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1. Abstract 

A parametric study has been carried out for different closed noble gas MHD 

cycles coupled to a direct coal-fired combustion system and - in most cases -

to a steam bottoming plant. For the description of the components black-box 

models have been used, even for the l·lIlD channel in the first part of the 

work. The aim of this part is to quantify the influence of the 

choice of the most important designparameters on the total system efficiency 

and to compare the performance of systems with different configurations. It 

turns out that the so-called "topping-cycle" makes the "best system" with 

an efficiency of 52% for a "base case". 

After establishing the "best system" a parametric study is done with respect 

to channel properties to find an optimal system efficiency for both super

sonic and subsonic channels as part of a topping-cycle. In this part of the 

work the generator properties have been calculated according to the quasi

one-dimensional model [3,4] which succesfully described many of the Eindhoven 

University of Technology shock tube experiments; the other system components 

were still described by black-box-models. Most of the data for the "base 

cases" originate from the energy conversion alternative study, ECAS [1 ,2]. 

The main difference between supersonic and subsonic calculations is that 

for the first case the load factor is constant throughout the channel while 

for the second case the Mach number is kept constant by fitting the load 

factor. 

Comparison with ECAS [1,2] will show that in spite of the different starting 

points the final results, total efficiencies, do not show large discrepancies. 
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3. Introduction 

In the framework of the research on direct energy conversion, that is done 

at the Eindhoven University of Technology (EUT) especially on noble gas 

closed cycle MHO generators, a parametric study is carried out for systems 

consisting of such cycles coupled to a combustion system and a conventional 

steam plant. Then optimilization of MHO channel parameters will occur for 

a power unit of 1000 MWe with fossil fuel under physically and technically 

realistic conditions. This study can be divided into three parts: 

1. A parametric study of the cycle efficiency of three different configurations 

of noble gas cycles consisting of a flue gas/noble gas heat exchanger, a 

MHO channel followed by a recuperative heat exchanger and/or a steam plant 

and closed by a compressor system. To quantify the influence of single 

parameters on the cycle efficiency, the components will be defined as 

simple black-boxes characterized by their in- and outlet parameters, their 

isentropic efficiencies and some loss factors. 

2. The same is done after adding a combustion system to the cycles. Here a 

fourth configuration is to couple the steam plant parallel with the MHO 

cycle (without this plant) to the combustion system (so called parallel 

system). From these four systems one "best system" will be found. 

3. For this "best system" the in- and outlet parameters of the actual MHO 

channel will be computed using a complete quasi-one-dimensional generator 

model instead of some simple black-box relations. An optimilization of the 

system efficiency for the channel parameters will be carried out for both 

a supersonic and a subsonic channel. 

Most of the data used for the several non-MHO components were taken from 

ECAS [1,21. Finally a comparison will be made between the results of this 

study and the results of Westinghouse, WH, [1 1 and General Electric, GE, 

[2] as reported in ECAS. 
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4. Parametric study of the cycles 

The first step to evaluate the efficiency of the whole system, is to c"-rry 

out a parametric study of the cycle efficiency of a noble gas MHO loop. 

The cycle efficiency is defined: 

the fraction of the total enthalpy entering the cycle per unit of time that 

is converted into electrical power 

n = 
cycle Pin (4.1) 

Three cycles will be considered namely a regenerative Brayton-cycle, a topping

cycle and a combination-cycle. Figures 4.1, 4.2 and 4.3 give a survey of these 

cycles coupled to a combustion system. The common components of these cycles are: 

- the primary heat exchanger, for the heat-input from source to cycle 

- followed by an MHO channel 

- a cooling unit, also used as a heat-sink for seed recovery 

- a compressor unit, containing one or more compressor stages with intermediate 

cooling. 

In the Brayton-cycle (fig.4.1) a recuperator is placed to transfer heat from 

the low-pressure part of the cycle between MHO channel and cooling unit to 

the high-pressure part between the compressor unit and the primary heat 

exchanger. 

The topping-cycle (fig.4.2) shows a steam plant that is coupled to the loop 

by a steam generator placed between MHO channel and cooling unit. 

The combination-cycle (fig.4.3) contains a recuperator and a steam plant, what 

makes it a combination of the two other cycles. 

Studying the influence of several parameters a black-box theory is used. This 

means that all components are defined as simple black boxes with some in- and 

outlet parameters and characteristic properties, without taking into account 

the internal processes. Starting from a "base case", according to data from 

ECAS [1 ,2),a variation of parameters takes place. These variations will be 

kept within physically and technically realistic limits. 

Before calculating the cycle efficiency, a description of the components 

will show their in- and outlet parameters and their characteristic properties. 
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For the combination-cycle there are: 

1. the primary heat eKchanger 

with in- and outlet stagnation pressure and -temperature P7' T7 and P1' T1 

respectively. The pressure loss will be defined the fraction, k
1

, of the 

inlet pressure: 

2. the MHD generator (including nozzle and diffusor) 

with in- and outlet stagnation pressure and -temperature P1' T1 (nozzle inlet) 

and P2' T2 (diffusor outlet) respectively with special parameters: 

- the enthalpic efficiency, n : the fraction of the total enthalpy entering the 
e 

generator per unit of time that is converted into 

electrical power 

(4.2) 

- the machine efficiency, n : the ratio of the generated electrical power to 
m 

3. the recuperator 

the power generated by isentropic expansion in 

the same stagnation pressure interval 

P y-1 
1 - (..2)y 

P1 

while y 
c 

=..R. 
c 

v 

(4.3) 

a recuperative heat exchanger causing the heat exchange from gas leaving the 

MHD generator to gas entering the primary heat exchanger, according to: 

P2 - P3 
and with pressure losses described by k2 = ~~--~ 

P2 

4. the steam generator 

p -
6 

coupling the steam plant to the noble gas loop. The pressure loss at the noble 
P3 - P4 

gas side is k = 
3 

P3 
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To prevent pinch-point problems the inlet temperature, T
3

, has to be at least 

1100 K. From system studies carried out by General Electric for ECAS [2] some 

values of the efficiencies of a steam plant and the corresponding noble gas 

outlet temperature, T
4

, of the steam generator are known. This temperature 

depends on the feed water inlet temperature. High steam plant efficiencies 

can be reached by preheating the feed water by means of steam from the low 

pressure turbine that bypasses the condensor. An increase of the inlet feed 

water temperature will cause an increase of the noble gas outlet temperature 

of the steam generator and consequently of the inlet temperature of the cooling 

unit. The last effect has a strong negative influence on the overall cycle 

efficiency, as will be seen from the results of the calculations. 

5. the cooling unit 

as a heat sink providing the recovery of the seed (Na of Cs) added to the 

working fluid to get an increase of the electrical conductivity. Here too, 
P4 - p~ 

the pressure loss fraction is k = ; at the same time the outlet 
4 P5 

temperature, T
5

, will be kept constant 300 K for all parameter variations. 

