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Abstract —Transient energy transfer processes under conditions of acoustic and high pressure loading

have been examined experimentally by the rapid laser heating of metal foils under water. Heat fluxes and

vapour layer thicknesses have been deduced for the metal temperature range 100-1000°C with water

subcoolings between 20 and 290°C. The data obtained permit a description of the energy transfer processes
to be made for a wide range of conditions.

NOMENCLATURE Subscripts

A, B C,D,E, F,H, constants of integration; I, liquid phase;
c, velocity of sound; v, vapour phase;
G, gas constant ; oo,  bulk liquid conditions;
K,, constant of proportionality defined in w, target.

appendix ;
K;, constant of proportionality in equation 1. INTRODUCTION

of motion; IT1s known that in thermal explosions pressures
k, thermal conductivity ; of the order of a hundred atmospheres can
m, mass of vapour per unit area; result from the production of small volumes of
P, pressure; vapour [1,2]. During the early stages of an
0, heat flux per unit area, explosion vapour production will take place
R, effective radius of heated target area;  under conditions in which expansion is restricted
s, specific heat ; to the volume provided by the compression of
T, temperature ; the liquid as the pressure wave propagates into
T..» saturation temperature; the surrounding fluid (acoustic loading). Later,
t, time ; when the pressure wave has been reflected from
u, local fluid velocity ; the free surface expansion will be determined by
X, liquid/vapour boundary displacement; non-compressive flow according to Newton’s
X, %, liquid/vapour boundary velocity and second law. The effect of appreciable restriction

acceleration ; is the generation of significant pressure.
o, thermal diffusivity (k/ps); Several energy transfer processes relevant to
7. coefficient of cubical expansion; thermal explosions have been observed in
d, vapour blanket thickness; previous experimental work in an open tank at
A, thermal boundary layer thickness; atmospheric pressure [3]. In order to obtain
P density ; information on vapour generation rates and heat
Psa»  Vapour density at saturation tem- fluxes under acoustic and high pressure con-

perature; ditions, two further sets of experiments have
T, time scale in heat conduction equations. been performed in which metal targets (typically
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0-001 cm thick nickel or 0-002 cm tungsten or
tantalum) were heated under water by a pulsed
laser at rates of between 1 and 10°C ps™! to
temperatures of up to 1000°C and at external
pressures within the range of 1-100 atm.

2. ACOUSTIC AND HIGH PRESSURE
CONDITIONS

Consider a vertical column of fluid in a rigid
vessel with vapour production uniformly over
the base. If the pressure generated is such that
any local departure from the normal liquid
density is negligible, a plane wave propagates
through the column at the bulk acoustic velocity
and the equation of motion for the fluid behind
the wave becomes [4, 5]:

P.— P, =pucg,. (1)

If the pressure at a point in the system is moni-
tored, then equation (1) permits an estimate to
be made of the instantaneous local water velocity
until such time as the reflected pressure wave
returns (1-3 ms for a 1 m column) provided that
the compressibility of the system is effectively
that of the fluid. After many reflections, an
approximately uniform pressure gradient exists
within the column and movement of the whole
column may then be described by Newton's
laws as applied to a rigid piston.

In order to cover a range of pressures of up to
100 atm to investigate the conditions representa-
tive of an explosion a smaller pressurized tank
was also used in which transient pressure mea-
surements made at the wall were only of a
qualitative nature.

A detailed discussion of the vessel designs is
given in the following section.

3. EXPERIMENTAL PROCEDURE

The experimental arrangement used for the
acoustic loading experiments is illustrated
schematically in Fig. 1(a). This comprised a
cylindrical column of 1 m length and 6 mm i.d.
filled with filtered distilled water, and a foil
target mounted near the base.

The system was thoroughly degassed by
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F1G. 1(a). Cross-section of acoustic loading apparatus.

inducing boiling and cavitation at low pressures.
and the compressibility checked to be that of
water alone by measuring the movement of the
water level in a capillary gauge during the
application of a gas overpressure. These pro-
cedures were sufficient in practice to achieve
acoustic loading conditions at water tempera-
tures of up to 80°C. Above this temperature, the
evolution of gas at cavities in the vessel wall
occurred.

The pressure was measured with a Kistler
603B transducer mounted with its face tangential
to the inner wall of the column about 20 mm
above the target.

