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POSSIBILITY OF NORMAL SPHERICAL
DETONATION IN A HYDROGEN-OXYGEN
GAS MIXTURE: ALLOWABLE TEMPERATURE,
MACH NUMBER, AND HYDROGEN CONTENT

In the framework of the classical theory of detonation with the use of the previously obtained
relations for spherical waves, the ranges of the allowable values of temperature, Mach number,
and hydrogen content in a gas mixture, where the normal spherical detonation is possible, are
determined. The critical values of parameters associated with the kinetics of chemical reactions
at the blast wave front and the parameters responsible for the shock transition intensity (the
minimum and the mazimum of the Mach number) are calculated for the reacting medium. By
analyzing the interaction between Ha and Oz, the intervals of the critical temperature, the
temperature of detonation in a stationary medium, and the hydrogen content in the mixture,
at which the spherical detonation is possible, are determined graphically.
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1. Introduction

Explosions are widely used in many areas of sci-
ence and engineering, and their models are applied
to elucidate various physical phenomena. Moreover,
the unexpected explosions in industry and everyday
life often result in catastrophes with numerous human
losses, which invokes the intensive study of a super-
sonic burning nowadays. Those researches are carried
out using both analytical methods [1] and numeri-
cal simulations [2, 3]. This work aims at studying the
range of parameters needed for a normal spherical
detonation in a gas mixture to take place. It is the
kind of detonation that precedes the plane (classical)
detonation, but emerges at lower shock wave veloc-
ities [4]. The spherical wave produced by a strong
point explosion corresponds to the initial stage of
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the whole detonation process and transforms gradu-
ally into the classical variant. In the earlier work [4],
the model for the transition of an explosion spheri-
cal wave to the Chapman—Jouguet regime was pro-
posed. In the other work [5], the concept of the crit-
ical temperature at the wave front was introduced
as a basic criterion for the transformation of a shock
wave to the detonation one. In this work, using the
hydrogen-oxygen gas mixture as an example, an at-
tempt was made to graphically determine the ranges
of physical parameters, at which the spherical deto-
nation is probable.

2. Critical Values of Parameters
Related to the Chemical Reaction Kinetics

The classical theory considers detonation waves with
sharp front edge. In its framework, the chemical
transformations are assumed to begin right after a

ISSN 2071-0194. Ukr. J. Phys. 2014. Vol. 59, No. 10



Possibility of Normal Spherical Detonation

jump-like increase of the pressure. Actually, the pro-
cess develops somewhat differently [6]. The temper-
ature and pressure profiles behind the shock front
of a detonation wave are schematically shown in
Fig. 1. After the shock transition (1-2), the vibra-
tional and rotational degrees of freedom of gas
molecules become excited (2-3), which is accompa-
nied by a temperature reduction. Then the induction
period (3-4) takes place, the duration of which can
be equal to more than 90% of the whole chemical re-
action time (3-5), if the activation energy of the pro-
cess is sufficiently high (E = 20-+40 kcal/mol). In the
stationary detonation regime (the Chapman—Jouguet
regime), profile 1-5 does not change in time. The
reaction zone adjoins the region of non-stationary
flow, rarefaction wave (5-6), the profile of which can
change.

It turns out that, in the case of a hydrogen-oxygen
mixture compressed by a shock wave, a lot of free rad-
icals emerge in section 2-4 |7, 8], with their concentra-
tion reaching 10'2+10' cm—3. Rapid chain transfor-
mations start just from those initial centers [7] and
run following the Lewis scheme. In this case, we have

OH + H, = H,0 + H, (1)
H+ O, = OH + O. (2)

Note also that the temperature 75, at which the
branching probability § equals unity,

§=1, (3)

is critical: the process becomes considerably acceler-
ated, and the rapid chain reaction takes place. Under
the indicated conditions, according to the results of
work [5], the equality

Ty =T, (4)

plays the role of a criterion for qualitative variations
in the kinetics of the interaction between hydrogen
and oxygen. The Lewis scheme ignites the detonation
mechanism, although the process itself can run in a
certain different way, following a different scenario, in
which the reaction rate is higher by an order of magni-
tude. From the chemical viewpoint, we have already
stated the fact that, in order to obtain the supersonic
burning at the shock wave front, it is necessary to
reach the temperature 7T, in the medium, at which
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Fig. 1. Schematic diagrams of the pressure, P, and gas tem-
perature, T', profiles behind the shock wave front [6] under the
condition To > Ty, where T3 is the temperature at point 2

the branching probability d equals unity. How can T,
be determined?