6. the compressor system 

consisting of a one-stage compressor or several compressor stages coupled by 

intermediate coolers. For the pressure loss in the loop, related to the pres

sure drop within the channel a pressure drop loss factor, D, can be defined: 

(4.4) 

vJhen there are n compressor stages with intercooling to TS and each having 

an efficiency, n , the temperature-increase caused by compression will be)'~: 
c 

* for derivation see appendix 1. 

Y-1 
Y 

(4.5) 



The compressor power, P , is: 
c 

P 
c 

n m. c T 
p 5 = _--J;_::""=' 
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* 

* and the pressure drop loss factor 0: 

1 
1 0 = -5 

II (1 - k
i

) 
i = 1 

y 
+ 0) 

- 1 

Now the cycle efficiency can be defined as: 

P
mhd 

+ P - P 
st c 

Tlcycle = 
P. y-l 1 

l.n J; y 

~.T . {Tlm(1 
+ 0) 

T1 - T2 + Tlst (T
3 

- T ) -4 Tl 5 Tl - Tle c m 
Tlcycle = 

T1 - T 7 

From this expression for the combination cycle the corresponding formula 

for the topping cycle can easily be found by deleting the recupator; 

so: 

and 0 = 
1 

- 1 

For the Brayton cycle the steam plant has to be deleted, in which case: 

1 
T3 = T4 and 0 = --;;"4--==---- - 1 

II(l-k.) 
i=l l. 

To quantify the sensivity of the cycle efficiency on the choice of the most 

important design parameters, variations of Tl 1 are calculated for Tl , cyc e e 

for derivation see appendix 1. 

(4.6) 

(4.7) 

(4.8) 
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while all these parameters are varied one after another around "base cases ll 

for the three cycles. For each combination of parameters these calculations 

of 11 1 versus cyc e 
ne are performed for two reasons: 

1~ In most cases an optimum of 11 1 cyc e 
tion of this optimum depends on the 

versus n 
e 

choice of 

canbe.found; the exact posi

the design parameters. 

2. For the cycles that contain a steam bottoming plant, 11 determines the 
e 

balance of the power generated by the MHO generator and by the steam plant. 

The parameters taken into account are: 

11 the machine efficiency (= isentropic efficiency of nozzle, ~mo generator, 
m 

and diffusor together) 

T1 the inlet temperature of the MHO generator 

11c the compressor efficiency 

n the number of compressor stages 

k. ,0 
1. 

the pressure loss fraction and the corresponding pressure drop loss factor 

n
st

,T
4 

the combination of steam plant efficiency and the noble gas outlet tem-

perature of the steam generator. 

The temperature drop of the recuperator shows to be in practice larger than 

400 K. This is caused by the conditions T3 > 1100 K and TS = 300 K. 

Therefore this difference will be neglected as a relevant limiting parameter. 

Also it follows from the condition T3 > 1100 K that T2 > 1100 K and 

11e < .4S for T1 = 2000 K. 

The results 

Table 4.1 shows a survey of the parameter values of the three base cases and 

their variations. The results for these values are plotted, for the combina

tion cycle, in figure 4.4 up to 4.9 respectively. A comparison of the three 

base cases is made in figure 4.10, while figure 4.11 shows the inlet tempe

rature, T
7

, of the primary heat exchanger. 

The astonishing maxima 

of required compressor 

of 11 1 versus 11 can be explained by the increase cyc e e 
power that becomes larger than the increase of power 

delivered by the MHO generator and the steam plant, because the system-bottom

temperature, TS ' is fixed and both generator and compressor are non-ideal 

devices with an isentropic efficiency < 1. These maxima are not far from the 
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point that the power delivered by the steam plant equals the required 

compressor power, which has the advantage of technical simplicity. In the 

following chapters this situation will always be considered. Therefor in 

table 4.2 are gathered the values of ncycle when Pst = Pc for topping- and 

combination-cycle and the maximum of ncycle for the Brayton cycle. 

From the figures and the tables the following conclusions can be drawn: 

- the maxima of n l' for the three cases achieved for different values cyc e 
of n r are of 

e 
the same order of magnitude. 

- n increases for increasing n
m

, Tl and cycle 
- n cycle 

decreases for increasing n, k.-D and 
1 

exception that for the 

The decrease of n 1 cyc e 

Brayton cycle n 1 cyc e 
when nst and T4 have 

n • 
c 
n -T

4 
combinations, with the 

st 
increases for increasing n. 

higher values will be caused 

by an increase of heat-losses in the cooling-unit together with a decrease 

of the heat transferred to the steam plant, despite of the fact that this 

heat is converted to usefull mechanical energy with a higher efficiency n . 
st 

- the inlet temperature of the primary heat exchanger, T
7

, is for the topping-

cycle remarkebly smaller then for the other cycles. This will become 

important for stack losses and total plant efficiency, as will be seen in the 

next chapter. 

- For the present moment, neglecting the combustion system, the Brayton cycle 

has the highest efficiency for lower values of the enthalpy-extraction in 

the MHD generator (n
e 

~ .2), while the other two cycles seem to be preferable 

for higher values (n
e 

~ .4). 

- Comparing the topping- and the combination-cycle one remarks a rather small 

influence of the recuperator for n ~.4 except on the value of the inlet
e 

temperature of the primary heat-exchanger, T
7

, that is much lower for the 

topping-cycle. 

- For all cycles the efficiency, n l' appears to be a rather strong function cyc e 
of n , nand n and a somewhat weaker function of k

i 
and nco The MHD genera-

m st 
tor inlet temperature, T

1
, is an important parameter for the combination-

and the Brayton-cycle. It is of somewhat less importance for the topping

cycle, because an increase of Tl in this cycle results in an increase of 

the generator-outlet temperature, T
2

, in order to satisfy the condition 

P P . 
st c 



combination cycle topping 

b.c. variations b.c. 

n .78 .7, .75, .8, .85 .78 
m 

Tl (Kl 2000 1800, 2200, 2500 2000 

nc .88 .82, .94 .88 

n 1 2, 3 1 
I- - - - - - - - - - - - - - -. - - - - - - -

k. .03 0, .01, .05 .03 
~ 

D .16 0, .05, .29 .10 
-- - I- - - - - - - - -- - I- - -

nst 
.388 .4, .45 .388 

T
4

(K) 326 399, 554 326 

Table 4.1 the parameter values 

cycle Brayton 

variations b.c. 

