12. G. Z. Gershuni and E. M. Zhukhovitskii, Convective Stability of an Incompressible Fluid
[in Russian], Moscow (1972).

13. N. N. Bogolyubov and Yu. A. Mitropol'skii, Asymptotic Methods in the Theory of Nonlinear
Oscillations, Hindustan Publ. Co. (1963).

14. R. V. Khokhlov, Dokl. Akad. Nauk SSSR, 97, No. 3, 411-414 (1954).

15. C. Hayashi, Nonlinear Oscillations in Physical Systems, McGraw-Hill, New York (1964).

NONSTATIONARY PROCESSES IN OPTICAL FIBER FORMATION.
1. STABILITY OF THE DRAWING PROCESS

V. N, Vasil'ev, G. N. Dul'nev, UDC 532.51:532.522
and V. D. Naumchik

The stability of quartz glass melt flow in the deformation domain is investigated in
the linear hydrodynamic stability approximation as a function of the velocity coeffi-
cient, thedrawing rate, and the temperature modes of optical fiber formation.

One of the fundamental quality indices of an optical fiber is the constancy of its geo-
metric dimensions along the length. Fluctuations of the lightguide diameter cause nonstation-
ary processes during its formation, for instance, fluctuations of the melt viscosity in the
deformation zone, small fluctuations of the feeding and drawing velocities, inhomogeneity of
the ingot, etc. Since different perturbations are inevitably present in any real process of
optical fiber fabrication, the sensitivity of the lightguide dimensions to small fluctuations
in the drawing parameters near their stationary values is of great interest. Closely related
to the problem of investigating the reaction of the optical fiber drawing process to external
perturbing effects is the problem of its stability because it governs the domain of the param-
eters where continuous fiber formation is possible.

Instability of the process can be caused by two mechanisms: cohesion breakaway of the
lightguide (the tensile stress exceeds its rupture strength), and hydrodynamic instability
(small perturbations increase without limit in time and cause fracture of the liquid jet ora
periodic change in the thickness of the fiber being formed appears, i.e., so-called drawing
resonance is observed). The first fracture mechanism during the drawing of quartz lightguides
is associated with underheating of the quartz glass melt, i.e., with too high a value of the
viscous friction and is not examined here.

Investigation of the stability of the fiber formation process was performed first for
the case c¢f drawing from a filler of a continuous polymeric or vitreous textile fiber in iso-
thermal {1, 2] and nonisothermal conditions [3-5]. However, the application of these results
directly to production of optical fiber is difficult (the isothermal model is too rough a
generalization and mainly fiber drawing of polymers was examined in [3-5] and the energyequa-
tion being used cannot adequately describe the heat transfer process in lightguide produc-
tion). The stability of optical fiber drawing was studied directly in [6-9] but the stabil-~
ity was investigated in [6-8] only within the framework of the hydrodynamic model. The ingot
heating conditions were not examined here while the temperature distribution in the equations
of motion was taken into account parametrically by giving the viscosity by a function of the
longitudinal coordinate. The system of governing equations in [9] is actually borrowed com-
pletely from [3, 5], therefore, the remark formulated above relative to [3, 5] also refersto
[9]. Let us note that the dependence of the drawing stability on the temperature conditions
for fiber formation is shown convincingly in [8, 9]. It follows from the survey presented
that the drawing stability problem for optical lightguides is insufficiently investigated.
For a correct solution of the problem posed the heat exchange process during fiber production
must be examined more completely since it is apparently governing.

1. Stability of the optical fiber drawing process is investigated in this paper within
the framework of the linear theory of stability on the basis of a quasi-one~dimensional model
[10]. Fiber formation is considered under simple uniaxial tension of a Newtonian fluid with
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Fig. 1. Configuration of the computation domain.
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variable viscosity governed by the temperature distribution. It is assumed in the derivation
of the continuity, motion, and energy equations that the physical properties of glass, with
the exception of viscosity, are constant, the liquid is isotropic and its motion is axisym~
metric. The heat conductivity equation is written for the case of ingot heating in a furnace
(Fig. 1). The system of governing equations is written as follows in dimensionless form [10]:

OR OR R oV
— = V = - ] (l)
ot T ox + 2 ox .
oV oV 1 -0 ov R? 1 OR
= == [ 3uR%z — —_ 2
R<61+V6x,) Re ax<MR 0x)+ +We ax 2

/ 0T ory -~ 1 0 oT 2172

2V — =" —{AR? — ]| —2R(1 +R St(r—1) +
R(ar—}_ Gx,’ e 6x(R ax) (t+ ) ( ) (3)
BepTr—eTH[R, — R + kR’ (x — W)

[(n— x)* + (Rp — R)*P?

