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Control of thermal runaway in microwave resonant cavities
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This article reports direct experimental evidence of the so-called “S curve” of temperature versus
electrical field strength when materials with positive temperature dependence of dielectric loss are
heated in a microwave resonant cavity applicator. A complete discussion of how the experimental
results were achieved is presented. From the experimental results, we believe the S curve theory
provides an incomplete explanation of thermal runaway in microwave heating. To understand
microwave heating in a resonant cavity, cavity effects must be considered. To explain the
experimental results, a theoretical model based on single-mode waveguide theory is developed.
Finally, a method to control thermal runaway is described2@2 American Institute of Physics.
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I. INTRODUCTION power. Yet the temperature of the processed material sud-
. L i i . denly rises to a very high value as the input power level
Microwave heating is widely used in current industrial gyceeds the critical input power. The temperature corre-
appl!catl_ons. The most unique characteristic 9f mlcrov""’“’esponding to the critical input power is called the critical tem-
heating is that the energy is absorbed volumetrically, produCaeratyre, The temperature of the material cannot be stabi-
ing internal heating. This is very different from conventional|;eq petween the critical temperature and some higher value
heating where the heat must diffuse in from the surface of,jess some control mechanisms are introduced.

the material. The power density absorbed by a material is  thermal runaway may be explained by the energy bal-
related to the microwave electric field strength by the equaz e equation:

tion
) dT
Pdis= ws”|E| = Jabs (1) pCp dt = Qabs™ Jioss: (2

wherew is the angular frequency| is the rms magnitude  pere), C, are the density and specific heat of the material,
of the electric field strength in the material, anl is the  oqpectively, and),sis the rate of heat loss, which normally
imaginary part of the complex permittivity of the material. jnq|des losses due to convection and radiation. Bpgh
From the electromagnetic field point of viewy is the  anqq  are functions of temperature. If when starting from
power density dissipated in the materlals..ln the heat transfelyme critical temperaturey,,, continues to exceed o,
equation gaps rgprssents the heat generation term.  harma) runaway will occur. Sinoge increases with, the

The quantitye” plays an important role in the equation. jncrease ofs” with increasingT provides a possible means
Normally, ¢” depends upon the frequency of the microwaves,, ihermal runaway.
source and the tempgra’;ure (_)f the mater_ial. _Since the _fre- If the required processing temperature exceeds the maxi-
quency of the source is fixed in most applications, attention,, ,m stable temperature, a control system must be employed,
1 ",
is focused on the temperature dependence:’of Several o the temperature will continue increasing until the material
review articles describe some {)fgthe consequences of the damaged, which has occurred when sintering ceramic

1" - n 1

temperature dependence of’."" If &"(T) increases .\ e In early experiments, when the desired temperature
abruptly above a certain temperature, the power density digy 55 reached, the power source was adjusted marfually.
sipated in the materials increases even when the electric fielh g0 attempts sometimes led to success but, when materials

is unchanged, which leads to very rapid heating. On moSke iy 4 thermal runaway state, the temperature rise rate is
occasions, this leads to the unwanted phenomenon of therm%{pid and temperature is highly sensitive to the incident

runaway. _ power, making control highly problematic.

Numerous experimental reports of thermal runaway phe-  gegje et al. developed an automatic feedback control
nomena have been publishiéd. When input power level is system which could regulate the material temperature above
below a critical input power, the steady state temperature Ghe critical value but also reported that the control of thermal
the material increases continuously with increasing inputnaway materials is not as accurate as with nonthermal run-
away material$:'° Another approach to controlling micro-
dElectronic mail: jthomas@vt.edu wave heating is based on the energy balance described by

