h00 2 Ock)

Y-x1
WqC Y I 9 ht ()

D 0

( 0Y I1
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and

Bu

9- (C)y

With y ýc 1.,3 then Y < 0.25, and if' we consider 1tie moderate range t'QV'

the Initial. compression ratio of 1I C -c 16,9 then: Ij

Therefore for C in this range we have:

1. 125 -cA < 1.285

and

0B <0*11+3

Thus as C increases from I to 16 the correspondiing change in equation (5) is
given by:

L1.125 to 1.285) nduc [0 to 0.14-3]
without regen.

In addition the conversion factcr given in (3) for conversion to the case with

regeneration is given by: t9C)

(LC

and this decreases from 1.6 to 1.4.+ as C increases from I to 16.
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COMdBUSTION IN OR HEAT ADDITION TO THE FL•OW --

h t

q q

For a typical leg of the cycle a-B, where an amount of heat, q, is

either added to or produced by combustion in the flowv we have the following

relations when an ideal gas-model is assumed: 6

q -- ht - h .. ., . . "

or Energy equation (8)

*dq = d ht

dp p - pv dv UMomentum equation (9)

P ( 7 .ph Squation of state (10)

ht = h+jv 2  Definition of ht (11)

P tpht)[ (Tt)] Definition of pt (12)

Fran (), (10) and (11) we have:

(: ) (v-v- '( •{d h ( 1 ) (

p 3
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By logarithmic differentiation of (12) we get:

SHence by adding (13) and (14) we obtain:.

-d.-) dht --fro (8)

tt

0~ (5)

Integration of (15) givess

.ti) ap +ht (6

h aF,

(where in terms of the specific heat we have:

h = CO

From (d) we have:

h -h +(17)

Equations (16) and (17) thus give the total pressure and total enthalpy

at 3. The determination of the integral in (16), however, oannot be made

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

Particular examples f~c the canbustion (heat addition) process which are

usually considered are:

(i) Constant static enthalpy.

(ii) Constant static pressure (i.e. constant velocity).

(iii) Constant Mach number.

(iv) Constant area.

-
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PW these prOOsases the torwuiae re-juired for the deez~~ta Aft

properties at A in adcition to equations (8) to (17) are siven below.,

() cons t#t statin entha1ly

andAow he.ave . . . ...

Ih h

(ii) Constant static pr~essure (velocity

And

quo+hIt v
_ _% md olo sfh - /(q + h -v 2  ht i -V 2  )

(iii) Constant Mach number

'ht 2
ij(y1) opnot., atafllpoints frcm ato.

* Ii h

(Note: ha h
ta
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Thrfoe

hh

2 da

0 t

2

2I 2 (19)m 19

(a i a

iv osatae

POi MV V otiut fms- 8

Usn thi euaton(9.ine.ats..-gve
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Using (10) and (20) we obtain a quadratio for v.

(y + 202-2y V4 Pa + + 2 (yt+ 10

O L at

The r*a]Jtstic solution for v frcmothis quadratic isj

yv+ IF+ + 7-2(y 1 (lt + q)
v = '(yr l . ... .

,... (21)

Thus using (21) together with (20), (11), (12) and (I7) tib [roperties

at point 0 may be determined. It should be noted that in this oce it is not

convenient to calculate in order to determine Pt directly. Note

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

Pt 7\h

t T.

t + qa -~ -
v~)v

a
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Appendix C

FWMiLULAE RELATING 'TE VARIOUS A'ARTS OF THE MODEL FOR THE

OOMBUSTION-F'MS-NO7ZLZ8 SECTION OF TU CYCLE

(see Fig.3)

(i) The process fran I (or 2) to A in Fig. 3 is an isentropic nozzle

expansion and is given by:

htA hti (or h )2
t t

tA 1 2

vA (< (2 ht) 2 ) depends upon the nozzle expansion, and can therefore be chosen

arbitrarily.

(ii) Process from A to B is given by; (h 5 h2

h =h + Xq

together with (for the following special cases given in Appendix B):

(a) Constant static pressure (velocity)

VB vA

and =

(tB ht +X)h -vAtA tA

(b) Constant Mach number

VB h VAtl % .I
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and

ht
h, htA_

h h (h A A(_L) Y e A Ae A v)

PtA

(c) Constant area

/PA + + Y2 A2  + 2 2 )(h +
YV Y +) 4Y 2 A~ ~2 )2

PA7A PA7AAVB ' ( + 1)

and

2 h______+ ____

p [(PA + PA VA) PA VA) VB 2
htA B)½

(iii) Process from B to D is given by: (hD hm)

h = h + (1- X) q

VD = 2(h•-h )

(or h.~B

and from the constant ambient enthalpy process given in Appendix B

PI• Y- h I X -

(ti ( hY e

(iv) Process fram D to 4 is again an isentropic nozzle expansion given by:

ht4 =htD

Pt4 = P

with v, (< 42 th) chosen to give required velocity at state 4.
t4
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Appenidix D. ..