In work [5], the relation between the key parame-
ters of a chemical reaction at the shock wave front, on
the one hand, and the physical quantities that char-
acterize the process of shock transition, on the other
hand, was obtained,

T2 _ 2.5 x 10°QTo(y — 1)
T AP (v + 1)K*PR

(M2 -7+ 1)(2+ (v - 1M?)*
M6

Ey
() .

where M is the Mach number (it reflects the shock
transition intensity); Py the initial, before the explo-
sion ignition (at 293 K), pressure of the gas mixture
reckoned in mm Hg units; F5 the activation energy
of the branching reaction (2); K* the gas constant;
@ the combustion energy per gas mole; and ~ the
adiabatic index for the given gas mixture. For the
hydrogen-oxygen mixture, the corresponding numer-
ical values are [9]: v = 1.4, @ = 286.5 kJ/mol,
K* = 831 J/mol/K, E; =16 x 10®>x 4.19 J/mol,
and Tp = 293 K. Then Eq. (5) reads

X

T2 _ 538 1010(2.8M2% — 0.4)(2 + 0.4M?)? y
T Py M6

> 678067/Tr. (6)
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Fig. 2. Schematic structure of a plane detonation wave: explo-
sive substance (ES), detonation products (DP), and chemical
reaction zone (CRZ) (a). The pressure changing in time: in
front of the wave front (P1), at the wave front (P»), and in the
chemical reaction zone (the Jouguet point, P3) (b). Reaction
rates (c¢)

It is evident that the temperature T, is different
for different Mach numbers. Formula (6) describes the
functional dependence of the critical temperature T
on the Mach number M for the given initial pressure
P, and allows one to compare its value with the real
temperature

(M =y 4+ 1)(2+ (v - 1)M?)
T2 = ('}/ T 1)2M2 Tla (7)

where T} is the temperature of the medium in front
of the wave front. Hence, in our case, the important
criterion,

T2 Z T:m (8)

has to be satisfied for the detonation to take place as
a real process.
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3. Elements of the Hydrodynamic

Theory of Detonation. Limiting Parameters
Dependent on the Mach Number

Minimum and Maximum

The detonation process of explosive materials is con-
sidered as a cumulative action of the shock wave and
the chemical reaction, when the shock compression
initiates the reaction, and the reaction energy main-
tains the detonation process afterward. The hydrody-
namic theory [10] enables one to evaluate the size of
a chemical reaction zone and the values of medium
parameters in the chemical reaction zone (at the in-
terface with the detonation products). The classical
theory considers a plane detonation front,

d=AHD —v,), 9)

where d is the chemical reaction zone width, At
the reaction duration, D the shock wave velocity,
and v, the gas velocity behind the reaction front
(the Jouguet point). To be exact, in a real situation
(Fig. 2), there exists some shock transition interval (1-
2) before the temperature T is achieved, which is not
taken into account in this case. One can see in Fig. 2
that front (3-3) separates the chemical reaction zone
from detonation products. This means that the sub-
stance being suddenly compressed by the shock wave
burns out completely within the time interval At.

The theory is based on two important postulates:
1) the whole substance compressed by the shock wave
burns out, and 2) the combustion energy is enough
to maintain the shock wave velocity to be constant
(D = const). According to the theory, the pressure P
and the density p in the chemical reaction zone and at
the interface with detonation products (the Jouguet
point) are connected with each other by the following
relations [10]:

. P1+p1D2
v+1

ps _ Dy +1)
pi D +cf’

P , (10)

(11)

where Pj is the pressure at front (3-3) separating the
reaction zone from the reaction products, P; the pres-
sure in front of the shock wave front, p; the gas den-
sity in front of the wave front, D the wave veloc-
ity, g the adiabatic index, p3 the medium density at
the wave front (3-3), and ¢ the sound velocity in the
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motionless medium in front of the front. From the
Mendeleev—Clapeyron equation

Pu
pK*’

pv="KT=>T= (12)
1

substituting the values of P3; (10) and ps (11), we
determine the temperature 75 at the Jouguet point,

7o mD? . AD?+ 4

, p(yD*+ )