+ 4xRRp (R, — R) dn,

Oy go]

where V = V/Vo, il = u/uo, for the geometrlc parameters y=vy/l@ye{x, R, I, Ry, Ro}), for the

temperature t = t/To ((C{Ty, T, Tp, T4}, elhes T = 1Vo/l, Pe = pVocZ/)\T, Re = pVol/ue,
St = h/pVel, x = ncccTo/cho, We = Vopl/c Fr = ZVo/gZ, and k is a weight factor,
k= ’ R’ = 0R/0x.
{ 1, if R'<0, !

The bar above the dimensionless variables is omitted in writing (1)-(3) while the temperature
dependence of the viscosity was modeled by the following relationships: p(T) = peexp (—3.T +
a;) [11].

Let us form the equation describing the perturbation of the stationary state of the draw-
ing mode. When investigating the Laminar flow stability its governing parameters are decom-
posed into fundamental and perturbing which are superposed on the fundamental. Let V(x), T(x),
R(x) be the_velocity, temperature distribution, and shape of the jet surface for the steady
state while V(x 1), T(x,1), R(x,T) characterize the perturbation of the stationary state de-
pendent on not only the coordinate x but also on the time. Then the governing parameters of
of the resultant state can be written in the following form

Vo 9=V®I+V 9l T o= - T(x)[1 + T (x, 1],
R(x, ) =R+ R(x, 7). (4)
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TABLE 1. Dependence of the Accuracy of Determining w on the
Discretization of the Design Domain

. Critical value Crical value
1 W 1
v v o w N ¥ o w .
40 15 —0,787 i 60 15 —0,372
30 | —0,461 Not fixed 30 © 0,256 21,38
70 | —0,12¢ 70 0,767
50 15 —0,653 70 15 —0,322
30 —0,107 36,71 30 0,264 20,37
70 0,184 70 0,987

The stability investigation problem is to clarify whether the perturbing action damps
out or grows in time for a given fundamental flow. Let us substitute (4) into (1}-(3), and
after linearizing with respect to the variables V, T, R with the parameters of the fundamental
flow, i.e., the functions R(x), V(x), T(x), satisfying equations (1)-(3) for the steady state
taken into account, we obtain a system of differential equations describing the perturbation
of the stationary drawing mode:

——%’"‘i—= Gl 5
‘Z‘i = 132 gf ThO a - BV o () - § + (W R+ ¢ () ‘”7’ —+ 0.7, (6)
?ai :% ?azj Te (AT +a, R o 0R g7, (7
where
() = Se [2_(;%), - ”'J—V’ () = Rﬂ;Re ';7 (SMRZ%) -
53(’”):__1/3?_” ) = lﬁfﬁ - RVlWe )= RzliRe 7??(3 Rgﬂ)'ﬂenﬁve_ ’,
o (¥) = ?"g; QR’ St 1) + 28R, (?»—Ri ;;?:;17_" éx)—z iTzl)?;)i— ;;:Zdﬁ,
, %(x):ﬁ%ﬁ %(ARZ ii;) 2(1 4 %?R’E)St T—1)— wr |

1

4XR;D ‘S‘ (ﬁspT; _ STI‘) {(RP—_R)(RP—3R)+le(x'—n)(QRp—'SR) + 4R (Rp - R)Z [Rp — R+ kR’ (X _ Tl)] } d’l],

* RT I(n—x)* + (Rp — R)*? [(n— x)* + (Rp — RP*F

. 3TV’ o @l d o o dV
miny = — 22TV o) = RV[SW——;—;;(SMR%M) .

ReV
__2(ARTY M SO S (;\,Rz _dI_) —
.(93 (X) = RT Pe -V Pe » P (X) R:T Pe dx dx

dn.