.7, .75, .8, .85 .78 

1800, 2200, 2500 2000 

.82, .94 .88 

2, 3 3 
- - - - - - - - - - - - -

0, .01, .05 .03 

0, .03, .17 .13 
- - - - - - - - - -

.4, .45 

399, 554 

cycle 

variations 

.7, .75, .8, .85 

1800, 2200, 2500 

.82, .94 

1, 2 
- - - - - - - - - - -

J, .01 , .05 

0, .04, .23 
- - - - - - - -

I ... 
o 
I 



p = p 
st c 

combination 

n~ ncycle 

base case .3404 .5756 

n = 
m 

.70 .3005 .5489 

.75 .3278 .5657 

.80 .3482 .5820 

.85 .3711 .5964 

Tl = 1800 K .3404 .5496 

2200 .3404 .5988 

2500 .3404 .6291 

nc = .82 .3264 .5647 

.94 .3532 .5853 

n = 1 .3404 .5756 

2 .3818 .5387 

3 .3894 .5311 

5 

k = 0 .3667 .5933 

.01 .3567 .5879 

.05 .3220 .5615 

n = st 
.4 .3278 .5554 

.45 .2985 .5183 

Tabl~ 4.2 Optima of n 1 cyc e 
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p = P 
st c 

maximum 

topping Brayton 

ne ncycle ne ncycle 

.3842 .5678 .30 .5724 

.3548 .5341 .25 .5305 

.3741 .5554 .30 .5576 

.3928 .5766 .30 .5814 

.4061 .5940 .35 .6027 

.3636 .5518 .30 .5323 

.4000 .5813 .30 .6061 

.4254 .5991 .30 .6478 

.3745 .5561 .30 .5515 

.3927 .5784 .30 .5905 

.3842 .5678 .25 .5236 

.4136 .5366 .30 .5589 

.4251 .5310 .30 .5724 

.30 .5826 

.3934 .5793 .30 .6005 

.3904 .5755 .30 .5913 

.3774 .5597 .30 .5528 

.3771 .5518 

.3662 .5290 
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B M 

. 
-W2 m m , Y 

T, ~ TY2 T7 m T7 Ts 
'--' 

vt dlb c C 

TO TY3 

~ 5 

fig 4.1: the Brayton system 

B = combu$tion chamber 

C = c ompresso rstage 

M = MHO generator 

W = , primary heat exchanger 

w2= recuperator 

w4= C ooli ng-unit 

WS= air- preheater 
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Tg.m Tv, W, T, T2=T3 
W3 B M 

T4 

m, m 
y 

~4 -..J 

d b C C 

tig 4.2: I he loppingsyslflm 

B = combustion chambflr 

C = comprflssorstagfl 

M = MHO gflnl'rator 

5 = stl'amturilinfl 

W, = primary hflatexchanger 

W3 = steamgenclrotor 

W4 = cooling-unit 

W5 = air-preheater 
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Tg,' Tv, W, T, 
-W3 B M 

T3 T4 

m
l mv -W2 

TI ~ Tv2 T7 m T7 Ts 
~ 

d b C C W4 

To 

Js 

TV3 

fig 4.3: the c ombinotionsyst"m 

B = combust ion cho mber 

C = compr"ssors t a9" 

M = MHO 9"neralor 

S = stEomturbiM 

W, = primary heate-xcha nger 

W2 = r e Cupl! rotor 

W3 = steam9"nl!rato r 

W4 = cooling-unit 

Ws = air-preheater 
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5. The combustion system connected to the cycles 

The combustion system coupled to the cycles of the preceeding chapter consists 

of a combustion chamber, the primary heat exchanger, an air-preheater and the 

stack (fig.4.1, 4.2, 4.3). Identically to the preceeding parametric study, a 

study is carried out to find the influence of the parameters of the combustion 

system on the total efficiency, when for the cycles the three base cases are 

chosen. 

The components and their parameters are: 

1. the combustion chamber 

inlet parameters: ~ mass flow of fuel 

ml massflow of air (oxidizer) 

H heat of combustion of the fuel 
o 

T ambient temperature 
o 

Tl inlet temperature of air (oxidizer) 

outlet parameters: m mass flow of combustion gas 
v 

Tv1 outlet temperature of combustion gas. 

Neglecting the difference in specific heat at ambient temperature of the 

mixture of fuel and air before combustion and that of the flue gas after 

combustion, the heat-balance for combustion is 

with c = the specific heat of b: fuel 
p 

1: air 

v: fluegas 

at 0: ambient temperature 

1: combustor outlet 

1: combustor air inlet 

(5.1) 

with an in- and outlet temperature Tv1 and Tv2 respectively. With respect 

to the material properties, Tv1 will have an upper boundary of 2530 K, 

according to the allowable maximal temperature for the ceramics [2]. 
The heat transferred to the cycle, p. is 

:LI1 

== m 
v (5.2) 
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with in- and outlet temperature To' TI and Tv2 ' TV3 of air and combustion 

gas respectively. For TV3 a lower boundary of 427 K is taken to prevent 

passing through the dew point within the stack. 

The equation describing the heat-exchange is: 

(5.3) 

Combining (5.1) and (5.3) gives 

~ H = m [(c T - c 2T 2) + (c 3 T 3 - c T)] 
b 0 v pv1 v1 pv v pv v pvo 0 

(5.4) 

The efficiency of the combustion system, n
b

, is defined as the fraction of 

the heat, produced per unit of time, that is transferred to the noble gas in 

the primary heat exchanger. 

where A is the stochiometric factor: A = 
~ 
m

l 

A + 1 
A 

c T 
pv1 v1 

H 
o 

- c T 
pv2 v2 

(5.5) 

(5.6) 

Using (5.4) the efficiency nb can be written, depending of the stack losses 

i.e. of the combustion gas stack inlet temperature, Tv3: 

~ Ho - m (c 3T 3 - c T ) '1 _=-b=-__ -.v~~p~v~-v~----£P~v~o~vo~-= 1 _ A + 
nb = • H A 

~o 

The efficiency of the total system, n
tot

' is 

while stack losses, sv, will be: sv = 1 - nb 

c T 
pv3 v3 

H 
o 

- c T 
pvo vo 

For a specified fuel and a known stochiometric factor, there are two free 

eligible parameters among the four, T
v1

' T
v2

' TV3 and T
l

, to fulfil" the 

(5.7) 

(5.8) 

(5.9) 

two basic equations (5.1) and (5.3), that describe the combustion system. 

Because the design and construction of the heat exchangers define the difference 

of the temperature of the gases, the chosen design parameters are: 
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T - T7 v2 
the temperature difference between combustion gas and noble 

gas at the combustion gas outlet of the primary heat exchanger, 

and (5.10) 

the temperature difference between combustion gas and pre

heated air at the combustion gas inlet of the air preheater(5.11) 

Using the expressions 5.3, 5.4, 5.6, 5.10 and 5.11 the four temperatures 

characterizing the combustion system can be written as functions of dTb and 

dT : 
c 

1 [( c 
A cpU 

(T7 + dTb - dTc J Tv1 = c ~) T +-- H + c pvo A + 1 0 A + 1 0 A + 1 
pv1 

Tv2 T7 + dTb 

1 [ cplo 
c cpll 

dTC} TV3 T (c - ....2!.!. ) (T
7 

+ dT
b

) + 
c pv3 

A + 1 0 pv2 A +! A +! 

