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The microwave superheater uses the synchrotron radiation from 

a thermonuclear plasma to heat gas seeded with an alkali metal to 
temperatures for above the temperature of material walls. It can 
improve the efficiency of the Compact Fusion Advanced Rankine 
(CFAR) cycle described elsewhere in these proceedings} 1], For B 
proof-of-principle experiment using helium, calculations show that 
a gaa superheat AT of 200G°K is possible when the wall tempera
ture is maintained at 1000°K. The concept can be scaled to reactor 
grade systems- Because of the need for synchrotron radiation, the 
microwave superheater is best suited for use with plasmas burning 
an advanced fuel such as D- 3He. 

1 Introduction 
This paper examines microwave superheaters in the laminar flow 
regiine,appropriateforasmaDscaledemonitrationexperiment. Para
metric analysis determines the sensitivity of heater performance to 
changes in key parameters, such as gas pressure, seed fraction, and 
microwave intensity. 

We have developed two steady-state codes which couple fluid dy
namics, radiation transport, and plasma physics to predict the per
formance of the microwave superheater. A simple l-D code calculates 
the axial profiles of the bulk gas properties. A more detailed 2-D code 
calculates both the radial and axial profiles of gas properties. 

We have considered heaters using helium seeded with lithium. 
The gas is heated by a monochromatic spectrum at 56GHz. At 
pressures (0.1 < P < 1 atm) and seed fractions (/ , ^lO* 4 ), we have 
found that the radial uniformity of the heating is sufficient to allow 
the bulk outlet temperatures to reach nearly 3000°K, when the inlet 
temperature is about 1200°K and the wall temperature is 1000°K. 
The seed concentration and intensity of the microwave radiation must 
be carefully controlled to avoid either overheating or unrierhe&ting. 

2 Superheater Description and Design Is
sues 

The microwave superheater is a cylindrical tube made of high tem
perature ceramic. Tbe ceramic is transparent to the microwaves, as 
long as the wall is maintained at a •.perature from 1000°K to 1500 
°K. 

Figure 1 is a schematic diagram of the CFAR energy conversion 
system utilizing a microwave superheater. Our present plan is to 
employ a Rankine cycle using mercury as the working fluid. Liquid 
mercury is boiled and partially superheated within a two-zone fusion 
blanket and enters the superheater as main flow and transpiration 
cooling flow. The main flow is superheated conventionally by a high 
temperature pebble bed in the rear of the blanket to about 2000°K 
and enters the microwave superheater for additional heating to about 
3000°K. The transpiration flow is heated in the front of the blanket 
to about 80D°K and passes through the waD. The synchrotron ra
diation is transported from the plasma to a metal shell surrounding 
the superheater structure. 

The microwave superheater is attractive because the beating is 
volumetric, allowing the gas to be heated to temperatures consider
ably higher than the wall temperature. However, the volumetric heat 
source during strong heating can be peakid near the wall, thereby 
increasing beat losses. Heating uniformity concerns have motivated 

'Work performed under the auspices of the U.S. Department of En
ergy by the Lawrence Livermore National Laboratory under contract 
number W- T405-ENG-48. 

Figure I: An Energy Conversion System Utilizing a Microwave Su
perheater 
the development of a two-dimensional model which self-consistently 
calculates the radial and axial variation of the microwave heating 
source and the gas properties. 

3 Physical Model 
3.1 O v e r v i e w of M o d e l 

The models we have developed for the study of microwave super
heating are comprised of either l-D or 2-D moment equations for the 
gas and electrons, the equation of mass transfer to describe the seed 
atom "impurity* density, and the radiation transport equation. The 
continuity equation, momentum equation, and energy equation[2] 
are solved for the main working fluid. The continuity and energy 
equations are solved for the electron fluid[3]. In the 2-D model, an 
imposed wall temperature boundary condition is applied to the gas 
energy balance, and imposed heat and particle flux boundary condi
tions are applied to electrons[3,4). When transpiration cooling with 
pure gas is used, the radial and axial evolution of the seed atom 
concentration is found by solving the mass transfer equation[2]. 