FORMULAE RELATING PROPERTIES IN iA OONSTANT

MAWL 1l NUER M.LD. DUCT

From Ref.6 using the notation of Fig.2 we find that for the constant

Mach rnmber M.H.D. duct the efficiency of the duct, 9duct' and temperature

and pressure ratios across it are given by:

Tt
I (22)"duct Tt

t4

and

Tt T (p
Tt5 (23)

where 1 = {1 + ½ (I-K) (Y-1) M) y/(y-1) K, and, 4 and y are constant.

K is consideroed constant in this analysis (0 < K < 1) and is the external

loadfacor (!see list of symbols)) at each point in the duct. A typical

value far K being 0.5 to 0.75 for an efficient duct.

Fram (22) and (23) we obtain:

J' = (- ''dt) (24)
Pt 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 y = 1.3 and various values of M4 and K.

Although for particular values of M4, y and K the duct efficiency

depends only on pressure &ad 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 practice this value may

correspond to an unrealistic length for the duct, when, for example, the

temperature level cv magnetic flux strength is limited. Also it should be
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noted that optimum duct efficiency does not necessaeri-ly correep-o- to opt-a=

overall efficiency for the full thermal cycle.

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

x is given bys

(25).-- : n- ( - t)

where w' : P-z -(• •'),

X* ~p,+ v4) ht 2B

K'(1 -K) W'., 04 V 4

and the indices y and z' originate from an expression of the form 0 p-Z9

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

z' is of the order of 0.4-0.5-.

: *

•."
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Appendix E

INTEGRATION OF THE COSTAT MACH NMMM

M.H.D. DUCT INTO THE COM,7LETE CYCLE

Using the notation in Figs,2 and 3, from Appendix B equation (16) we

have directly, by considering the energy addition w during isentropic

compression and heat addition q during canbustion:

Pt

0 0

As

0 e

0

,where As is the entropy gain in the process.

If we assume that pt = Pt (i.e. that the duct operates down to the
4 ~5
initial pressure), then by matching the pressure through the systam we see

that:

As
Pt q w h( ,) e p (26)

"Pts hto

From equation (26) and (Z4) in Appendix D it follows that:

tor h e~p-1
o \ Yt C

(27)
As

h hto[(I -1 nduct) -Y- q

This shows how an increase in initial compression, given by the energy

parmieter w, arises from an increase in entropy in the system.
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From (5) section 2.1, (2) Appendix D, an. (27) eliminating w we gets

nth = 1 + -1

without regent (28)

= 1 .. o 0 ~nduct)P Y

Equation (28) illustrates how for a fixed amount of heat addition, q,

the thermal efficiency of the cycle decreases as entropy in the system

L.oreases. Hence the most efficient system for a fixed value of q requires

the minimum entropy gain or total pressure loss in the combustion part of the

cycle.

This is an obvious result and is associated with the comparison of

various combustion processes for a fixed amount of heat addition, q. However,

for a particular combustion process, optimisation of the thermal efficiency

when q is varied is far more complex, since in (28) As is a function of q6.

Differentiating (28) with respect to q it follows that for stationary

values of -nth q must satisfy the equation:

without regen.
As

d 0 =
e Y

or,

As 
a s

e p (1n-lid(29

Hence if a clear maximum value of Tth 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 combustion process assumed.
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As examples of tis I-timiiation process we nay ccmi.er in detail the

cases of (i) constant static enthalpy, (ii) constant static pressu'e

(velocity), and (iii) constant kach nutnber, contbuetion, which ý4-e liated in

A."pendix B. For these processes we jiay consider cowL=btion, uaixi tie

notation of Fis.1 and 2, to start from some state A between I (or ;) and 4

as in Fig.3.