214 R*)st  VI' 16xRe(R,—R)T® § Rp— R+ kR (x—1)
R T R J [(n— %2+ (Rp — R)2P?

Here (...)' = d/dx, a, = a;To, and the coefficients By (%), ai(x);cpi(x) are evaluated in terms

of the functions R(x), V(x), T(x) which are solutions of the system (1)-(3) for the steady
state under the following boundary conditions

R=Ry, V=V, T=T; for x=0, (8)
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V=1, __._%T =0 for x=1,

% (9)

where Vy is the dimensionless rate of ingot delivery, Ty is the dimensionless temperature on
the boundaries of the design domain, and R, is the dimensionless ingot radius.

We seek the solution of the system {(5)-(7) in the form
P, )= (x)e, (10)

since any perturbation can be expanded in a Fourier series_and represented as the sum of sep-
arate fluctuations of the form (10). Here y(x) = Y(x) + ip(x) is the complex amplitude and

w = wz *+ iwj, where wj is the growth coefficient, i.e., the quantity permitting a judg-
ment as to whether the fluctuation ¥(x, ©)(¥(x, e {Rx ), V(x, v, T(x 0}, vE@E{r@), v, {(®)})
grows or damps out.

Substituting (10) into (5)-(7), we obtain a system of ordinary differential equations to
determine ¥(x) and w of the following form

Vr’+§v’+imr= 0, (1D

B B+ 1B+ 010+ 0 (0 + 7+ 0+ B =0, a2

% P4 @y ()1 4+ [0 (6) + 01+ g (8)” + 0 (£) 7 + By = 0. (13)

Here (...)" = d?/dx*, (...)' = d/dx. The boundary conditions for (11)-(13) are obtained from
(8) and (9) after successive substitution of (4) and (10) therein:

r0)=v0)=1(0)=0, v(l)=¢(1)=0. (14)

Therefore, investigation of the stability of the optical fiber drawing process is an
eigenvalue problem for the system of ordinary differential equations (11)-(13) underthebound—
ary conditions (14). Corresponding to each eigenvalue w; will be a mode of the form ¥J (x,7) =

[¥i(x) + 1WJ(x)]e‘wJT'&ﬂgf' The quantity wJ determines either the growth (wJ > 0) or damping
(uﬂ < 0) of the perturbation by its sign, i.e., for wJ < 0 the given flow {R(X) V(x), T(x)}

for a given perturbation ' (x, 7) is stable while for wJ > 0 it is unstable.

If a finite-difference method is used, then the system of differential equations (11)-
(13) with the boundary conditions (14) can be compared to a system of linear homogeneous al-
gebraic equations of the form

(iA—eE)X =0, (15)
where E is the unit matrix, X = (..., rk, Vk, tks ...)T, A is a tape matrix obtained asa re-
sult of approximating (11)-(13) by finite difference relationships, and y" = (Y41 — 20k +
wk_l)/iz, ' = (P — Vk-1)/E. A nontrivial solution of the homogeneous system of equations
(15) exists if and only if

det (1A — 0E) = 0. (16)

Therefore, the finite-difference method permits reduction of the eigenvalue problem for the
system of differential equations to an algebraic eigenvalue problem (16). The initial com~
plex matrix of the system (15) for the numerical computations was reduced by unitary trans-
formations to the upper Hessenberg form which was then used to calculate all the eigenvalues
by the QR-algorithm with a shift [12].

2. As the first step in the numerical investigation of the optical fiber drawing proc-
ess within the framework of the approach elucidated, we consider lightguide formation with a
constant temperature distribution in the deformation zone (isothermal drawing). For this case
the system of equations describing the perturbed state consists of the equation (the analog
of (12) for the isothermal mode)
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and (11), while the stationary fiber configurations and the velocity distribution for the cal-
culation of the coefficients in (11) and (17) are found from the stationary solution of (1)
and (2) for u = const,

Analogously to the above consideration the stability investigation problem for isother-
mal drawing was reduced to an algebraic eigenvalue problem. The difficulty with the finite-
difference approach is mainly that the accuracy of finding the critical value of the velocity
~coefficient W = Vo/VH is determined by discretization of the design domain. Presented in Ta-

ble 1 are values of the magnitude of the damping factor for the first mode (it is comsidered
that the first mode has the maximal value of m%) as a function of W and N. The most satis-

factory results are obtained for 50 < N < 70, consequently, in all the subsequent computa-
tions to determine the critical value of the velocity coefficient its magnitude was found for
N = 50, 60, 70 with subsequent extrapolation to 1/N + 0 since the error in determining Wy
is proportional to 1/N. For the case presented in Table 1 (melt temperature 2000°C), E., =
20.28, which is in good enough agreement with the data of previous investigations [8].