The l-D model, because of i*s simplicity, is useful in mapping 
out large regions of parameter space. The mor.el suffers however, 
because it cannot address the important issue of radial uniformity of 
the heating. The 2-D model is much more complex and considerably 
more computing is required to examine a given configuration. How
ever, it has the capability to answer critical questions related to the 
radial aspects of the problem. 

3.2 H e a t S o u r c e f r o m M i c r o w a v e A b s o r p t i o n 

Tbe absorption process which is dominant for this case is coUisional 
damping(5). The volumetric source term, q£\ is calculated by ray 
tracing. The inwardly-directed microwave intensity, Jp, at the tube 
surface is assumed isotropic. tf* is local in the axial coordinate, 
x, because only rays which lie in a plane of constant x ere consid
ered. This approximate model contains all of the important phydes 
required to address the radial uniformity questions, 

Tlw £ expression used in the codes is in general complicated, but 
cm be evaluated in the limit of the dielectric, < ±s 1, w > «, / / , and 
a radiation intensity incident only in one direction, I = Ioir6{8- | ) . 
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The result is: 

where in this limit the damping length takes the simple form[5]: 

In these equations, c is the speed of light, u> is the wave angular 
frequency, <*/JK is the electron plasn» frequency, r w is the tube rcdras, 
and fe// is the collision frequency of electrons. 

The 411 can be decomposed into two factors: (1) a local absorp
tion term a 1/lp and (2) a term which describes the decay of the 
power flux a exp() along a ray path. To have efficient heating of the 
core flow, not only does the local torn have to be strong in the core, 
hut the absorption along the ray path must not be too large. These 
two factors compete with each other in that short damping lengths 
correspond to strong local heating, but also to strong damping of the 
radiation intensity. If we could somehow keep the damping length 
long at the edge and shorten it toward the center, we could to achieve 
reasonably uniform heating. 

The radial profiles of electron temperature and density we self-
consistently calculate with the two-dimensional code yield radial pro
files of damping length which exhibit this tendency for a range of the 
incident radiation intensity. The treatment of radial electron loss 
terms is important to properly calculate the temperature and den
sity profiles. Section 4.2 will give some illustrations. 

4 Results of Calculations 
4.1 O n e - D i m e n s i o n a l M o d e l 

Figure 2 shows a. plot of contours of constant outlet temperature as 

Figure 2: Contour Plot of Outlet Temperature from 1-D Cods 

a function of gas pressure and seed fraction as predicted by the 1-D 
superheater model. The gas is helium, with cesium seed material. 
The tube length is 2m, and its radios is fixed at 5cm. The inlet 
temperature was constant at 1100°K- The IJJ varies over a large 
range in this figure. The I-D model is not correct wb'̂ n the damping 
length becomes much less than the tube radius. Therefore, we have 
drawn a contour of constant to = 0.05m on the figure to show the 
maximum outlet temperature which can be believed. We see that 
outlet temperatures of nearly 3000°K can be obtained for a range of 
seed fraction-pressure combinations. 

4.2 T w o - D i m e n s i o n a l M o d e l 

Table ] shows the characteristics of an experimental sited microwave 

| Parameter(unit) j Baseline WithoutJ 
1 Working Gas helium helium 

Seed Material lithium lithium 
Length(m) 1.0 1.0 
Radius(m) 0.05 0.05 
Microwave Frequency(GHz) 56. 56. 

1 Radiation Intensity! lQ^W/m^) 1.0 1.0 
| Mass Flow Rate(gm/sec) 0.86 0.86 
| Inlet Gas Temperature(°K) 1200. 1200. 

Inlet Gas VeIodiy(m/see) 9.0 9.0 J 
Gas Pressure(atm) 0.3 0.3 

1 Reynolds* Number 960. 960. 
Seed Fraction(ltT a) 0.8 0.8 
Outlet Gas Temperature (°K) 2750. 2600. 
Power Absorbed(kW) 10.4 16.2 