The pressure is due to the combined effects of
vapour production at the target and thermal
expansion of both the target and the surrounding
heated liquid. The heated liquid contributes a
fluid velocity over the target area of:

0

Pisy

and during the period of nett vapour production
this was calculated to contribute <10 per cent
of the measured pressure (target expansion
accounting for 1 per cent). In the following dis-
cussion therefore, the pressure trace is inter-
preted as being due to motion of a vapour/liquid
interface. The velocity of this interface is related
to the velocity given by equation (1) in the ratio
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of the areas of tube and of heated target surface,
assuming the small volume of water surrounding
the target to be incompressible. The average
thickness of the vapour layer, its approximate
mass and the nett mass generation rate are all
obtained from the pressure trace.

The vessel used for the high pressure experi-
ments is illustrated schematically in Fig. 1(b).
The water space, of 25 mm dia and length, was
filled with degassed distilled water and pres-
surized over the range of 1-100 atm. The target
was positioned in the centre of the vessel by
means of ceramic-insulated electrical connec-
tions mounted through the wall. Transient
pressures produced in this vessel were monitored
with a wall-mounted Kistler 603B transducer.
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support leads

F1G. 1(b). Cross-section of high pressure apparatus.

The metal targets in both vessels were
uniformly heated (420 per cent) over a 3 mm
dia area by means of a pulsed ruby laser beam,
the mean target temperature being measured to
within 45 per cent by a resistivity technique. The
details of these systems and of the methods of
data recording and photography have been
given elsewhere [3, 6].

The heat fluxes from the target were deter-
mined both during and after the heating pulse.
During the heating pulse, the fluxes were com-
puted from the difference between the rate of
increase of the target temperature and that of a
similar target simultaneously heated in air
where the heat losses were negligible (typical
differences were of the order of 1°C us™! at a
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heating rate ~3°C us™!). Both targets were
initially heated simultaneously in air to provide
a calibration factor, and the integrated output of
a calibrated photodiode was used as a secondary
standard. For the cooling cycle, the fluxes were
obtained directly from the target cooling rate.
The effect of temperature variations over the
target would be expected to be most important
for regions of decreasing flux with increasing
temperature: however the results (e.g. Fig. 3(c))
where the flux is observed to fall by an order of
magnitude within ~ 50°C indicate that good
temperature uniformity must exist even in this
region. Heat fluxes deduced from repeated
events have a significant scatter (+20 per cent)
and therefore heat flux versus temperature plots
are obtained by averaging the results of many
events (typically 10-20). The errors in the heating
cycle flux measurements are larger (430 per
cent) than those in cooling cycle measurements
(+10 per cent) mainly due to the differencing
method, though also due to irregular fluctua-
tions in the mean laser power.

The results are summarized in the next sec-
tion, and discussed in detail in later sections.

4. SUMMARY OF RESULTS
4.1 Acoustic loading apparatus

Figure 2 shows a selected event record
illustrating the processes occurring under acous-
tic loading and giving data on incident (ab-
sorbed) energy, target temperature and local
pressure, together with a photographic sequence
showing the target heated to 500°C in 300 ps at
80°C sub-cooling at atmospheric pressure.

Results were taken at subcoolings of 80°C,
40°C and 20°C and with heating rates between
1 and 5°C ps™ L.

The flux during heating under acoustic
loading is shown in Figs. 3(a), (b) and (c). Each
point represents the average of measurements
from ~ 20 events. Any variation of flux with
heating rate was within the scatter in the data.
Peak fluxes lie between 2 and 45 kWem ™2 at
temperatures between 300°C and 400°C.

In Figs. 4(a) and (b), typical curves are given
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of the variation of average thickness and mass
respectively of vapour blankets as a function of
target temperature. The nett vapour mass
generation rates are plotted in Fig. 4(c) as a
function of target temperature.

The fraction of the flux from the target re-
quired to produce the observed maximum nett
vapour generation rates (mL/Q) increases with
heating rate, being 0-08 per cent at 0-9°C us™!
and 4 per cent at 3-8°C ps™! at 20°C, and ap-
pears to show a maximum (~ 17 per cent) at
moderate subcoolings.
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The fraction of flux from the target which does
external mechanical work through vapour ex-
pansion (P,3/Q) for these events also increases
with heating rate and appears to show a maxi-
mum with water temperature. varying from
3x107% at 38Cus ! in 20°C water to
1-5 x 1072 at 5°C pus ™! in 60°C water.