Sy FLE DXy +1) Kr(y+1)2
_uc%’yMz—i—l_ YM? +1
K (+0z T

(13)

where D = ¢; M. Here, we took into account that

D2
Py~ 22 (14)
v+1
when % > 1, and that
K*T;
2 1
=7 ; (15)
! 1

where p is the molar mass. It is evident that if we
consider the detonation and the support of a chemical
reaction by the shock wave, the following condition
has to be satisfied:

T35 > Ty; (16)
or, in a wider sense (Fig. 3, a),
Ty > Ty > Ty (17)

Let us analyze inequality (16) in detail. From the
theory of shock waves [10], it is known that the tem-
perature at point 2 in Fig. 3 is determined by relation
(7). Therefore, inequality (16) can be transformed as
follows:

yM? +1
CEEE
(2yM? =y +1)(24 (y = 1)M?)
>T (’Y T 1)2M2 (18)
Y(YM? +1) —

M2
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Fig. 3. Schematic diagrams for the temperature profiles be-
hind the wave front: the general case (a) and the case where
T3 =~ Ty ~ T, (b) corresponding to the limiting detonation
process

since 17 > 0 and v > 0. By solving the equation
Y(YM? +1) ~

2yM? =7+ D)2+ (- DM?) _
_ o _

(20)

with respect to M (keeping in mind that M > 0), we
obtain

M2y =)+ M*(y =5y +1)+2y—-2=0 (21
or, substituting the corresponding vy-value,
0.84M* — 4.04M? 4+ 0.8 = 0. (22)

The positive roots of this equation are M; = 2.145
and My = 0.455. For shock transitions, the most in-
teresting is the first root, My = 2.145 ~ 2.2. On the
basis of inequality (18), we may assert that the det-
onation process is not possible for all shock waves,
but only for those with the Mach number M > 2.2.
Owing to hydrodynamic reasons, there is no detona-
tion for waves with M < 2.2.

While analyzing Eq. (20), it is expedient to admit
that the temperature equality
T3 ~ T2 ~ Tz (23)

describes the lower temperature limit of the detona-
tion (Fig. 3, b). In so doing, we took into account
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Fig. 4. Dependences of the critical temperature T, and the
detonation temperature in the motionless medium, 7!, on the
Mach number M at the fixed pressure P = 60 mm Hg

that the rate of the chemical reaction decreases to-
gether with the temperature in the chemical reaction
zone. At the same time, according to the hydrody-
namic theory, the amount of the substance that was
compressed by the shock wave and interacted under
its action has to remain at the previous level. This cir-
cumstance inevitably results in the time growth for
the active reaction phase, and, as a consequence of the
process continuity, gives rise to a considerable reduc-
tion of the induction period (interval 3-4 in Fig. 1). In
this connection, there emerges a possibility for the
detonation wave to create a gas layer with an approx-
imately identical temperature, and the Mach number
M =~ 2.2 should be considered as the lower detona-
tion limit.

In order to determine the upper limit of the detona-
tion wave emergence by initiating an explosion in re-
acting gas media, let us use the model describing the
continuous transition of a spherical explosion wave
into the Chapman—Jouguet regime [4]. For the nor-
mal spherical detonation, it can be determined from
the formula

(v +1D*(r =1 Qc
4’72 K*Tl

1/2
M:

(24)

derived in work [4]. All quantities in this formula are
known, except for the parameter ¢, the specific con-
tent of the burned out gas (hydrogen). The intensity
of a detonation wave can be controlled by changing,
mainly, two parameters: ¢ (in the numerator) and
T; (in the denominator). In our case, all hydrogen
compressed by the shock wave burns out. The val-
ues of coefficient ¢ are confined within the interval
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0.66 > ¢ > 0. Let we have the stoichiometric mix-
ture of hydrogen with oxygen (¢ = 0.66 = max), and
the medium temperature 73 = —100 °C =~ 173 K =
= min. We suppose that a further temperature de-
crease will result in changes of the adiabatic index =y
and the physical properties of the reacting mixture
[11], i.e. let formula (24) be valid for real gases at
Ty > 173 K. In this case, we obtain a rough estimate
for the Mach number maximum, M., = 6.2. Note
again that a strong explosion takes place in a cooled
down medium. In this case, M,.x = 6.2. Hence, we
estimated the interval of possible Mach numbers for
the normal spherical detonation of the hydrogen-
oxygen gas mixture under real conditions:

6.2> M >2.2. (25)

In view of relation (6), let us plot the dependence of
the critical temperature on the Mach number, T, (M)
(Fig. 4). Since the Mach number range was found, we
will calculate the critical temperature T, for every M
from the indicated interval with an increment of 0.2
and the fixed initial pressure Py (the procedure was
described in work [5]). The larger the Mach number,
the higher is the critical temperature. However, at
M > 5, the critical temperature growth becomes a lit-
tle slower. At the lower limit M = 2.2, T,, = 1130 K,
and, at the upper limit M = 6.2, T,, = 1479 K. Hence,
in a hydrogen-oxygen mixture, the critical tempera-
ture T, for the allowable values of Mach number M
accepts values from the following interval:

479K >T, > 1130 K. (26)

Figure 4 also exhibits the dependence of the det-
onation temperature 7' on the Mach number M,
which can easily be obtained by substituting the crit-
ical temperature T,, [5] into relation (7):

T =

(v +1)°M?
e S (R DR

From Egs. (25) and (26), it follows that the detona-
tion temperature for a motionless medium falls within
the interval

609 K > T' > 176 K. (28)

This is the minimum temperature in front of the
shock wave that makes the detonation possible.
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4. Results
of Calculations and Their Discussion

Using the intervals obtained above for some physi-
cal quantities, let us graphically determine the region
of existence for the normal spherical detonation. The
upper limit of the hydrogen content in the mixture is
confined in our case by the value ¢ = 0.66. Above this
value, the chemical reactions resulting from the inter-
action between hydrogen and oxygen in the mixture,
which were considered in work [5], become more com-
plicated, and this circumstance may result in different
values of critical temperature. Further researches of
this issue are required. Below, the choice T} = 800 K
for the upper limit of the medium temperature is ex-
plained in detail.

With regard for dependence (24) of the Mach num-
ber M on the temperature of a motionless medium
T1 and the hydrogen content c, let us plot the depen-
dences M (c), T (c), and T (c) at fixed Ty and Py. We
proceed from the plots of the dependence M (c) at
T1 = const exhibited in Fig. 5 for Ti-temperatures in
the interval 800 K > T; > 173 K. The lower curve
corresponds to the gas mixture temperature 77 =
= 800 K, and the upper one to T3 = 173 K. Ac-
cording to expression (24), this family of curves has
a power dependence on the hydrogen content in the
mixture, ¢, with a power exponent of 0.5. Let us
fix the maximum content of burned out hydrogen,
¢ = 0.66, which corresponds to the stoichiometric
composition of hydrogen-oxygen mixture, and draw
a vertical line. The Mach number corresponding to
its intersection with the mentioned family of curves
changes from M = 2.2 at point 4 to M = 6.2 at
point 5. Another important detail should be empha-
sized. Four dashed lines are drawn in Fig. 5. Two
horizontal ones confine the region of allowable Mach
numbers corresponding to the normal spherical det-
onation. The first line corresponds to the minimum
Myin = 2.2, and the second one to the maximum
Myax = 6.2. The third dashed vertical line cor-
responds to the stoichiometric composition of the
hydrogen-oxygen mixture and is the optimal variant
for the detonation. The fourth line will be discus-
sed below.

Let us consider points 1 to 5 in Fig. 5 separate-
ly. Segment 1-2 corresponds to the lower limit of the
shock wave velocity Myin = 2.2, but the medium
temperature for the segment points turns out lower
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Fig. 5. Dependence of the Mach number M on the hydrogen

content ¢ in the gas mixture (Pp = 60 mm Hg) for various
temperatures in the motionless medium, T}

than the detonation one (Fig. 4). Therefore, the det-
onation is impossible in this case. The region of the
probable detonation for this Mach number is re-
stricted to segment 2-3, because the temperature of
motionless medium reaches the detonation temper-
ature values here. On the basis of Fig. 4, it is also
possible to draw a conclusion that, for the medium
temperature 17 = 173 K, the detonation is possi-
ble if M = Myax = 6.2 (point 5 in Fig. 5). In
other words, for the chosen temperature, 800 K >
> Ty > 173 K, and hydrogen content, 0.66 > ¢ >
> 0.075, intervals, the region of the probable deto-
nation is bounded by segments 2-3, 3-4, 4-5, and 5-
2. Segment 5-2 is presented in Fig. 5 schematically
by a straight line. In the general case, in view of
the nonlinear dependence M (c,T1), this segment is
curvilinear.