0021-8979/2002/92(6)/3374/7/$19.00 3374 © 2002 American Institute of Physics
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Il. EXPERIMENT
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The apparatus used for the experiments includes a power
FIG. 1. S-shaped curve. supply, remote microwave launché@nagnetro, circulator,
water load, WR-284 copper waveguide cavity with coupling
iris, waveguide, adjustable end-wall short, and power and
Thomaset al,'**?>who monitored and controlled the power temperature measurement equipment. The layout of the ex-
absorbed by the sample. From an energy balance perspectiygerimental components is shown in Fig. 2.
heat loss must be equal to power absorbed at steady state. The microwave generator includes both the power sup-
Since heat loss is a monotonically increasing function ofply and the remote launcher. The microwave system is pow-
temperature, constant power absorbed by materials meanseed by a Cober SM 1545D power supply and CWM-4-S
constant temperature; thus if power absorbed by materialsagnetron, which can supply up to 3 kW to the applicator.
can be held constant, thermal runaway can be avoided. Howrhe magnetron is water cooled and launches the 2.45 GHz
ever, to maintain constant absorbed power, a control systemicrowaves into a tapered WR-340 to WR-284 waveguide
must be introduced. section. To protect the power generator from reflected power,
A number of explanations of thermal runaway have beerthe system is equipped with a circulator and water load.
advanced. Kriegsmann developed a one-dimensional model To measure the power, a Homer impedance analymer
for the heating of a ceramic slab by microwav&sie found  Cobe) is introduced into the system. The impedance ana-
the important result that steady temperature as a function dfzer can measure incident power, reflection coefficient, and
the input microwave power gave an S-shaped respondeequency.
curve. A predicted S-shaped curve is illustrated in Fig. 1, The electric field strength in the cavity is measured using
where different electric field values represent different inputa power sensor and associated power meter. The power sen-
power levels. sor is coupled to the electric field through a small probe
Every point on the curve represents a thermally balancethserted slightly into the cavity. The magnitude of the electric
state. From this S-shaped curve, the dynamic response féield strength is proportional to the square root of the mea-
different power levels can be derived. Based on the energgured power; the constant of proportionality is determined by
balance, Kriegsmann concluded that the middle branch of theeasuring the probe power in an empty cavity with no iris
S-shaped curve was unstable, so a temperature jump is pasad a termination load replacing the sliding short.
sible, suggesting a plausible mechanism for thermal runaway To precisely monitor the microwave heating process,
control problems. two infrared radiation pyrometer@Heitronics KT 15.82D
After Kriegsmann’s initial work, some researchers ex-and KT 15.01D were chosen. While the KT 15.82D is used
amined thermal stability of materials with other shapes, sucto measure temperatures within a range of 0—500 °C, the KT
as a sphere and a cylindrical rod, heated by microw&t@$. 15.01D can measure temperatures within the range
All the analyses of thermal stability were based on the350—2200°C. A radiation pyrometer measures the infrared
S-shaped curve. In all of this work, it was concluded that the-adiation emitted by a surface; given the emissiétgf the
instability of the middle branch of the S-shaped curve wassurface being measured, the temperature of the surface can
the origin of thermal runaway. be determined. The materials to be tested in this experimen-
In this article, we will show an experimentally observed tal program have emissivities that change significantly as a
S-shaped curve which includes the lower and middl€function of temperature. Varying the emissivity used by the
branches. We find that the middle branch of the S-shapegyrometer during an experiment is not practical since it must
curve is stable. To explain our experimental results, a singlebe done manually. Instead, the emissivity is set at 1.0 for the
mode waveguide model was developed, which includes botHuration of the experiment, and the actual temperature is
the material properties and cavity effects. We will see thathen determined from the measured temperature knowing the
cavity effects are very important in practical heating in reso-emissivity as a function of temperature for the material being
nant cavities. We also attempted to provide a method foheated, a process which is performed automatically by the
control of thermal runaway based on the cavity effects. data acquisition software.
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The resonant cavity is designed to operate in the,JE 5r x
mode; using the adjustable short, the cavity was adjusted t
operate near .the cavity resonance of thgkEnode for all 0 3'4 3 15 3'5 35'_5 3'6
of the experiments. The cavity includes three parts: the Cavity Length (cm)

waveguide, input coupling iris, and adjustable short. The po-

sition of the short plane ranges from 1.1 to 10.7 cm if mea_FIG. 5. Behavior of the electric field strength for the same experiment
. ’ ' hown in Fig. 4.

sured from the waveguide flange. The sample to be heated O

was placed in a port located 17.5 cm from the cavity aper-

ture, which means it is always very close to an electric field
peak for the TEy; mode as illustrated in Fig. 3. Continuing to decrease the cavity length leads to critical

point a, which is the point at which the maximum electric
field strength is reached. From this point, the electric field
strength always decreases independent of the direction of