The quantity W., was used in [1, 2, 8] as the criterion characterizing melt flow stabil-
ity in isothermal fiber drawing. It was considered that for W > W, the flow is unstable for
all drawing modes, and conversely, is stable for W < W.,. Computations performed show that a
dependence exists between the critical value of the velocity coefficient and the melt temper-
ature in the deformation and drawing velocity zone. It is seen from Table 2 that a tempera-
ture rise in the glass mass (within definite limits) or in the drawing velocity (in both ca-
ses this is equivalent to increasing the number Re since a diminution in the viscosity occurs
in the second case as the temperature rises) for a fixed W results in an increase in the sta-
bility of the drawing process. This latter means that it is apparently necessary to use the
number Re jointly with W for the characteristics of stability threshold of the melt flow.

3. The stability of a nonisothermal optical fiber drawing process was studied as a func-
tion of W and the temperature conditions for fiber formation (the number St and the tempera-
ture of the heating element). The temperature distribution along the heating element surface
(the function Tp(n) in (3)) was modelled by the following relationship (see Fig. 1)

Tph, —a <9<, (dy—dy) <O<<(l—dy),

] . 62(0, —0 2
Tm+{nw—7mw35—L§—l.0<9<~§%,
Tp(6) = 2 2 (18)

Tpy — O 0 <8, — — 0,,
pz‘3k< (] 3k

)2 -
POLI=0 o Zo.<oc,

Tpr+ (Tpa— Tpy) 6.75 ®, o
k

TABLE 2. Dependence of the Damping Factor of the First Mode
on the Melt Temperature in the Deformation Zone and the Draw-
ing Velocity for W = 20.3

T, (°C) | Vou m/sec ] o} H T, (°c) | Vg, mfsec |- o}

1900 0,5 0,0319 2950 0,5 —0,0017
9 —0,8322 P) —0.8456
5 —2.9621 5 —2.9720
10 —7.1883 10 —7.1083

2100 0,5 —0,0008 2400 0,5 —0,0057
9 —0,8347 2 —0,8227
5 —2,9795 "5 —2,9335
10 © _7.1863 10 —6.1289
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Fig. 2. Dependence of the damping factor of the first mode
on W (Tpy = 1500°C; Tp2 = 2200°C, Vo = 1 m/sec); a) & =
0.375, St = 0.05 (1); 0.25 (2); 0.5 (3); b) st = 0.25, ¢ =
0.075 (1); 0.75 (2); 0.6 (3).

where Op=ds—d,, 8=n—d,, {¥L==, 0.075<C£=<<0.75. The dependence (18) permits a sufficiently good"

g
approximation of the temperature distribution along the heating element surface since it as-

sumes the existence of a kernel 6, with constant temperature and gradient part of the profile
(near the boundary surfaces) in the temperature profile, where the temperature varies accord-
ing to a third degree parabola law. Variation by the quantities T,7, Ty, the dimension of
the central section (Gg depends on the constant £ and for £ = 0.75 we have Bg = 0 while for

£ = 0.075 6z = 0.97) and the length of the heated section (it is governed by the difference
do—d;) permits a change in the shape of the temperature distribution along the heating ele-
ment surface and thereby permits modelling different thermal modes of fiber drawing.