Although there is some evidence of periodicity
in the pressure traces, this is not associated with
distinct temperature steps nor does it show any
systematic variation with subcooling. Hence,
there is no evidence for a coherently oscillating
vapour blanket as observed in transition boiling
in open vessels cf. [3]).

4.2 High pressure apparatus

The average fluxes during the heating cycle in
the high pressure apparatus at 20°C are shown
in Figs. 5(a) and 5(b) for water under external
pressures of 20 and 100 atm respectively. The
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saturation temperatures corresponding to these

pressures are approximately 200°C and 300°C.
The behaviour at 1 atm is the same as that

described previously for an open vessel [3].
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FiG. 5. Heat fluxes at high pressure in 20°C water.
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Photographs of the target taken at pressures
of 20 and 100 atm show no vapour below the
saturation temperature and discrete vapour
bubbles characteristic of nucleate boiling imme-
diately above. At higher temperatures a thin
vapour blanket is formed. A photograph of such
a blanket on a target at 500°C with an external
pressure of 100 atm which shows well-defined
edges and superimposed bubble-like irregula-
rities is given in Fig. 6(a). It can be seen that the
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size of the irregularities is significantly less than
on a blanket at the same target temperature at
1 atm, a typical photograph of which is given in
Fig. 6(b). An estimate of the average blanket
thickness may be obtained from the assumption
that the size of the observed irregularities on the
surface of the film is of the same order as its
depth. On this basis the thickness of the vapour
blanket at 100 atm is ~ 1073 cm.

An unambiguous measurement of the thick-
ness has been obtained using heated wires. A
film thickness of 4 (+2).10"*cm has been
measured from photographs of a wire of 107% cm
dia at 600°C (about 200 us after reaching the
saturation temperature) as shown in Fig. 6(c).
The production of a film of this thickness in this
time implies an average vapour generation rate
of 240 Wcem™2 (~5 per cent of the flux)--
this is comparable to the acoustic loading
measurements at 80°C subcooling at similar
heating rates.

5. THE ENERGY TRANSFER REGIONS

From the results presented above we may
define the distinct regions of energy transfer in
transient boiling (shown schematically in Figs.
7(a) and (b)) as follows:

(a) Liquid conduction region, for target tem-
peratures less than the saturation temperature,
in which the dominant energy transfer mecha-
nism is transient conduction in the liquid.

(b) Nucleate boiling region commencing at
target temperatures greater than the saturation
temperature and characterized by the growth of
discrete vapour bubbles on the target.

(c) Intermediate boiling region, defined as the
region where the average flux decreases with
increasing target temperature (corresponding
to conventional transition boiling).

(d) High temperature region, above 500°C,
in which the flux is independent of target tem-
perature, and a thin, irregular vapour layer
covers the target (corresponding to conventional
film boiling).

These regions are discussed in detail in the
following sections.
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6. THE NUCLEATE AND INTERMEDIATE
BOILING REGIONS
In the high pressure apparatus the increased
saturation temperature results in an extended
non-boiling transient conduction region. At a

pressure of 100 atm the nucleate boiling is

restricted to a temperature interval (7., —
Ti) of about 30°C and the peak flux is lower
than in the 20 atm case.

At temperatures below the saturation tem-
perature, the flux can be accounted for by
transient conduction to the liquid. Above the
saturation temperature, and at a given sub-
cooling, the peak fluxes are greater than those
determined for transient pool boiling at lower
pressures [3,7,8].

The results of vapour production measure-
ments in the nucleate boiling region (ie. an
increase of nett mass generation rate with heating
rate at a given subcooling) may be interpreted
in terms of the now generally accepted microlayer
theory (e.g. [9, 10]). It is observed that the flux is
independent of heating rate, and hence the
evaporation rate for the microlayers on the
target should also be independent. However, the
condensation rate will lag behind the evapora-
tion rate until the vapour bubbles have grown
sufficiently. Thus, at high heating rates, evapora-
tion will initially greatly exceed condensation
and the nett vapour generation rate will thus be
large.

The observed rapid increase of heat flux with
temperature would also be expected on the
microlayer theory (as in steady boiling) since the
temperature gradient across the microlayer
increases as (a) the foil temperature rises, (b) the
layer thins by evaporation and (c) new bubbles
are formed with thinner layers at higher super-
- heats, possibly within previously existing layers.
(Typical bubble growth timescales are ~ 20 ps
compared with 200 ps heating time.) Continued
evaporation and thinning must cause dryout
before the foil temperature reaches the critical
temperature of water (374°C) unless supercritical
pressures can exist locally. In these experiments,
the occurrence of dryout is indicated by a
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falling heat flux (see Fig. 3) as the vapour is
increasingly replacing the liquid contiguous
with the target.