| Heating Non-Uniformity 1.7:1 10:1 
Conversion EfRciency(%) 66 38 

| One Pass Absorption(%} 33 51 

Table 1: Characteristics of the baseline case with and without radial 
electron losses 
superheater. The case labeled "Without" will be discussed later. The 
choice of the length and. radius of the tube is somewhat arbitrary, 
but seemed reasonable for a small proof-of-prmdple experiment. We 
changed the seed material from cesium to lithium because the ionita-
tion potential for lithium is larger than for cesium, allowing operation 
at a higher pressure for the same degree of heating non-uniformity. 
Radially uniform initial conditions of gas velocity and temperature 
are imposed. The mass now rate is just under 1 gram/sec, a value 
which can be easily delivered by a. canister of helium. There is no 
transpiration cooling of the wall for the baseline case. For waves at 
56GHz, there is no problem in keeping the wall at 1000°K, based on 
the results of the one- dimensional model which has a simple energy 
balance for the wall-

The outlet gas temperature of 2750°K is obtained for an inlet 
temperature of 1200°K using lOkW of power. The seed fraction, 
ft, >* on the same order which is required for an MHD generator, 
a necessary condition far compatibility with the rest of the cycle. 
The single pass absorption fraction is about 33%. The multiple-pass 
absorption efficiency will approach unity, as long as the cavity wall 
remains highly reflective and the ceramic walls transparent. The 
efficiency for conversion of microwave energy absorbed to enthalpy 
of the gas is 66% . The remaining 34% is lost by line radiation 
and conduction and convection losses to the walla. To maintain a 
constant wall temperature, this lost heat must eventually transfered 
t o the charri' er wall coolant. 

Figure 3 shows some typical profiles of important calculated quan
tities for the base case. The first six lubfigures are radial profiles at 
the tube exit, and the last two show axial profiles of the mean gas 
and electron temperatures, respectively. Figures 3b,e and f illustrate 
the fact that for modeling the central region of the gas flow, a point 
model Tor the electrons would have been adequate, but for the edge 
region, the thermal conductivity and diffusion terms are important. 
Sobfigure e is the radial profile of the ratio of the electron density 
obtained by the Saba relation (ideal oo medium) to the actual elec
tron density obtained by the electron particle balance. Subfigure f is 
the degree of ionization of ice seed, cm. 

The reduced temperature and electron density due to these fi
nite geometry boundary conditions improve the penetration of the 
microwaves to the center by increasing the damping length near the 
wall. (cf- Eqn. J) The Figure%3c and d show the non-uniformity of 
tlfc'ifclunjetrie heajjbg f*>m «nd 3 e radiation emission term. The 
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Figure 3: Radial and Axial Profile* for the Base Case 
radiation loss term is peaked at the edge because the plasma is opti
cally thick to the helium and lithium line radiation except far a fairly 
thin layer near the wall. 

To show chat the electron conduction and convection terms im-
pro.e the gas heating, we consider the baseline ca<« using a version of 
the 2-D code which does not include them. The results are shown on 
Table I. For this case, the electrons are hotter at the edge by about 
a factor of two, and the heating nan-uniformity is 10:1 compared to 
1.7:1 for the base case including the finite geometry terms. The effi
ciency of converting the microwaves to heat is dramatically reduced 
from 66% to 38%, since steeper gaa temperature profiles increase the 
conduction heat losses. The single pass absorption is increased to 
over 50% due to the stronger edge heating. 

The figures of merit in moat of the parametrics are the superheat 
ATpu achievable and the ratio of the maximum to centerllne volu
metric heating source term 9j£ma»/$£'(0)- The latter quantity gives 
a measure of the uniformity of the heating. 

Figure 4 illustrates the effect of varying the seed fraction, / ,• By 
changing the seed fraction only ±25% around the baseline can result 
in a difference of 400° in the outlet temperature. There appears 
to be a saturation in the improvement of the temperature rise at 
higher seed fraction. Notice that the non-uniformity increases as f. 