It is seen from Fig. 2 that as W increases for a fixed value of the number St the stabil-
ity of the drawing process drops (Fig. 2b), while it also depends substantially on the ther-
mal mode of furnace operation (Fig. 2a). The drawing process possesses the least stability
for either a low value of the number St (curve 1, Fig. 2b), or for a practically constant heat-
ing element surface temperature (curve 1, Fig. 2a which corresponds to the furnace operating
mode for a 0.97 dimension of the kernel with constant temperature). This latter is explained
by the fact that under given conditions the drawing process shifts substantially toward iso-
thermy. Figure 2a also graphically illustrates that for an arbitrary fixed value of the num-
ber St a certain optimal temperature mode of heating element operation exists from the view-
point of the optical fiber drawing process stability. For this case, the condition correspond-
ing to curve 3 in Fig. 2a (the magnitude of the kernel with the constant temperature equals
0.27) is most optimal. A less stable mode of fiber formation is formed upon narrowing the
heating zone further (curve 2 in Fig. 2a, no kernel with a constant temperature). The appear-
ance of instability in this case is apparently associated with underheating of the glass mass
and significant growth of the tensile force when small fluctuations in the technological proc-
ess parameters result in substantial fluctuations of the tensile force. Analogously to the
isothermal case, optical fiber drawing under nonisothermal conditions is marked by the growth
in the first mode damping factor as the drawing velocity increases for a fixed value of W
qpl = 1500°C, Tpp = 2200°C, & = 0.375, W =77, @ = 50 W/(m®eK)): for Vo = 1; 5; 10 m/sec
wj = —0.976; »5.%61; —9,899 respectively.

In conclusion, it must be emphasized that the stability investigation performed for the
optical fiber drawing process in both isothermal (see Table 2) and nonisothermal conditions
(see Fig. 2) showed that for each mode of fiber formation a dependence of this characteristic
of the technological process on the drawing temperature conditions exists. In each specific
case a certain interval in the temperature can be extracted in which an increase in stability
is first observed as the temperature rises from the lower to the upper boundary with a subse-
quent diminution as the upper boundary is approached. The lower boundary is determined by the
cohesion stability of the drawing process (the magnitude of the tensile force should be less
than the fiber strength limit) and the upper by the capillary instability associated with heat-
ing the glass mass and by the low value of the viscosity at which dissociation of the liquid
jet into drops occurs under the effect of surface tension forces. Therefore, for any fixed
value of W, the drawing velocity, certain optimal temperature conditions exist for fiber for-
mation for which the process is maximally stable.
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NOTATION

R, Rp, Ro, radii of the deformation, ingot, and heating element zones; T, time;y, po,
melt viscosity and the viscosity scale when going over to dimensionless variables; x, longi-
tudinal coordinate; T, To, Tp, temperatures of the melt, the gas being blown through the heat-
ing zone, and the furnace, T. pls Tp2, maximal and mlnimal heating element temperature; Air, hg,
melt and effective coeffic1ent of molecular conductivity which takes account of both the mo-
lecula; and the radiant conduction; B, reflection coefficient; e,, €, emissivities of the
heating element and the melt; n, an integration variable; 7, heating element length; p, c,
melt density and specific heat; h, coefficient of external heat elimination; n., refractive
index of the gas being blown through the heating zone; oo, Stefan—Boltzmann constant; o, co~
efficient of surface tension; d;, d., coefficients in the temperature dependence of the vis~
cosity; 3z, ai, geometric dimensions of the heating zone; N, quantity of points along the lon-
gitudinal coordinate during discretization of the design domain; V, Vg, Ve, velocities of the
melt, the ingot delivery, and the drawing.
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TEMPERATURE-MEASUREMENT OPTIMIZATION AND NUMERICAL INVERSE CONDUCTION-
TREATMENT SOLUTION

E. A. Artyukhin, S. A. Budnik, UDC 536.24
and A. S. Okhapkin

Practical evidence is given that locally optimal measurement planning can be applied
in nonstationary thermophysical experiments.

Inverse treatments in thermophysics require a preliminary examination of topics in the
formalization and algorithmization, as well as choice of working conditions to provide high
accuracy. Simulation results [1] show that the systematic error in solving an inverse treat-
ment is substantially dependent on the number of sensors used in the measurements and the po-
sitions of them even if the exact values are known for the measured temperatures. A measure-
ment scheme exists for which one can determine the unknown behavior of the thermophysical char-
acteristics accurately. Measurement plan optimization before the experiments is therefore of
interest. One can use experiment planning theory [2].

Optimum temperature-measurement planning is based on the following. We introduce a mea-

surement plan _
E={N, X}, X={X:;}{.

Translated from Inzhenerno-Fizicheskii Zhurnal, Vol. 55, No. 2, pp. 292-299, August,
1988. Original article submitted February 2, 1987.
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