The experimental results for a mullite rod with a diam- changes to the short plane position.
eter of 4.5 mm and a Iength of 30.5 cm are shown in FigS. 4 If we Change the short p|ane position to increase the
and 5. Since the height of the cavity is only 3.4 cm, only alength of the cavity, then temperature and electric field
small portion of the mullite is in the cavity. The output of the strength decrease simultaneously to a new equilibrium point
power generator is set to 600 W, and is not changed duringn the same curve. If we very gently adjust the short to
the experiment. The only adjustable component in the systefurther decrease the length of the cavity, the temperature of
is the position of the short plane, which changes the cavityhe rod will increase but the electric field strength will de-
length. crease due to the increased power absorption, leading to a

The experiment starts from a cavity length of 36.1 cmnew equilibrium point at higher temperature. If we continue
where the cavity is highly detuned. As Figs. 4 and 5 show, allecreasing the length of the cavity, the field in the cavity will
the beginning of the experiment the temperature of the rod igollapse at critical poinb. Both the temperature of the rod
ambient temperature. When the short is adjusted to decreag@d the field intensity will drop dramatically, leading to equi-
the length of the cavity, the temperature of the rod increasesiprium at a much lower temperature; this process is like
as well as the electric field strength at the plane of the rodreverse thermal runaway. All the points plotted in Figs. 4 and
5 represent stable states, and are denoted bytisgmbol.
The whole process path is denoted by the solid arrow.

' To heat the rod from the lower temperature point, where

10001 critical point b —x ;%\ 1 the cavity length is 34.6 cm, we must increase the cavity
900} 4% . length. The temperature and the field will both increase along

B. Experimental results for 4.5 mm mullite rod

1100 T T

another curve which does not coincide with the original one.

i’;, 500 @ At critical pointc, another electric field maximum is encoun-
8 700 * 1 tered. If the length of the cavity is increased from painta
€ 600f * 1 temperature excursion occurs. The temperature continues in-
g_ 500} : . creasing and the field continues decreasing until an equilib-
g 400k critical point a | rium point is reached that has much higher temperature and
£ lower electric field strength. Notice that at the end of this
= 3001 1  process the field decreases rather than increases. If we con-
200} 4:0(_ x| . tinue to increase the length of the cavity, the temperature will
4 critical point ¢ . el I .
100+ SP x i decrease but the field will increase, and the equilibrium point
0 . e° . ‘x\ " curve will coincide with the original curve. All the stable
34 34.5 35 35.5 36 points are denoted by®” while the process path is denoted

Cavity Length (cm) by a dashed arrow.

FIG. 4. Behavior of the rod temperature when the position of the short plane 1N Fig. 6, we collect the equilibrium _poi_nts from Figs. 4_
is adjusted. and 5 to plot temperature versus electric field strength. This
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FIG. 6. Behavior of the electric field strength for the same experimentFIG. 8. Behavior of electric field strength and temperature for increasing
shown in Fig. 4. cavity length, illustrated for two different starting points.

clearly shows the lower and middle branches of the S curve. i )
stable according to th8 curve theory. However, our experi-

ment shows that the system is indeed stable if we heat the

rod by decreasing the cavity length. The stability of the
There are four typical heating processes at constarpoints on the middle branch of tf&curve will be discussed

power level. To illustrate the processes clearly, each is disinh Sec. IV A.

cussed and plotted on the S curve as follows.

C. Typical heating processes

1. Decreasing the cavity length
g Y 'eng 2. Increasing the cavity length

The process starts from an equilibrium point, and is il- _ o . . .
lustrated in Fig. 7. When the cavity length is decreased, the AS illustrated in Fig. 8, when increasing Fhe cavity
electric field strength increases immediately while the temlength, the rod can be heated or cooled depending upon the
perature of the rod is nearly unchanged. When the rod heagtarting po_lnt. I_f the SFartlng pomt is below the critical point
ing begins, the cavity is detuned by the increasing dielectri¢: the cavity will continue being tuned and the temperature
loss of the rod resulting from the heating process. If thewill increase. If the starting point is above the critical point,

starting point is below the critical poira, this process will the cavity is detuned first, but as the temperature increases,
end at an absolutely stable point. the cavity is moved toward the tuned state.