T = T7 + dTb - dTc I 

(5.12) 

(5.13) 

(5.14) 

(5.15) 

The proper choice for the values of dTb and dT
c 

is not only a technical but 

also an economical problem, because they determine the size and the costs of 

the heat exchanger. Economics being beyond the scope of this study, a choice 

of dTb = 400 K and dTc = 100 K has been made, based on values from the General 

Electric contribution to ECAS [2] and from an article by Bohn and Kolb [5]. 
From the expressions 5.12 ana 5.14 it is clear that: 

- for high values of the primary heat exchanger noble gas inlet temperature 

T
7

, the value of the top temperature, T
v1

' might become higher than its 

upper limit of 2530 K, 

- high values of T7 might lead to unacceptable high values of TV3 and the 

associated stack losses, 

- an increase of dTb will lead to an increase of Tv! and an increase of TV3 

and the stack losses, 

- an increase of dTc will lead to a decrease of Tv! and an increase of TV3 

and the stack losses. 

The cnly way to prevent Tv! from exceeding 2530 K in case of large T7 and/or 

dTb is to allow dT
c 

and the associated stack losses to take on higher values 

than desirable from a total-efficiency point-of-view. This is the reason why 

noble gas cycles with a high efficiency but also a high value of T
7

, may lead 
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to systems with poor total efficiency, as we will see later on. 

The following quantities are calculated as a function of ne for the three 

systems with base cases for the noble gas cycles: 

ntot 
the total efficiency 

sv the stack losses 

Tvl the combustion gas inlet temperature of the primary heat exchanger 

Tv3 the combustion gas inlet temperature of the stack ( > 423 K) 

Figures 5.1 up to 5.4 show the results of these calculations. 

« 

Varying the parameters of chapter 4 does not give any change in the shape of 

the plotted efficiencies, even not for the number of compressor stages. 

The conclusion from these figures is that, to obtain the highest efficiency, 

the topping system is the best system. This is due to the higher values of 

2530 K) 

Tv3 and sv of the other systems, caused by the higher values of T7 together with 

the limitation of Tv1 ' as it was explained above. Another conclusion is that for 

all cycles the top-temperature Tvl is at its maximum for the maximum of the 

total efficiency. 

In general the maximal total efficiency for a system with a given cycle and a 

given fuel, will be reached, when the heat-exchangers in the combustion system 

are designed in such a way, that the stack-inlet temperature will take on its 

lower limit value of 423 K. Calculations have been performed for dTb = 400 K 

and Tv3 = 423 K. For the combination- and the Brayton-system no physically valid 

solutions to this problem could be found, caused by the limitation of Tvl on 

one hand and the restriction on the amount of heat that can be exchanged in the 

air-preheater on the other hand. 

Fur the topping cycle with its lower values of T
7

, the construction of a system 

with dTb = 400 K and TV3 = 423 K is physically possible. The results of the 

calculations are plotted in figures 5.5 up to 5.8, where a comparison is made 

with the case where dTb = 400 K and dT
c 

= 100 K. 

An improvement of one or two percents for the total efficiency appears to be 

theoretically possible. In practice one ought to construct an air preheater 

with dT < 10 K for that case, that is impossible from an economic point of view. 
c 
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Figures 4.11, 5.2 and 5.4 show that for the Brayton-system, the very high outlet 

temperatures, T7 and Tv3 ' cause high stack losses and thus a low total efficiency. 

To improve this, a steam plant can be coupled to the combustion system between 

primary heat exchanger and air preheater. So Brayton-cycle and steam plant 

are, parallel to each other, connected to the combustion system (fig.5.9). 

For this parallel system the total efficiency is, 

P + P 
cycle st 

- the power delivered by the Brayton cycle, P l' is, 
cyc e 

P = n .m (c IT 1 - c 2T 2) cycle cycle v pv v pv v 

- from the steam plant, Pst' 

- the produced inlet power of the total system, Pin' 

P. =m.H 
l.n b 0 

The efficiency of the combustion system, n
b

, is identical to (5.6) and (5.7) 

So the total efficiency is, 

{

c T 
pvl vl n = n • 

tot b cpvlTvl 

- e T pv2 v2 
- c T 

pv3 v3 

A + 1 
A 

c T - c T 
pvl vl pv3 v3 

H 
o 

c T - c T 
pv2 v2 pv3 v3 

ncycle + -C~~T~~---C~~T~~ 
pvl vl pv3 v3 

a "weighted mean value!! of J1 land n
st

" 
eye e 

(5.16) 

(5.17) 

(5.18) 

(5.19) 

(5.20) 

(5.21 ) 

Similar to the preceeding parametric study now the free eligible parameters are, 

Tv2 - T7 

TV3 - Tl 

constant. 
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From ECAS [2] it follows that nst ~ .45 for a steam plant without stack losses. 

The conditions Tv2 > lIDO K and Tv3 > 554 K are always fulfilled. Some results 

are given in table 5. 1 , showing the maximal value of ntot and the values of T vI' 
Tv3 and sv being constant for variations of ne. 

Conclusions: 

- An increase of dTb causes an increas~ of Tv2 so the weighting factors of (5.21) 

change. This means that a shift of delivered power occurs from Brayton-cycle to 

steam plant, so the contribution of the Brayton cycle decreases and that of the 

steam plant, with its lower efficiency, increases. The resulting effect is a 

decrease of the total efficiency. 

- An increase of dTc shows a decrease of TV3 thus of 'Il and Tvl leading to the same result. 

- The opposite effect occurs by a small increase if Tv4 ' causing an increase of 

TV3 and Tvl and a shift in the balance of power towards the Brayton cycle. A 

larger increase if TV4 than shown in table 5.1 will lead to poorer results of 

ntotal as a consequence of the limited Tvl and of the increased stack losses. 

Figure 5.10 shows a comparison of n
tot 

versus ne of the parallel-, the Bray ton

and the topping system, for the base cases of chapter 4. Here the conclusion is, 

that adding a steam plant parallel with a Brayton-cycle to a combustion system 

results in a large increase of the total efficiency of the system. Nevertheless 

compared to the topping-system only for low enthalpy-extraction the parallel 

system shows a better result. 

FINAL CONCLUSION 

Considering the total efficiency, the topping system turns out to be the best 

one, with for a "base case II n = 52%. 
tot 

" The main advantages of the topping system with respect to the other systems are 

its higher efficiency, its lower values of the temperatures T
7

, T
v2

' Tl ~nd 

TV3 and the absence of a recuperator in the noble gas cycle. 
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dTb dT TV4 ntot Tvl TV3 sv 
c 

optimal 

600 100 423 .4485 2170 638 .07 

400 100 423 .4665 2170 638 .07 

200 100 423 .4797 2170 638 .07 

400 50 423 .4846 2424 942 .07 

400 150 423 .4518 1995 424 .07 

200 50 423 .4987 2424 942 .07 

200 150 423 .4650 1995 424 .07 

400 100 473 .4710 2390 947 .09 

Table 5.1 Results parallel system 
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fig 5.9; the parallelsystem 

B = combustion chamber W
2 = recuperator 

C = compressorstage W4 = cooling-unit 

M = MHO generator W+ = s~ondary heatexchanger 

5 = sleamturblO~ W5 = air-preheater 

W, = primary heatexchang~r 
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6. "Best case" channel calculations 

For the topping system an optimilization is carried out to find a maximal total 

system efficiency varying the channel parameters. For this study a quasi-one

dimensional channel program is used, for a working fluid of argon, seeded by 

cesium on non-equilibrium ionisation, for both supersonic and subsonic 

channels. 

