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We consider behaviour of critically strained reactive system under external
harmonic perturbation. While a reactor works nearby such a state, the role of
external fluctuations increases. Because of non-linearity of the system response
on external perturbations, the reactor crosses over from a steady operative state
into an unsteady one, which is explosive. Then a question arises of how the
value of the perturbation provoking the conversion from the steady state to
the unsteady one, depends on its frequency. It is shown that in the immediate
vicinity of the critical state, the basic equation of the reactor warming-up can
be brought to the Riccati equation with a harmonic source. It is found with
the parametric calculation method that, under condition of constant amplitude,
the transition time increases with increasing frequency. A linear dependence
of the external transition energy on the perturbation frequency is revealed.

Key words: reactor, external harmonic perturbation, nonlinear system, crit-
ical state, Riccati equation.

The productivity of the system, which can be, for example, a homogeneous reactor
or just a particle of combustible, increases on approaching the critical state. However
nearby the critical state the risk of a stability loss of the reactor operating condition
grows under the perturbation effect that provokes the conversion to the unsteady and
difficult controlled state. By this reason, from the scientific point of view the response
of the reactor as a nonlinear system on external harmonic perturbation is the most
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interesting [1]. In the works [2,3] the similar task was examined in a wide temperature
range.

The task of a present work is to find out a connection between the perturbation
parameters, which are amplitude and frequency, when the system converts from the
steady state to the unsteady one.

Taking into account the heat supply due to reactions and heat sink from the
system to the environment the equation of the homogeneous reactor warming-up can
be expressed as:

T 4 S S
_ Qpc o L(T —Ts) + * coswt, (1)
dt cpm cpm Cpm

Here the first and second summands in a right part of the equation (1) define
physically the heat supply and the heat sink of the system accordingly, the third
summand is a source of the external harmonic perturbation. In these expressions @ is
a reaction thermal effect; z is a particle generation rate in a reaction; p is a density of
agent, c is its concentration; F is an activation energy, i.e. that energy which the mole
of substance must possess to be responded; R is a universal gas constant; 7" is a reactor
temperature; « is a heat-transfer coefficient; T, is an environment temperature; V'
is a volume where a reaction takes place; S is a surface area limiting the volume; w
is the external perturbation frequency; T4 is an amplitude, i.e. a peak temperature
of the external perturbation; ¢, is a specific heat capacity at constant pressure; m is
mass of the reactive system.

Supposing that the reactive volume has a spherical form for which, as is generally
known, the Nusselt number approximates by 2. Then the equation (1) has the next
type
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Such denotations are here accepted: A is an environment heat conductivity coefficient,
T is a size of the reactor core.

We will make the equation (2) dimensionless. For this purpose we will do the
known change of variables by Frank-Kamenetskii [4]:

E _ RTw

= @(T*Tm),ﬁf . (3)

0
E

Considering expressions (3) the equation (2) can be brought to the dimensionless
temperature form:
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where 7, = plP is relaxation time; 7, = £ —2¢ Rl is time of the chemical
3\ QzcE

reaction.
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For the wide row of substances a dimensionless parameter [ is negligible quantity
about 0.05.

Taking into account the infinitesimal parameter 5 and insertion of dimensionless
time 7 the equation (4) can be presented like that:

o ,
7. = ke 0+ 04 cosw'r. (5)

T, E
Such denotations are here accepted: kK = — is a Semenov’s parameter, 04 = T4 ——
Ta RTZ

is a dimensionless amplitude of the external harmonic perturbation, 7 = ¢/7,. is di-
mensionless perturbation time, w’ is dimensionless frequency

W = wT,. (6)

The dimensionless frequency by its physical meaning is a ratio of two characteristic
process times which are the relaxation time and period of the perturbation effect.

As is generally known [4], critical conditions are implied by not only equality of
functions of heat supply and heat sink in tangency point but also their derivatives:

{r*e” =0* k*e? =1. (7)
From (7) we find the critical parameters 6*, x* as follows:

(0" =1,k =e? =¢7 1 (8)
Then the equation corresponds to the system that is reactive nearby a critical state:

do _ _6-1 /
o =¢ 0+ 04 cosw'T. 9)

Because of a littleness of 8 — 1 we will expand the exponent in a Taylor series up
to second order. Thus nearby criticism the equation (9) is brought to the Riccati
equation with a source of external harmonic perturbation:

% = %(9 —1)® + 04 cosw'T. (10)

An analytical solution of the equation (10) does not exist because the right part
contains the source written in a harmonic form. Therefore in the work the numeri-
cal parametric calculation of the equation solution with a variation of temperature
amplitude 64 and frequency w’ of the perturbation has been carried out (fig. 1).

At each set of parameters induction time 7; was found, under which duration of
the nonlinear critically strained system transition is implied from the stable initial
state to the unsteady one that is explosive.

The results of dependence of the induction time 7; on amplitude 84 and frequency
w’ of the external perturbation are presented in the fig. 2-3 accordingly.

In the first of them the drop-down dependence of the induction time on the
perturbation amplitude is visible at the different fixed frequencies. This result looks
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obvious because for the nonlinear system of the exothermic reactive environment its
response on the phase of warming-up is stronger than the response on the phase of
the system cooling down.

On the contrary, in a fig. 3 there is an increase of the induction time with growth
of frequency at the fixed external perturbation amplitude. It is consequent that wi-
th growth of frequency the nonlinear system response on the external perturbation
decreases by virtue of its thermal inertia (6).