If the starting point is above the critical poiat, the
process will end at a relatively stable point. It is well known _
that all equilibrium points above the critical poiatare un- 3. Thermal excursion

If the cavity length is increased from critical point c, a
rapid temperature excursion occurs in a rather complicated

1100 ' ' ' ' ' ' process. Although the temperature increases almost continu-
1000r critical pdmb_)% l ously, the field intensity does not vary monotonically. As
900~ ® ] illustrated in Fig. 9, the cavity is first highly tuned and the
g 800[ Q . temperature increases rapidly. When the field intensity
2 700 N ] reaches its maximum value, the temperature increases dra-
o 600 . | matically during a very short time. In our experiments, the
Py B temperature increases more than 500° in less than half a
£ 5001 ’> ] minute, causing the cavity to become detuned. At the end of
8 400t critical pointa — x . the process, the temperature drops slightly to the equilibrium
§ 300L x | curve.
200 . ‘ét\ |
critical point ¢ —0
100 6 ©° e 1 4. Reverse thermal runaway
% xé 10 15 20 25 30 35 If we decrease the length of cavity from the critical point
Electric Field Intensity (Kv/m) b, a “reverse thermal runaway” occurs. The field strength

FIG. 7. Behavior of electric field strength and temperature for decreasinéjecreases_5|ighﬂya but the temperature drops precipitously, as
cavity length, illustrated for two different starting points. illustrated in Fig. 10.
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Q 600+
e FIG. 11. Single-mode waveguide model for cavity.
2 500r
2 400} critical pointa —» x
£ . . . e
& 3000 where Kk is a proportionality constant. If all the quantities in

200k the above expression are normalized@y, then the electric

critical point C field at the sample becomes
1001 o 1
0 x x® ° EO
. . . . . . . E— . 4

Electric Field Intensity (Kv/m)

where E, represents the peak electric field strength in the

FIG. 9. Behavior of the electric field strength and temperature when the it ithout le. Si db t th
cavity length is increased from critical point c. The temperature excursionca‘vI y without a sample. sincgy an x represen €

mimics thermal runaway, but a stable equilibrium point is achieved at highsample properties, they can be defined by
temperature.

Oxt+jbx=wCo(ey +]jer). 5)
Thus,
IIl. THEORETICAL MODEL Eo

(6)

Contrary to most conclusions from theoretical modeling, e wCoe( +j(wCoe; —YyocOtpl)’
we find that the middle branch of the S curve is at |eaSMhereﬂ is the wave number in the waveguide.
locally stable for the mullite rods used in our experiments. TO  The two unknown numbers, andy, represent the prop-
explain this phenomenon, a single-mode waveguide mod&lties of the sample and waveguide. In the system, there are
was developed in which the cavity is simulated by an equivag,q parameters available to adjus, and|. During the
lent circuit as shown in Fig. 11 represents the source and experiment, the incident power is fixed, so the model is dis-
G, represents the cavity loss, source conductance, and sourggssed under constal,. The electric field strength is a
generator. The heated sample is represente@dyjBy and  fynction of the equivalent transmission line lengtand the
Z, is the characteristic impedance of the waveguide for theiemperature through” ande/ . This relation is plotted on

TEyo mode.| is the equivalent transmission line length. the S curve in the following paragraphs, where the equiva-
Since the electric field at the sample is proportional tojant transmission line lengthis a parameter.
the voltage, it may be written as If the incident power level is suitable, then the direction
klg of movement of the short plane is important. The following

() discussion will be focused around a particular cavity length,
Lo, which is the root of the equatiomcye, — Yy, cot(8l)
=0. Equation(5) shows that the cavity is highly tuned at this
cavity length.

= GG (B, Yycotgh)’

1100 ' ' ' ' ' ' If the cavity is highly detuned because the cavity length
1000~ critical point b ] is too long,I>L,, decreasing the cavity length tends to tune
900+ > ] the cavity and the temperature of the sample increases. This
% 800 o | is illustrated in Fig. 12, where plots of E¢p) for different
g cavity lengthd are superimposed on a plot of the experimen-
& 7001 * 1 tal points shown in Fig. 6. The field strength in the cavity
Q 600t x 1 must lie on one of the solid curves, while the temperature
S 500 * 1 which also satisfies the energy balance must lie on a line
3 . . * connecting the experimental points. Thus, we can see how
& 400+ critical pointa — x g . ) e .
£ changing the cavity length moves the equilibrium point
F 3007 . 1 along the experimental curve.
200+ dtical point ¢ 0 ¥ X e If the cavit_y Iength is decrea_sed frpm throggh L2_ to
100+ o @ _ L as shown in Fig. ;2, the point of mtersec.tl.on W|th the
0 - B ° . . . experimental curve will eventually pass the critical pant
0 5 10 15 20 25 30 35 Near this point, if we shorten the length of the cavity from
Electric Field Intensity (Kv/m) point s, the electric field strength will initially increase and

FIG. 10. Rapid temperature decrease following a decrease in cavity lengtH€ temperature will be un_Changed_- In the E__T plane, this
from critical point b. state is represented by poimt. Starting from pointm, the
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FIG. 12. Behavior of electric field strength and temperature for decreasing FIG. 14. Stability analysis using S-shaped curve only.

cavity length.