The basic equations used here are described in the thesis of J.Blom [3]. For 

these calculations the gasdynamic equations were written in dimensionless form 

similar to Solbes [6]. The assumptions are made that the load factor, k, the 

maguetic indusction, B, and the divergence, a, are steady along the channel. 

The expressions for stagnation pressure, p , and -temperature, T , derived 
s s 

from the basic equations are: 

din (ps) 
= - i 

d~ 
(6.1) y - 1 . n • i 

Y P 
(6.2) 

x 
where ~ = - in"the dimensionless axial coordinate, 1 being the length of 

1 
the channel. 

The interaction parameter , i, and polytropic efficiencY,n , include the effects 
p 

of wall friction and -heat transfer described by the viscouss stress, Tw' 

and the wall heat flux, Q , respectively. 
w 

- the interaction parameter 

- < (J x B) 

i = 
x 

p 

> -
4 
D 

T 
W 

- the polytropic efficiency: 

1 + y -
2 

k 
,': 

1 2 * M (1 - k ) 

y - 1 
1 + 

2 
y - 1 

1 + 
2 

- the generalised load factor, including losses: 

4 
Qw * 

< E.J > + 
D 1 

k 
4 

< (J x B) 
u 

> + T 
X D w 

(6.3) 

(6.4) 

(6.5) 
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where M is the mach number, u the flow velocity, 0 the hydraulic diameter; 
- - -E, J and B are the electric field, current density and magnetic induction. 

Averaging of the cross-section is denoted by < >, all the averages are 

assumed to be steady in time. 

From the basic gasdynamic equations a dimensionless equation for the Mach number 

can be derived: 

din (M) 
d~ 

1 + Y - 1 M2 
2 

2 
M - 1 

. f:un(A)_ i l d~ 
where A is the cross sectional area. 

(1_Y-1 
2 T)p (6.6) 

The isentropic efficiency of nozzle, channel and diffusor together, the so-called 

machine-efficiency, n I is 
m 

* 

where PN is the stagnation pressure at the nozzle inlet and PO at the 

diffusor outlet. 

6.1. The supersonic channel 

The influence of several channel parameters on the total system efficiency 

of the topping system is investigated. Starting from a base case, table 6.1, 

the following parameters are varied: 

k the load factor (= < E. J > I «J X a>. u) = steady along the axis 

B the magnetic induction (steady along the axis) 

Min the inlet ~lach number 

sr the seed ratio 

a the divergence (steady along the axis) 

Ain the inlet cross section 

T)N the nozzle efficiency 

T)o the diffusor efficiency as defined in appendix 

description of nozzle- and diffusor efficiency see appendix. 

(6.7) 
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The results are shown in table 6.2; for Pst = 
printed out: 

n the enthalpic efficiency 
e 

P in the topping system are 
c 

n
is 

the isentropic efficiency of the MHD generator separately 

nm the machine efficiency (= isentropic efficiency of nozzle, generator and 

diffusor together) 

M 
o 

the outlet Mach number 

n 1 the efficiency of the topping-cycle 
cyc e 

the efficiency of the total system 

the temperature of the combustion gas at the inlet of the primary heat 

exchanger. 

1 the length of the channel when Pst = P . 
c 

The following conclusions can be drawn for the total efficiency: 

- an optimum of n
tot 

can be found for n
tot 

versus k 

- increasing of B, up to 7 T., causes an increase of n
tot 

- ~ot decreases for increasing Min (so Min has to be chosen close to 

Min = 1 for optimal ntot) 

- an optimal value of ntot can be found for ntot versus sr. 

- increasing a shows a slight decrease of ntot 
- n t increases for increasing A. ; because of the proportional increase of the 

to 1n 
channel length, there is a large volume expansion which might lead to un-

acceptable channel- and magnet dimensions. 

- nN shows a negligible influence 

- n increases for increasing n 
tot D 

For the base case (table 6.1), figure 6.1 shows those results versus k. A 

correlation seems to exist for the optimum of n
tot 

found versus the load 

factor k, the corresponding value of k itself and the inlet cross-section 

A. , in 
~n 

optimum 

such a way that an increase of Ai causes an increase of n t with 
n to 

for a larger value of k (so the increasing maximum shifts to the 

right). Table 6.3 shows the resulting optimal combinations of k, Ain and 

n
tot 

for the optimal parameters of table 6.2. 

an 
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From these last results the conclusion is that a total efficiency, exceeding 

50% is quite possible, although table 6.3 shows that the gain of the last 

few percents is caused by an increase of k from .83 to .92 and a volume 

expansion of a factor 10. 

Because this study only deals with the total efficiency the final conclusion 

is, that a topping system, with a supersonic channel will have a total 

efficiency of 50%. 
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6.2. The subsonic channel 

Finally a channel with a subsonic flow is considered. With the assumption 

that k, B and a are steady, there is hardly any enthalpy extraction possible 

because the Mach number immediately tends to M = 1 or M = O. To prevent 

this,the condition can be posed that the Mach number is kept constant by fitting 

either the divergence or the load factor or both along the channel. 

Here the assumption,k is a constant is replaced by the condition of fitting k 

in a way that from equation (6.6) 

Investigating the parametric influence on the total efficiency, the values 

found from the optimal supersonic case, B = 6 T, nN = .99 and n
D 

= .9 are 

used while varying Min' a, Ain and sr. 

For the base case, printed in table 6.4, figure 6.2 shows the curves of 

(6.8) 

nc ' 11m' llcycle' ntot and k along the channel. For Pst = Pc' the results of the 

variations are shown in table 6.5. 

The conclusions for the subsonic channel are: 

- the inlet Mach number must have a value close to M = 1 

- n
tot 

versus sr shows an optimum 

- an increase of a shows a slight decrease of n t 
to 

- ntot increases for increasing A
in

, so does the channel length, which leads 

to a large volume expansion of the channel. 

like in the supersonic case, the topping system with subsonic channel reaches 

a total efficiency about 50%. 

The main problem for the design of subsonic channels, under the condition (6.8) 

is that in practice the value of the load factor will be about constant over 

one electrode-pitch-length. As the values for k calculated by means of (6.8) 

vary over such a distance, it was investigated to what extend deviations 

from the calculated k-values can occur without disturbing the gasdynamic 

behaviour of the channel and thus the electric output. 

Adding an error 0 to the value of k resulting from equations (6.6) and (6.8) 

so k = k (1 + 0) (6.9) 
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* gives the conditions of 6 to find stable channels: 

_10- 3 
< 6 < 5.10-3 (6.10) 

Even within these limits the shape of k, calculated per step length of inte

gration is strongly affected by this disturbance. 