Figurt 5 shows the pressure scaling of the baseline with the veloc
ity changed to keep a constant Reynolds' number. I t o s^ed fraction 
was also scaled to keep t t t seed density constant in the parametric. 
For variations of ±30% around the baseline pressure, the ATga, can 
change by 550°. The degree of non-uniformity of the beating is en
hanced as the pressure increases, because the damping length gets 
shorter due to the higher electron-neutral collision frequency. 
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Figure 4: Seed fraction Parametric 
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Figure 5: Gas Pressure Parametric 

Figure 6 is a parametric of transpiration cooling mass flux. The 
beat dux, <£•**!* from gas conduction losses is reduced substantially, 
but the dilution of the heated gas with cooler gas from the wall 
reduces the superheat temperature. Transpiration cooling for heaters 
of this smaller size and modest parameter range does not appear to 
be necessary. If larger heaters have a heat mix which is higher than 
for these cases or the microwaves heat the wall to a greater degree 
than we estimate here, transpiration cooling may be necessary. 

Figure 7 shows a scaling of the superheat A T ^ , , 9£m<f> and the 
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Figure 7: Microwave Radiation Intensity Parametric 

^ i ^ n a / O 0 ) uniftwnity parameter when the Incident radiation flux 
ii varied. When IQ U varied by ±20%, the superheat temperature* 
are changed dramatically. Outlet temperatures of well over 3000°K 
are possible. Notice however that q^^ and ^,maa/a'^(Q) are increas
ing dramatically with I0. Both these effects tend to reduce the rate 
of rite of&Tga, as 7 0 Is changed. One might expect as the radiation 
intensity is increased further, the gain in the outlet temperature per 
unit intensity increase wQl be reduced. Calculations at higher inten
sity are difficult because of numerical problems in dealing with the 
very itecp gradients at the wall. 

The la scaling illustrates the fact that careful adjustment of the 
power source wffl be necessary to avoid either underrat ing or over
heating the gas. 

4 .3 Sca l ing t o R e a c t o r G r a d e S y s t e m r 
An experimental-sized superheater must scale to a larger, reactor-
relevant system. This reactor system would use mercury working 
fluid, operate a pressures of several atmospheres and mass flow rates 
of several kilograms/sec in tubes of radii of about half a meter. 
The radiation would have an intensity about an order of magnitude 
higher, produced by a plasma burning D-^He and be emitted in a 
synchrotron frequency spectrum. The dependence of the source term 
and damping length on the microwave frequency, collision frequency, 
and electron density is central to understanding the prospects for 
scaling. An important scaling criterion is that the radially averaged 
damping length normalized by the tube radius be kept constant. This 
quantity is proportional to: 

to («>wo)r 
-V ruQQftQ0^Ttfrt l 3> 

Going to the higher pressures in mercury will reduce non- equilib
rium effects present in helium because of the higher QQ ( Z 3 . 7 ) and 
pressure (z8.3). The inlet gas temperatures wili typically be higher 
for the mercury channel (xl.6). The average frequency for the re
actor heater will be much higher ( i l8 ) . The a*,/, product is the 
adjustable parameter left to preserve a i . For these scaling ratios, 
we find that aaf, for the reactor shoulofbe about half the value for 
the present experimental-sized heater, well within values compatible 
with an MHD generator. 

5 Conclusions 
In this paper, we have presented calculations which suggest that high 
bulk outlet temperatures can be achieved with microwave Buperheat-
ing in smaD proof-of-prinriple experiments. QmA scans of parameter 
space are accomplished with a radially averaged set of moment equa
tions. The issue of radial non-uniformity of the heating is addressed 
with a radially resolved 2-D code. 

In the range of operation we have studied bulk gas tempera
tures above 3000°K are possible when the wall temperature is at 
1000OK. Parametric studies indicate that the heating becomes tarn 
non-uniform when either the pressure, seed fraction, or radiation in
tensity is increased. It is particularly important to be able to control 
the radiation intensity to avoid overheating or underheating the gas. 
For supflrheatera with modest operating parameters, transpiration 
cooling wiB not be necessary. More work is needed to find out it' 
reactor-sized superheaters will need it. 

Simple scaling arguments indicate that superheaters for reactors 
can be built with microwave absorption properties similar to the 
smaller sizes. This scaling mutt be verified by detailed calculatitma 
using the 2-D code. 
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