In the intermediate or transition boiling
region under acoustic loading, the non-occur-
rence of coherent oscillations of the vapour
blanket is of particular significance. The simple
theory of vapour blanket movement developed
in the Appendix shows that small departures
from an assumed equilibrium vapour blanket
thickness are damped under acoustic loading
conditions where the pressure is proportional
to the displacement velocity. Therefore coherent
oscillations would not be expected until pressure
reflection from the free surface established
noncompressive motion of the water column
(see also section 8).

7. THE HIGH TEMPERATURE REGION

The conditions of high target temperature at
high pressure, and hence high subcooling, are
directly relevant to thermal explosions.

The flux in the high temperature region
(T, > 500°C) increases with increasing sub-
cooling as shown in Fig. 8. which contains
results from both the acoustic loading and
pressurized apparatus.

The straight lines shown in Fig. 8 represent
the theoretical transient conduction loss, Q.
across a thermal diffusion boundary layer in the
water adjacent to the vapour blanket, where the
liquid/vapour interface is at the saturation
temperature. Under these conditions,

k(T o — T,)
0, = - _.,!Ti,. e

,

(2)

where /. = {nat)?.

The lines shown are calculated from equation
{2) using values for t of 200 and 300 ps, which
correspond to the times during and after the
period when the foil was being heated.

It may be seen that the fluxes lie above the
transient conduction line by up to a factor of
three. Since radiation can be neglected, heat
transfer in the water is by conduction or con-
vection, so that significant increases above the
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transient conduction flux must be due to con-
vection, presumably excited by turbulence at the
vapour/liquid interface.

The above considerations lead to the postulate
that if the target is maintained above the satura-
tion temperature and that there is local pressure
equilibrium, then the total flux to the water
cannot be less than that due to a thermal diffu-
sion boundary layer with a plane interface
maintained at the saturation temperature.

The observed fluxes under acoustic loading
(Fig. 3(c)) at low subcoolings are consistent with
conduction across a pure laminar vapour film of
the measured thickness, thus:

_ kv(Tw — T;at)
R o)

which predicts @, = 300 W cm ™2 for a 500°C
target at 20°C subcoolingand 6 ~ 6 x 10™% cm
(see Fig. 4(a)).

However, the observed fluxes at high sub-
coolings are up to an order of magnitude
greater than given by equation (3). This indicates
that at high subcoolings liquid exists closer to
the target than would be expected from the
average vapour blanket thickness measure-
ments; that is, the blanket may be in the form of
a two-phase layer as suggested previously [3].

8. SOME REMARKS ON THE EFFECTS OF GAS
UNDER ACOUSTIC LOADING

Permanent gas was evolved occasionally from
the water column in the acoustic loading appa-
ratus during experiments involving water tem-
peratures above 70°C or 80°C and was also
evolved from targets heated to temperatures in
excess of 1000°C. The gas from the water was
observed to be in the form of a small number
of discrete bubbles on the walls which would
therefore influence the effective loading of the
system, whereas that from the target was
injected into the vapour blanket and hence
might be expected to influence the energy
transfer processes directly. These effects are
described separately.

Evolution of gas from the water was usually
eliminated by the procedures outlined in section
3. However, in early attempts to reach low
subcoolings, a few discrete bubbles appeared on
the walls of the vessel in the region of the target.
The effect of these bubbles was that the energy
transfer processes immediately became similar
to those characterizing open geometry. In
particular, the oscillating vapour blanket region
occurred over the same target temperature range
and with the same step heat fluxes as in the
experiments discussed by Board et al. [3]. The
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nearest bubbles, approximately 6 mm distant
from the target, were of diameter about 1 mm.

This effect may be understood by considering
that the bubbles provide a nearby free surface
for pressure relief, hence reducing the effective
length of the water piston coupled to movements
of the vapour blanket and providing inertial
instead of acoustic loading. This phenomenon
may be relevant to inter-particle effects in
thermal explosions.