Efforts to define, over one pitch length, a mean value of k, allowing devia

tions of the Mach number corrected by a feed back mechanism to the original 

value by fitting the next-step value of k, are up to now without any result. 

Another possibility to limit the Mach number might be fitting either a or 

both a and k. 

1 12 m k .83 nN .99 
2 

A. 2 x 2 m B 6 T nD .9 
Ln 

A out 4.35 x 4.35 
2 

1.6 m Min 

a 5.60 
sr 5 -4 e 

Table 6.1 base case supersonic channel 

* a channel is called stable when the Mach number does not tend immediately to 

M = 1 or M = o. 
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Tle Tlis Tlm M 
out Tlcycle Tl tot Tvl (K) 1 (m) 

base case 36.0 76.5 73.5 1.22 53.2 47.7 2480 8.43 

k = .8 35.3 74.9 71.9 1 52.3 46.9 2482 8.24 

.81 35.9 75.8 73.6 1.06 53.1 47.7 2480 8.34 

.82 36.0 76.2 73.7 1.14 53.2 47.8 2480 8.43 

.84 35.7 76.7 73.0 1. 31 53.0 47.6 2480 8.52 

.85 35.6 76.9 72.4 1.41 52.8 47.4 2483 8.79 

.86 35.2 77.0 71.2 1.52 52.4 47.0 2486 9.07 

.87 34.5 76.8 69.3 1.65 51.6 46.3 2490 9.45 

.88 33.4 76.3 66.6 1.80 50.4 45.2 2494 9.86 

.9 30.5 74.6 59.1 2.16 46.9 42.0 2510 11. 21 

B = 3 T 31.2 68.7 60.8 1.77 47.7 42.7 2507 10.6 

4 33.8 72.6 67.3 1.52 50.7 45.5 2494 9.52 

5 35.1 74.9 71.1 1.34 52.2 46.9 2485 8.85 

7 36.4 77 .6 75.1 1.12 53.7 48.3 2476 8.15 

M, 
~n 

=1.2 36.6 77.9 75.4 1.11 53.9 48.5 2476 9.71 

2.0 34.6 73.8 69.8 1.39 51.6 46.3 2487 6.86 

2.4 32.7 70.6 64.5 1.61 49.2 44.1 2498 5.43 

sr = 5 -5 35.2 74.8 e 71.0 1.34 52.3 46.9 2486 8.89 

1 -4 35.5 75.5 72.2 
e 

1.28 52.7 47.3 2485 8.68 

1 -3 36.0 76.6 73.6 e 1.22 53.2 47.7 2479 8.40 

5 -3 34.8 
e 75.1 70.7 1.40 51.7 46.4 2485 8.83 

Table 6.2 results supersonic channel 
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11e 11is 11m M 
out 11cycle 11tot Tvl (K) l(m) 

ex = 5.10 
0 36.1 76.8 74.0 1.20 53.4 48.0 2480 9.21 

4.85 36.2 76.9 74.1 1.18 53.5 48.0 2480 9.64 

4.50 36.2 77 .0 74.3 1.17 53.5 48.1 2479 10.42 

4.10 36.3 77 .1 74.4 1.15 53.6 48.2 2479 11.35 

3.75 36.3 77 .1 74.5 1.13 53.6 48.2 2479 12.72 

3.35 36.4 77.2 74.7 1.11 53.7 48.2 2478 13.81 

A. = 
~n 2 

1. 8x1. 8m 35.0 74.6 70.7 1.37 52.0 46.7 2488 8.06 

2.2x2.2 36.5 77 .8 75.4 1.09 53.8 48.4 2476 8.91 

11 = 
N 

.97 36.0 76.5 73.5 1.22 53.2 47.7 2480 8.42 

.95 36.0 76.5 73.5 1.22 53.2 47.7 2480 8.42 

11 = 
D 

.86 35.5 76.4 72.2 1.22 52.7 47.3 2483 8.27 

.88 35.7 76.4 72.9 1.22 52.9 47.5 2481 8.34 

.92 36.0 76.5 74.1 1. 21 53.4 48.0 2478 8.44 

.94 36.4 76.6 74.8 1.21 53.7 48.2 2478 8.59 

.96 36.6 76.7 75.4 1.20 53.9 48.4 2476 8.67 

Table 6.2 continued 

2 
k A. (m) 11e 11is 11m M 11cycle 11 tot Tvl (K) 1 (m) 

~n out 

.83 2x2 36.6 78.2 75.6 1.10 53.9 48.5 2475 9.80 

.85 2.35x2.35 37.5 80.9 78.4 1.07 54.9 49.4 2469 11.17 

.86 2.50x2.50 37.6 81.4 78.8 1.08 55.0 49.6 2469 11. 74 

.88 2.88x2.88 38.4 84.0 81.2 1.10 56.0 50.4 2465 13.21 

.90 3.40x3.40 39.8 86.4 83.5 1.11 57.1 51.4 2468 15.71 

.92 4.50x4.50 39.8 88.8 85.9 1.06 57.5 51.8 2454 19.34 

Table 6.3 optima of k-Ain combinations 
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1 20 m k - nN .99 

2 x 2 
2 

Ain m B 6 T nD .9 

A. 
u~t 

5.92 x 5.92 
2 

m Min .9 

n 5.6
0 

sr 1 -3 e 

Table 6.4 base case subsonic channel. 

ne nis nm M out ncycle ntot Tvl (K) 1 (m) 

base case 37.0 76.5 76.3 .9009 55.6 50.0 2475 10.54 

M = in .8 36.3 74.5 74.3 .8028 55.0 49.4 2478 10.72 

.85 36.7 75.7 75.5 .8547 55.3 49.7 2476 10.61 

sr .- 5 -4 36.9 76.2 
e 

76.0 .9034 55.4 49.8 2476 10.60 

5 -3 35.7 73.9 73.7 .9017 55.4 49.8 2475 10.56 e 
1 -2 34.6 70.9 70.7 .9041 54.7 49.2 2479 10.80 
e 

n = 5.10 37.0 76.6 76.3 .9026 55.7 50.1 2474 11.52 

4.85 37.0 76.8 76.5 .8991 55.8 50.2 2475 12.12 

4.5 37.1 76.9 76.6 .9057 55.9 50.3 2474 13.00 

4.1 37.1 77 .1 76.9 .9033 56.0 50.4 2474 14.21 

3.75 37.1 77.3 77.0 .9038 56.1 50.4 2473 15.49 

3.35 37.2 77.5 77.3 .8997 56.2 50.5 2470 17.28 

A. =1.8x1.8 36.0 73.6 73.0 .9024 54.6 49.0 2480 9.78 
~n 

2.2x2.2 37.6 78.4 78.2 .9004 56.4 50.8 2472 11.30 

2.5x2.5 38.4 80.9 80.6 .9016 57.4 51.7 2466 12.46 

Table 6.5 results subsonic channel 
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7. Comparison with ECAS 

Comparison of the results, presented here, to those published in ECAS [1, 2) 

is not quite straight, because of their different assumptions and starting 

conditions. 