Thus the induction time is a function of amplitude and frequency 7, = 7;(64,w’)
of the perturbation. At the fixed transition time the dependence of amplitude on
frequency is found out. A form of this dependence is brought in the fig. 4 for different
transition times. Tt is shown that curves 1-3 approximate with high accuracy (~ 1 %)
by a linear function.

In the fig. 5 we can see the cross-section of 3D plot by planes at constant induction
time. The general property of heavy lines is the linear dependence between perturbati-
on energy and frequency.

So, the energy of the external perturbation, which is enough for the system
conversion from the initial steady state to the unsteady explosive one, is proportional
to the perturbation frequency. This result calls to the well known quantum-mechanical
relation in which also, as in our case, energy is in proportion to frequency in the first
degree.

Fig. 1. Temperature-time curve of the strained system under the external perturbation with
04=0,2, 0w =13
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Fig. 2. Dependence of induction time on external perturbation temperature at fixed
frequency. Values of frequencies 0,8, 1, 1,3 correspond to the curves 1, 2, 3
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Fig. 3. Dependence of induction time on external perturbation frequency at fixed amplitude.
Values of amplitudes 0,1, 0,15, 0,2 correspond to the curves 1, 2, 3
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Fig. 4. Dependence of amplitude on frequency of external perturbation of the strained
system, for which a transition from initial steady to the unsteady explosive one happened in
same induction time. Induction time 55, 74, 96 correspond to the curves 1, 2, 3

Fig. 5. The set of solutions 7; = 7;(04,w’) of the equation (10) forms 3D plot. Heavy lines
correspond to the curves of dependences of amplitude on frequency of external perturbation
in cross-sectional planes at constant induction time
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PosrisiayTo MOBeIiHKY KPUTHYHO 3arOCTPEHOI PEaryrdol CHCTEMH ITi/T BILTHBOM
30BHIIMHBOrO TapMOHiiHOro 30ypenns. Ilix gac poborn peakTopa moban3y Kpu-
THYHOTO CTAHy 3POCTAE POJIb 30BHIMIHIX (paykryariti. Buacaigok neminifinocTi
BII'YKY Takoi CMCTEMH Ha 30BHIIIHIA BIJIMB PEAKTOP IEPEXOJUTH 31 CTIHKO-
ro pobOvOro cTaHy 0 HECTIHKOro — BUOYXOBOTO. BMBUAEThCS TUTAHHS 3B’ 13-
Ky BeJUYMHU 30YPEHHS 3 YACTOTOI HOro BILIMBY IiJT 9aC MEPEXOLY PEeaKTOpa
1o HecTilikoro crany. [lokazano, mo 6e3mnocepeHbo MO0 U3y KPUTUKY OCHOBHE
PIBHSIHHA PO3irpiBaHHA PeakTopa MOXKHA MPUBECTH 10 piBHAHHS PikkaTi 3 rap-
MOHi#THUM mKepesoM. MeTonom napaMeTrpuyHoOro po3paxyHKy 3HANRIEHO, 110 33
HE3MIHHOI aMILJIITYAU 30BHIMIHBOIO 30y PeHHs 9ac IepexXoay 3pOCTaE 3 MiBHUIIe-
HHAM 9acTOTH. BusHaveHo JiHIHHY 3a7eKHICTH 30BHIMTHLOI eHepTil mepexomy
BiJ 9aCTOTH BILIUBY.

KumrouoBi cjioBa: peakTop, 30BHIIIHE rapMOHiiiHe 30ypeHHsI, HeJiHiliHA CH-
cTeMa, KpUTHYIHH cTaH, piBHaHHA Pikkari.
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Paccmorpeno moBeerne KpuTudeck 000CTPEHHOM PeArnpyOIei CHCTEeMBI O
BO3/IEHICTBMEM BHEIITHErO TapMOHHYECKOro Bo3Mymienud. Ilpu pabore peakTo-
pa BOMM3YM KPUTHIECKOI'O COCTOSHHS BO3PACTAET POJb BHEITHUX (DIYKTYAIHit.
Bcenencreue meIMHERHOCTH OTKJINKA TAKOH CHUCTEMbI Ha, BHEIIIHEE BO3ICHCTBUE
PEAKTOp MEePEeXOIUT W3 YCTONYIHUBOrO PabOvero COCTOSHUS B HEYCTONIHBOE —
B3pbIBHOE. M3ydaeTcs BOMPOC CBA3W BEIWIWHLI BO3MYIIEHHS ¢ UACTOTOH €ro
BO3MIEHCTBUSA MPH MEPEXOe PeaKTopa B HEYyCTOHIMBOE cocTodnme. ITokaszaHo,
9TO HEMOCPEICTBEHHO BOIM3M KPUTUKH OCHOBHOE YPAaBHEHNE PA30TPEBa PEAKTO-
pa MOXKeT ObITh IIPHUBENEHO K YPaBHEHHI0 PHKKATH C rapMOHMYECKHM HCTOY-
HukoM. MeTosoM mapaMeTpuyeckoro pacdera HalIeHO, YTO MpHU HEU3MEHHOMN
aMIUIUTY/Ie BHENIHETO BO3MYIIEHUSA BpeMd II€PexXOad YBEJINUYNBAETCA C POCTOM
9acTOTHI. BbIgBIeHa MUHEHHAsT 3aBUCHMOCTD BHEIHEH YHEPTUU IIePexXoma OT
JaCTOTHI BO3eHCTBHUA.

KuroueBble ciioBa: pPeakTOp, BHEITHEE TAPMOHUYIECKOE BO3MYINIEHUE, HETH-
HelfHasl cCUcTeMa, KPUTHIECKOe COCTOsTHUE, ypaBHeHne PukkaTu.
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