Starting from pointm, the energy balance will force the

energy balance will force the temperature of the sample téemperature of the sample to rise. Equatiéh shows that

rise. This temperature increase causes the dielectric propdhe cavity is tuned rather than detuned until the electric field

ties of the sample to change, which then detunes the cavitgtrength reaches its maximum value. This provides a possible

this can be derived from E5). The electric field strength is Path for the electric field strength versus temperature curve

a monotonically decreasing function of temperaturel if to circumvent the S curve at the temperature around critical

>L,. Although the cavity is detuned, the absorbed energy i®oint a. This process may end at a higher temperature or

still larger than the heat loss, so the temperature continugl§ermal runaway may occur.

increasing until it again intersects the S curve at peinas

illustrated in Fig. 12. IV. DISCUSSION

If the cavity is highly detuned because the length of the

cavity is too short] <Ly, we must increase the cavity length A. Stable or unstable?

to tune the cavity to heat the sample. This process is initially ~ Previous authors used only the S-shaped curve to ana-

stable, but as the critical poimtis approached, the process lyze stability!® This is illustrated by Fig. 14. The whole E-T

may become unstable. This is shown in Fig. 13. If the lengttplane is divided by the S-shaped curve into two regions. In

of the cavity is increased from poird, the electric field region 1,q,,siS less thar.ss, thus the temperature tends to

strength will initially increase and the temperature will be decrease while in region 2,,.is larger thang,ss, and the

unchanged. This step is the same as decreasing the cavigmperature tends to increase. This leads to the conclusion

length and is also illustrated by point. At this point, the that the middle branch of the S-shaped curve must be un-

term wcoe; —ygcotAl in Eq. (5) is negative sincé g<L,. stable since the system cannot tolerate any disturbance from
equilibrium. Since this conclusion is based on an energy bal-
ance, it is considered unassailable, but is based on the im-

1100 plicit assumption that the electric field is constant when the
1000F 1 temperature is changing. This is clearly not valid for micro-
900+ ] wave heating in the cavity.
% sook | In the cavity, the variation of the temperature of the ma-
e L4<L5<16 terials changes the electric field. The actual heating process
& 7001 T is illustrated in Fig. 15.
< 600t 1 Around the middle branch of the S-shaped curve, if the
g 5001 i processing point is in region 1, the temperature must de-
g a00k | crease since,,s is less thang,ss. At the same time, it is
g apparent from Eq(5) that the electric field strength must
F 300r 1 increase, so the processing point returns to the equilibrium
200+ e point on the S-shaped curve. If the processing point is in
100t _ region 2, it also must return to the equilibrium point. Since
oLx® e . . . the response time of the electromagnetic field is much
10 15 20 25 30 35 smaller than that of the thermal process, the middle branch of

Electric Field Intensity (Kv/m) the S-shaped curve is stable. Viewed from this perspective,
FIG. 13. Behavior of electric field strength and temperature for increasingn€re is no difference between the lower or middle branch of
cavity length. the S curve.
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FIG. 15. Stability analysis using both S-shaped curve and cavity effects. FIG. 16. Temperature profile heated from 790 to 990 °C.
B. Control of thermal runaway curve. Thermal runaway in microwave heating in the cavity

From the experimental results and the theoretical model$ due to the combination of the energy balance and cavity
it is clear that when investigating stability or instability of a ©ffécts. Adjusting the short plane correctly can avoid thermal

system, all parameters must be considered. In our system, tfidnaway, at least for mullite heated in a jpkcavity.
electric field acts as an automatic feedback control if adjust-
ing the short plane in the correct way. Since the responsep. E. Clark and W. H. Sutton, Annu. Rev. Mater. S26, 299 (1996.
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