Permanent gas evolution from the target was
found to cause anomalously large pressure
pulses which implied an order-of-magnitude
increase in boundary displacement. The evolu-
tion was found to occur increasingly above a
temperature characteristic only of the target
material (e.g. tantalum ~1000°C, nickel
~ 1400°C, tungsten ~ 1400°C, molybdenum
~ 1500°C). However, the evolution of gas did
not markedly affect the heat fluxes (near 5 kW
cm™?) at very high temperatures (> 1000°C)
which suggests that the energy transfer process
is relatively insensitive to blanket thickness for
thicknesses <1072 cm; this is not inconsistent
with the two-phase model postulated in section
7 to account for the energy transfer in the high
temperature region.

The permanent gas evolved from the target,
unlike the condensable vapour, remained con-
strained at relatively high pressure (~ 10 atm)
until relief was provided by motion of the whole
water column. This motion markedly reduced
the heat flux when the blanket thickness became
greater than 1072 cm. The subsequent motion
of the column consisted of a series of up to 10
bounces (see Fig. 9(a)), with sharp pressure
pulses and increased heat flux occurring when-
ever the column approached the hot target. The
detail of one of these pressures pulses is shown in
Fig. 9(b), with the column approaching to
within 10~ 2 cm of the target. The maximum heat
fluxes observed during this approach were com-
parable to those obtained in open geometry
experiments.

Similar bouncing motions have been ob-
served in experiments with much greater heated
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areas [35, 11-14], where the vapour production
could maintain the pressure for long enough to
produce whole column motion.

9. CONCLUSIONS

Transient heat fluxes and vapour production
rates have been measured as functions of sub-
cooling and target temperature under acoustic
loading and under external pressures of up to
100 atm. They confirm the existence under
conditions relevant to thermal explosions of
several distinct energy transfer regions, similar
to those found in earlier work in an open vessel
[3]

The nucleate boiling region has been shown
to extend from the saturation temperature
nearly to the critical temperature of water, with
peak fluxes of between 5 and 10 kW cm™?
depending on loading conditions. The main
effect of high pressures is to restrict the interval
between the saturation and critical temperatures
over which nucleate boiling can occur. Under
acoustic loading, the vapour blanket was shown
to be stable against coherent oscillations of the
type observed in an open vessel.

In the high temperature region (> 500°C).
fluxes were found in general to be up to three
times greater than those which would be sup-
ported by transient conduction in the liquid.
assuming a plane liquid/vapour interface at the
saturation temperature. The hypothesis was
advanced that fluxes above this level were due to
turbulence in the thermal boundary layer. It
was postulated that the flux required to maintain
a plane liquid/vapour interface at the saturation
temperature against transient conduction
formed an absolute lower limit to the flux lost
by a target above the saturation temperature.

Vapour production rates measured under
acoustic loading conditions showed that the
maximum rate of vapour mass generation in-
creased rapidly with target heating rate, reaching
about 200 W cm ™2 (10-20 per cent of the total
flux) at a heating rate of 5° us™*. In the high
temperature region, the average vapour blanket
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thickness at high subcoolings (>20°C) was too
great to support the observed flux by conduc-
tion in pure vapour; it is suggested that the
additional mechanism of evaporation of liquid
in the vapour near the target is important. At
low subcoolings (20°C) the observed flux can be
adequately accounted for by conduction across
a plane vapour blanket.
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APPENDIX
Vapour Blanket Stability

Using the arguments and assumptions of the appendix of

the previous paper (Board et al, 1971), the heat flux from the
target is taken to follow a conductivity law

1)

so that the nett vapour generation rate caused by a small
displacement x from the blanket equilibrium position is

_ I&i (,2)
2L
£ 6P, + i 3)

For a perfect gas, small changes along the saturation curve
may be approximated by

P, =p,GT,. 4)

Now the equation of motion for acoustic conditions is
P, — P, =pc % 5
ie P, = p,c % ©)

Equations (2), (3), (4) and (6) may be combined to give a
linear differential equation in x,

6plcuo . . Kl
— =X+ puX+ ,x=0 7
GT, R TT) @
with solution
x =DexpCyt + EexpCyt (8)
where C, and C, are given by
PeuGT, 1
Cip=—————+ at GTo)?
b 20pic, T 20pCn |:(p ' )
47plccoGTaoK1 H
Lo ’

Comparing the magnitude of the terms inside the square
root using the typical values,

psﬂ! GToo = Psllt x> 2 atm
pp=1gem™?