Let us derive the functional dependence T, (c) by
substituting the M(c) dependence (Eq.(24)) into
Eq. (5). To make transformations simpler, let us
rewrite Eq. (24) in a slightly different form,

M = [ne]'/?, (29)
where
C(r+1)P(v-1) Q
n= 42 KT, (30)
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Fig. 7. Dependences of the detonation temperature 7% on
the hydrogen content c in the explosive gas mixture Hy + Og
(P = 60 mm Hg) for various temperatures in the motionless
medium, T}

Then we obtain the following transcendental equation
for the critical temperature T:

s 25X 10°QTo(y — 1)

T T KR

(2yne =y +1)(2+ (v — 1)ne)? E,
X p exp KT, (31)
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or, taking Eq. (30) into account,

o _ 25X 10°TyT
T (v+1)PR

(2yne — v +1)(2+ (v — L)ne)? Es
X 2 exp|— T (32)

In Fig. 6, using expression (32), we plotted the depen-
dences T.(c) at Py = const and 77 = const. By the
form, they are similar to the previous plots (Fig. 5)
and confirm the conclusions made for points 1 to 5.

More interesting is the dependence of the detona-
tion temperature in the motionless medium on the
hydrogen content, Ti(c), at Py = const and 77 =
= const. It can be determined from relation (5) with
regard for Eq. (7):

2 25X 10°QTo(y — 1)(y+1)3 y
4v2K* Py(2yM? — v+ 1) M?

()
EQ(’Y+1)2M2
<‘ KT 02—+ D2+ (7 = 1>M2>)' (33)

Making allowance for Eqgs. (29) and (30), relation (33)
can be simplified to the following form:

X exp

iy = 25 10Ty Ty (v + 1)
Pyc(2ync — v+ 1)

. Es(y +1)%ne
e ( K*T'(2ync =~y +1)(24 (v — 1)770)) - (34

The corresponding family of curves is shown in Fig. 7.
While analyzing the plots, the attention should be
drawn to the following facts. (i) Every temperature
Ty of the gas mixture is associated with a specific
dependence T (c). (ii) As the hydrogen content in
the mixture grows, the temperature of the detona-
tion 7' in the motionless medium drastically de-
creases, which is especially appreciable at low tem-
peratures. (iii) Let us draw a horizontal line that
intersects the family of curves (for example, let it
be the dashed line 7' = 173 K). At the point of
its intersection with the curve corresponding to the
same temperature of the motionless medium (in our
case, this is T3 = 173 K), the detonation condition
Ty = T, (point 5) is satisfied. Detonation becomes
probable, because the current temperature of motion-
less medium reaches the detonation temperature for
this medium (77 = T1). (iv) The intersection points
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of any horizontal line (see item iii) correspond to
the critical hydrogen contents in the mixture, below
which the detonation is impossible. The dashed line
connecting points 2 and 5 in Fig. 7 corresponds to the
condition Ty, > T, for the whole family of curves.

Let the hydrogen content in the mixture change
from 0.075 (point 1) to 0.66 (point 4). Then, on the
basis of the plots shown in Fig. 7, one may assert the
following.

1. As was indicated above, a temperature lower
than T! ~ 173+176 K can give rise to a variation in
the physical properties of the reacting mixture. Then
the proposed formulas will produce erroneous results.
The horizontal dashed line that passes through point
5 corresponds to this temperature, and point 5 testi-
fies to the explosion with the maximum Mach number
My = 6.2

2. According to the plot of the functional depen-
dence T (c) at Ty = 273 K (see Eq. (33) and Fig. 7),
the detonation is possible if the hydrogen content in
the mixture is not lower than 0.57.

3. Physical restrictions imposed by the minimum
Mach number M,;, = 2.2 bring about the existence
of the upper limit for the detonation temperature,
T!' = 609 K. Points of both segments 1-2 and 2-
3 correspond to the allowable values of Mach num-
ber. However, the detonation is possible only for the
points on segment 2-3, because the main condition
T5 > T, is satisfied at T7; > 609 K. Whence it follows
that ¢ = 0.27 is the minimum hydrogen content in
the mixture, below which the detonation is impossi-
ble even at very high temperatures.