Hence we have in addition to equation (27) fcr each case the follc-)int

equations fran Appendix B:

as _
MC hp A

S2
(w +ht ~~

S04_ (q+h -ht v )
p A

, 2
(h -VA)

2"(w+ht - Av)0(,w + hto - 2 vV)

ahtA•- ~ t, hA
(iii) j -t

h tt
A0

[ + h . ,,|

q q+w+hw + h,. -v

- ( , o)o
w + h (30)

t +
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Particu~lar oast i

The simplest cae above to algebraicaly is that- ofconste.nt

static pressure combustion. For this case equations (27) and (30) (ii) ma

Alf
be solved for e P and w directly to give:

An ~2 (-L)

p 1+ (-31y-'1) (3.)

I " duct) - ('2ht.) +

... 0

A 2

"ht2 nduct Y 2 +-2h+ 0] (32)

where

(Io + A + 0 h

C
Howeverl substitution of •OP from equation (31) into (29) results in an

equation for q which is not amnable to simple analytical treatment. Hance

it is better to study the behaviour of the thermal efficiency with q more

As• ~Cp

directly by substituting for e from (31) into equation (28). This gives:

~(1-+ .- p)

•th n (oduct)

without regen. (_

++

2 •hl:(1t -"uct)

+~ q( +2. .

L.duct Y) ht
CI 0

... (33)
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At any stage during the ombustion 1rooess va haves

2 T i,m w t ½ 1KA (2t)vA=( ) h = (Y I) 1) (w + ht (30
0

where q' is the amount of heat added up to that stage during combustion and

0 4 q' 4 q.

Hence, from (34), the flow during combustion will be sonic or super-

sonic at points where:

2 2

A (Y -) (w+ h t + q' - v!)

T YzJ"\ - A ;o• (w + ht°0 + qt) ,1

Thus since q' lies in the range 0 4 q' < q, the combustion processi 11•II be

completely supersonic when:

' .. , - ) 0

and completely subsonic when:

. )V (w + ht7)

(36) and (32) may therefore be used to define the regions for completely

supersonic and completely subsonic combustion. In between we have a region

where, in this constant velocity, vA, case, the flow starts off supersonic but

gradually reduces to subsonic as heat is added during combustion.

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

2

combustion when may be neglected. Hence we get in this case:

'=th nduct "- duct) r - (37)
without regen.
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Equation (37) shows that for ocmbustion at low subamaic speeds theI

maximum value of the thermal efficiercy is obtained for the largest value of

(i-)q' .( e i (nu -l > 1, see (23) Appendx'D.

In the nai, of higher flow velocities in the omabustion chamber.,

dqurtXorI '33) in fact gives a similar trend for the variation of the thermal

cffiCieticy writh Uhe total amount of heat addition during combustion. This is
c.1  "y seen in Fig. 7(a), (b) and (o) where cases associated with a constant

VsA.i iai.ar M.H.D. duct (K = 0.75), for Mach numbers of 1.4, 0.5 and 2

respectivelj and duct efficiency of 0.25, are plotted for various values of
V2

the combustion velocity parameter (2Ahto. ) Also shown are the regions for.

fully subsonic and fully supersonic flow during combustion which are given by

equations (36) and (32).

ip
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T temperature 0 k-)

v velocity (qsec)

2 2
h ttal enthal~py (rn /s.0)t

U Mach number

heat added by regeneration M2 /B2

qC heat added by combustion~ (M/see2

2 2q total heat addition (rn/aeo)

q intermediate heat addition (m2/seo 2

2 2heat addition on going from state a to state j (M /se0)

C specific heat at constant pressure (M2sea2A)
p

S entropy (mL/seo•)

q

w energy added during initial isentropic compression (M2/sec 2 )

p ambient pressure (N/m2 or atmospheres)

Pt total pressure (N/M 2 or atmospheres)
2 2P energy output from I,:.H.D. duct (m /sec)

Y ratio of specific heats

O initial compression ratio

a expression defined in Appendix D f cr equations (31) and (32)

A expressions defined in Appendix A

B Expression defined in Appendix A

x length of M.H.D. duct (W)

"x* "characteristic" length for M.H.D. duct given by (i)
equation (25) in Appendix D

y' index used in Appendix D for a,

z index used in Appendix D for cr

w' index used in Appendtix D equation (25)

P index used in Appendix D equation (23)

a' electrical conductivity

K external load factor for MH.D. duct (=iB)



- jo - -ý-- -

32 117

Sa t (Cont.)
3 olectric field across the duct (webers/ m goo volta/zD)
B. mipaa tio field across the dxwt (weberu/m)

t total oonditions
-0,1 2,...? stages in the cycle
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