¢o =15 10° cms™!
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G =046)g"' K-

T, ~ 300°K

& ~ 1073 (from Fig. 4(a))

Q =~ 10° Wom™ 2 {from Fig. 3)

K, =0 x difrom equation (1))
=1Wem™!

L=123.10°Jg""

it can be shown that

4pie, GT K
P D02t s (po GT).
Lo

Hence the solution {8} of equation (7) may be written
w GT. GT K, \}
x:exp—p' ~ 1 |Fcos + ‘)x
20« L&*pe,

GT.K,
+Hsin(-—-—°'i——1). 9
L&pe,

This solution represents a damped harmonic oscillation with

frequency
1 /GT, K\
3 \L5%ec.,

R. B. DUFFEY, A. J. CLARE. D. H. POOLE, §. J. BOARD and R. §. HALL

and damping time constant
2Wpe..  2pe,
PaGT, P

xil

This may be compared with the solution for inertial
loading, which is, correcting an error in sign in the earlier
paper.

Lot

x = Adexp{s, + st + [Bcos YT s, — st

2

3
+ Csin \{ {8y — sz)tJ exp — (s + 830t

where

—~K,GT, v Ap AGTLMAT)
Sl = "“":3""‘—“-'“‘ ""1 + / 1 + " ...____7—’_-,..
25°p,K,RL \ 27K2p,K3R

—~K,6T,, 4p SGT, 33
32 :{*13_1—"'“—*[1 + r/<} +*~g—t—2—‘-’~'~“")]}
28%p,K4RE v 27K2pK 3R

This represents a harmonic oscillation whose amplitude
grows with time, since —(s; + s,) is always positive.

Thus in inertial loading conditions, the vapour blanket is
unstable, i.e. a perturbation will cause an oscillation which
grows, whereas under acoustic loading oscillations are
damped and the blanket is stable.

MESURE DU FLUX DE CHALEUR TRANSITOIRE ET DES TAUX DE GENERATION
DE VAPEUR DANS L'EAU

Résumé—Les mécanismes de transfert d’énergie transitoire sous les conditions de charge de pression

acoustique ou élevée ont été examinés expérimentalement par échauffement lazer rapide de feuilles métal-

liques dans Peau. Les flux thermiques et les épaisseurs de la couche de vapeur ont £té déterminés pour un

domaine de température du métal entre 100 et 1 000°C avec des sous-refroidissements de U'eau entre 20 et

290°C. Les résultats obtenus permettent une description des procédés de transfert d’énergie pour un large
domaine de conditions.

MESSUNGEN INSTATIONARER WARMESTROME UND
DAMPFERZEUGUNGSGESCHWINDIGKEITEN IN WASSER

Zusammenfassung— Instationsre Energielibertragungsprozésse bei akustischer und Hochdruck-Beein-

flussung wurden experimentell untersucht mit Hilfe einer Schnellaufheizung einer Metalifolie in Wasser

mit einem Laserstrahl. Wiarmestrome und Dampfschichtdicken werden ermittelt fiir Metalltemperaturen

von 100-1000°C bei einer Wasserunterkiihlung zwischen 20 und 290°C. Die erhaltenen Daten gestatten
die Beschreibung der Energieiibertragungsprozesse in einem grossen Bereich.



MEASUREMENT OF TRANSIENT HEAT FLUXES

NBMEPEHUE HECTALHMOHAPHBIX TEIUJIOBLIX IIOTOKOB U CKOPOCTEN
NMAPOOBPA3OBAHUA B BOAE

Anmoranga—Meronon ObICTPOro n83epHOT0 Harpepa Meranamyveckol ¢ouaprm NOX BOROH
SKCIIEPUMEHTANBPHO NCCIENOBAMNCE POECCH HeCTAIUOHAPHOr0 SHEPIoNepeHoca B YONOBUAX
AKYCTHYECKOH HAarpyski ¥ BHCOKOroe RapieHuA, TensoBhie IOTOKM M TOJINMHA CJOA Napa
UBMEPANNCh B [MANIA30HEe U3MEHeHWA TeMieparyph meramaa of 100 xo 1000°C u BogamHoro
xaagoarenta or 20 po 290°C. TemmepaTypHBe [AaHHBIE NO3BOJAKT OIMCATH NPOLECCH
BHEPTONePeHoca B IIMPOKOM AMAMA30HE H3MEHEHUA MapaMeTpPoB mpoLecca.
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