4. Experimental results testify that, if the temper-
ature of a gas mixture is higher than 77 = 800 K,
the spontaneous ignition takes place, which can trans-
form into the detonation, if the hydrogen content in
the mixture is not lower than 0.37. Therefore, this
temperature is a kind of upper limit, to which the
hydrogen-oxygen mixture can be heated up without
ignition.

From the reasons given above, it follows that the
region of spherical supersonic burning is bounded by
segments 2-3, 3-4, 4-5, and 5-2 in Fig. 7. For the il-
lustrative purpose, it was hatched.

5. Conclusions

The dependences between the temperature, Mach
number, the hydrogen content in the hydrogen-
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oxygen mixture as the main parameters characteriz-
ing the process of transformation of a shock wave into
a detonation one and affecting the chemical reactions
between reacting components are studied. On the ba-
sis of relations obtained earlier [5], the conditions are
found, under which the probability of a chain branch-
ing reaches unity (6 = 1), and a fast chain reaction
is started. The existence of the critical temperature
T, at the front of a shock wave, above which the det-
onation takes place, is substantiated, as well as the
functional dependence (5) of the critical temperature
on the Mach number. In author’s opinion, the latter
should be taken as a basis, while studying the pro-
cesses of spherical detonation. Summarizing the re-
sults of work [5], the condition T5 > T is found,
which connects the kinetics of a chemical reaction
with the detonation in a gas mixture. On the basis
of the relations of the hydrodynamic theory of deto-
nation, the region of possible values for the tempera-
tures at the shock wave front, T5, and in the chemical
reaction zone, T3, is determined. The equality

Ta: %TQ %T3,

which couples them, corresponds to the lower limit, at
which the detonation is possible. The minimum and
maximum values of Mach number in reacting gas me-
dia are also determined, which enables the process
of supersonic burning to be analyzed in more details
and the region of physical parameters (the critical
temperature, the temperature of detonation in the
motionless medium, and the hydrogen content in the
mixture), at which the spherical detonation is proba-
ble, to be indicated. The latter is illustrated, by using
the hydrogen-oxygen mixture as an example.

To summarize, it should be noted that this paper
is final in a cycle of works devoted to the study of the
whole process of normal spherical detonation.

The author expresses his sincere gratitude to
Yu.L. Birkovoi, the former head of the technological
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past, production association “Rodon”, as well as to
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M. M. IToaamatixo

OBJIACTD JOIIYCTUMUX 3HAYEHDb
TEMIIEPATYPU, YUCEJI MAXA I IINTOMOT'O
BMICTY BOJIHIO B TA3OBII CYMIIII MOYKJIIBOI'O
ICHYBAHHS HOPMAJIbBHOI COEPUYHOI JETOHAIIIL

Peszmowme

BuxopucroByroun enemeHTH Teopil KyiacHdHOI JeToHAIil i pa-
Hillle OTpUMaHi CHiBBiIHOIIEHHS JJIsi C(DEPUYHUX XBUJIb, aBTOP
cripoOyBaB BCTAHOBUTH O0JIACTH JOIYCTUMHUX 3HAYEHb TEMIIe-
paTrypu, dncen Maxa i mMTOMOro BMICTy BOZHIO B ra3oBiil Cy-
MiI, 1110 YMOXKJIMBJIIOIOTh ICHYBaHHSI HOPMAaJIbHOI cepuaHOl
neroHariil. ¥ pobGoTi BpaxOByBaJjIHCsl KPUTHYIHI 3HAYEHHS IIa-
pamerpiB, NMOB’sA3aHi 3 KiHETHKOIO XiMiuHOI peakxiiil Ha (poH-
Ti yaapHOl XBuJli i mapaMeTpH, 10 BU3HAYAIOTH IHTEHCUBHICTH
yaapHoro nepexoay (MiHiMasbHE I MakCUMaJsIbHE Tucao Maxa)
JIJ7Is1 TAHOTO pearyiodoro cepejosuina. Ha npukiaai BsaeMo-
ail Ho i O2 Bmasocst rpadiusHo BH3HaUUTH 06/IACTDh 3HAYEHDL
KPUTHUYHOI TeMIIepaTypH, TEMIepaTypH JIeTOHAlil HepyXOoMo-
ro CEpeOBUINA Ta IIHTOMOIO BMICTY BOJHIO B CyMIili, 3a SIKHX
MOXKJIHBa CEepUIHa TeTOHAIIs.
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