Westinghouse, WH [1), poses a constant load factor with a varying divergence 

and a special condition 

d 
dx 

(~ u2 ) = c 
p 

~ 
dx (7.1) 

to find a stable subsonic channel. At the same time Westinghouse takes a 

compressor system of two compressor stages with intermediate cooling to be 

optimal, supposing that all the heat coming from this cooler can be transferred 

to the feed water of a steam plant with an efficiency of 45%. These assumptions 

cannot easily match the figures that General Electric calculated for different 

steam plants (which were also used for the work presented here) resulting in a 

noble gas outlet temperature of the boiler of 554 K corresponding to an effi

ciency of 45%. Because of this temperature level it is likely that only a 

part of the heat produced in the first compressor stage can be absorbed by the 

steam plant. The assumptions of Westinghouse can only be justified by detailed 

calculations of a system with a high degree of integration of noble-gas-Ioop 

and steam plant, what was not done by General Electric and in the work presented 

here. General Electric, GE [2), does not give many details with respect to the 

channel; only that, for the supersonic channels the load factor and the 

divergence are steady along the channel and that the subsonic channels are 

kept stable by fitting the load factor. 

Other points of differences are the introduction of heat- and pressure-losses 

and different fuel. With respect to this both Westinghouse and General 

Electric give more details because there, a parametric study is carried out 

for those components; so a better correlation of the components is found. In the 

p~esent study these results are used. 

Comparison of the three cases is made for P t = P for both supersonic and 
s c 

subsonic channels; table 7.1 shows the results. 
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Conclusions that can be drawn from this table are: 

!:._~~!:_~!:"'_~~!2"'!:~~~~!:_!:!:~!:!!:!"'!~ 

* the inlet stagnation pressure of the EUT calculation is remarkebly smaller 

- the WE channel is as twice as long as the channels of GE and EUT 

- the mass flow of EUT is larger 

- the total efficiencies do not differ very much 

2. for the subsonic channels 

- the stagnation-pressure-ratioof WH and EUT is 3:2 

- the WE channel is as twice as long as the EUT channel 

- the mass flow of EUT is larger 

- there is a notable distinction between the cycle efficiencies and the total 

efficiencies. 

FINAL CONCLUSION 

The final conlusion can be that, in spite of the large discrepancies in starting 

points, the final results (total efficiencies) do not differ very much, although 

it is clear that the losses of the combustion system of Westinghouse and 

General Electric are larger then the losses of the present study. 

Somewhat better results are shown by General Electric [7] by introducing 

"pressurized combustion" where n is found to be 47.4%. 
tot 

" the Eindhoven University of Technology 
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supersonic subsonic 

GE WH EUT WH EUT 

Power output (MWe) 930 1000 1000 1000 1000 

I-

* 

Ts. (ok) 1990 2367 2000 2367 2000 l.n 
Ps. (atm) 10 l.n 10 6 9 6 

M. l.n ? 1.2 1 ·1 .9 .9 

m
f 

(kg -1) 1940 s 2070 2500 1930 2500 

sr 1.5 -3 1.5 -3 1 -3 1 -3 1 -3 e e e e e 
k ? .75 .B3 .75 var 

1 (m) 10.2 19.2 9.B 1B.0 10.5 

A. l.n 
(m2) 1. 53x1. 53 * 2.x2. * 2.x2. 

(m2) A 3.31x3.31 * 3.94x3.94 * 4.06x4.06 out 

- - - - - - - - - - - - -- - - - - --
T) 
e 

(%) 37.7 34.7 36.6 38.8 37.0 

T)m (%) 78.0 6B.2 75.6 77.3 76.3 

T)st (%) 38.8 45 38.B 45 38.8 

q 
cycle (%) 55.9 54.1 53.9 59.3 55.6 

T)tot (%) 46.0 41.4 4B.5 46.1 50.0 
, 

Table 7.1 comparison of results 

because the varying divergence, for WH there is a mean cross sectional area 

of 2.23 x 2.23 m2 

- -
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8. Conclusions 

From the results of the present study the following conclusions can be drawn: 

- for the cycles it is shown that with low enthalpy extraction (n ~ .2) the 
e 

Brayton-cycle has the highest efficiency and that for higher enthalpy ex-

traction (n ~ .4) both topping- and combination-cycle are better. 
e 

- connected to a direct-coal-fired combustion system, stack losses cause the 

total efficiency to be lower than the cycle-efficiency. Now the topping

system is preferred because of the low stack losses and because only the 

topping system satisfies the condition of the combustion inlet temperature 

of the primary heat exchanger, being below a maximal value, required by the 

ceramics and without enhanced stack losses. 

- although the parallel system has the advantages of low stack losses and 

easily satisfying the combustion inlet temperature condition, its total 

efficiency is smaller than that of the topping system. 

- adding channel calculations to the black-box theory, shows after optimalisa

tion of the channel parameters, for both supersonic and subsonic channels a 

total efficiency of about 50%. 

- for the supersonic case calculations are carried out assuming a constant load 

factor; for the subsonic case the Mach number is kept constant by fitting the 

load factor. In practice only very small deviations from the prescribed load 

factor profile are allowed without disturbing the gas dynamic behaviour and 

the electrical output. This will probably make subsonic channels very 

difficult to control. 

- comparing the figures, presented here, to the ECAS-results, the total efficien

cies do not differ very much, in spite of the great discrepancies in starting

points. 

- to find better (more realistic) results, also the other components have 

to be optimalized. 

- a study comprising also the economical aspects has to be carried out to 

optimalise the cost per kWh. 
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lO.Nomenclature 

c specific heat at constant pressure 
p 

c specific heat at constant volume 
v 

i the interaction parameter 

k t.he load factor 

* k the load factor including losses 

k. pressure loss fraction of i th 
1. component 

1 channel length 

m mass flow 

n number of compressor stages 

p stagnation pressure 

sr seed ratio 

sv stack-losses 

u flow-velocity 

A cross-sectional area 

B magnetic induction 

o pressure drop loss factor 

c.q. hydraulic diameter 

E 

H 
o 

J 

M 

electrical field 

heat of combustion of the fuel 

current density 

Mach number 

required compressor power 

delivered electrical power 

heat-input 

electrical power delivered 
by the MHO cycle 

electrical power delivered 
by the steam cycle 

wall heat flux 

stagnation temperature 

subscripts: 

a divergence 

y ratio of specific heats 

I1b efficiency of combustion 

I1c compressor efficiency 

110 efficiency of diffusor 

l1e enthalpic efficiency 

l1is 
isentropic efficiency 

11m machine efficiency 

I1N efficiency of nozzle 

I1p polytropic efficiency 

I1st efficiency of steam cycle 

I1
tot 

total system efficiency 

11 1 cycle efficiency cyc e 

system 

~ dimensionless axial coordinate 

A stochiometric factor 

T 
W 

viscous stress 

The subscripts denote the points in the systems (see figures). For the noble-gas 

cycle only numbers are used, while for the combustion system v, b, land 0, 

referring to combustion gas, fuel, air and ambient respectively, are added. 
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Appendix I Derivation of the increase of the gas temperature caused by 

compression and of the pressure losses. 

* Define the total pressure losses by a pressure-drop loss factor D that 

relates the total pressure drop to the pressure drop of the MHD channel. 

(1 + D) 

The compressor efficiency nc = 

= I + I 

while for n compressors 

(al .2) becomes 

The isentropic 

TO 
2 

so --= 
Tl 

I 
= I +-

nc 

efficiency: nis 

I T2 
I ( I - -- -

nis Tl 

y-I 

TO 
6 

TI 
= 

TI 

= I 

- T 2 
_ TO 

2 

-

gives 

y-I } 1. 
y n 

) 

- I 

ne 

n
is 

PI TI 
while ( 

y 
= 

P2 
and with (al.l), (al.3) becomes 

° T
Z 

1{ 
X O is defined to be isentropic stagnation x. 

(al. I) 

(al. 2) 

(a1.3) 

(al.4 ) 
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. ;~ {{, y-l 

Tl }~ T6 Y 
= 1 + D) (- ) - 1 

T5 T' 
2 

';' Y 
1 { nis 

(1 + D) 
-1 

1 +-
nc nis - n e 

Then the compressor P will be 
c ';' r nine T5 

{;is 
(1 + D) 

p nmc
p

(T
6 

- T ) = P - 1 c 5 nc nis - n e . 

The pressure drop loss factor D from (al.l) 

The pressure loss factor k
i 

is 

the inlet pressure of the i-th 

defined the ratio of the pressure drop to 

heat exchanger 

For the combination (fig.4.3) the pressure decrease is: 

- from compressor to MHD channel 

k5 
P6 - P7 

so P6 
P7 

= 
P6 1 - k 5 

kl 
P7 - Pi Pi 

=--- so P7 = 
P7 1 - kl 

(al .5) 

(aL6) 

(al.7) 

(al .8) 

(aL 9) 

(aLl0) 
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- from MHD channel to the compressor passing 

P3 (1 - k ) 
2 P2 

P4 = (1 - k ) P3 3 

Ps (1 - k ) 
5 P4 

From (al.9) and (al.l0) is found 

and from (a1.11) , (a1.12) and (a1.13) 

P6 1 
P

l 
so - = .. 

P
s ]]5 (1 - k ) 

P2 
i=l 1 

Finally 
1 

D = ---,.,--.=....--
]]5 (1 _ k.) 

l. 

- 1 

i=l 

* Appendix 2. Nozzle and diffusor losses 

The nozzle 

the steam generator 

The definition of the nozzle efficiency (fig.a2.1) nN = 

1 
T' = T -

2 sl 

(a.l1) 

(a1.12) 

(a1.13) 

(a1.14) 

(al.ls) 

(a1.16) 

(a1.17) 

gives 

(a2. 1) 

see A.Shapiro: The dynamics and thermodynamics of compressible fluid flow. 
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From the expression of the inlet Mach number, M. , of the MHO channel 
l.n 

The isentropic stagnation state of point (P2' T2) is 

= 

....L 
y-i 

) 

For isentropic expansion from (Psi' Tsi ): 

....L 
y-i 

so with Tsi = Ts2 from (a2.3) and (a2.4) 

= 

....L 
T2 y-i 

T' ) 
2 

So defining the stagnation inlet pressure Pvn and -outlet pressure PNN of 

the nozzle: 

1 
= 

- 1 

The diffusor 

J 
...::I.
y - 1 

The diffusor for a supersonic MHO generator consists of a supersonic and 

(a2.2) 

(a2. 3) 

(a2.4) 

(a2.S) 

(a2.6) 

a subsonic part. For the supersonic part an ideal efficiency can be defined 

using a normal shock relation. This ideal efficiency will be corrected by 

a factor nO as used in § 6. This nO is used as the efficiency of the subsonic 

part. 
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The efficiency of the ideal supersonic diffusor, in which pressure recovery 

is caused by a normal shock is (fig.a2.2): 

T' - T 
s 1 

nID = T - T 
s 1 

while 

and 

T' T' 
s s -=-

T1 Ts 

T' 
s 

-= 
T 

s 

T T' 
s s -=-

T 
s 

y - 1 

Y 

y - 1 M2 
• ( 1 + 2 out 

(a2. 7) becomes 

P' L::...!-
s 

) 
y 

1 Y - 1 M2 ) 1 . + 2 -
Ps out 

nID = y 1 M2 
2 out 

where M t is the outlet mach number of the MHD channel. 
ou 

The ratio of the stagnation pressure before and after the shock is 

so 

t 
y + 1 2 \ }-y 

p' ..L---:::
2
-=- M

out 
Y - 1 

P: = ( 1 + Y -2 1 M2 {2Y 2 Y - 1) 
out) y + 1 Mout - y + 1 

1 
n ID = y - 1 

2 

y + 1 
2 

1 
_ L...:.....!.\Y 

y + 1} 

(a2.7) 

(a2.8) 

(a2.9) 

(a2.10) 

(a2.11) 

(a2.12) 
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For the non-ideal case the diffusor efficiency, n
N1D

, for the supersonic 

diffusor can be defined 

where ncor is some corrective factor. 

The corrected stagnation pressure, p" , can be found following (a2.10) 
s 

so 

P" s 

nN1D 

p; ) 
( Ps 

= 

y - 1 
y 

(1 

y - 1 
2 

Y-l M2 +-- ) - 1 2 out 

M2 
out 

y 

y - 1 

Now T" , p" , M, v and p according to point 1., fig.a2.2, can be found 

from the basic equations: 

T" 
T 

s 

T 
s 

M2 

= 

= 

pvA 

p" 

= 

T" (1 

2 
v 

yRT" 

= m 

= pRTII 

Y - 1 M2) + 
2 

.. '. 

(a2.13) 

(a2.14) 

(a2.15) 
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For the mach number, M, then the following equation is valid 

m 

pit HA 
s 

RT 
s 

y (1 + y - 1 M2 
2 

what is an expression of Min M t by (a2.15). 
ou 

(a2.16) 

The solution of (a2.16) can be found numerically by the procedure "zero in AB" 

based in a "regula falsi" method. 

Then the stagnation pressure behind the subsonic part of the diff~sor will be 

= pI! 
S { 

y _ 1 2} v 
. _1_+_n..;L=-· -;-..:.2,-;;:--_M_ y - 1 

Y - 1 M2 
1 + 2 

(a2.17) 

where n
L 

is the efficiency of the subsonic part, defined to be equal to ncor 

For a subsonic diffusor only (a2.17) will be used for M M and p" 
out s 

p • 
s 
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P~2 

fig a2.1: h-s diagram for 
nozzl~ 

p. 
s 

T" ----------------------

T' --- ---- -~~-

T-------

fig a2.2: h-s diagrom for 

diffusor 

5 

p 
p' 

5 
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