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Abstract--Convective flows in annular passages with the inner core moving at constant speed were 
investigated for conditions applied to the cooling of optical fiber during the draw process. Temperature 
dependent gas properties were fully accounted for in the complete set of conservation equations. The 
geometrical configuration of the model was formulated to reflect experimental conditions previously used 
for cooling of the fiber in forced flow. The numerical solution of the conservation equations was validated 
using experimental measurements. The numerical results were used to predict the variation of fiber tem- 
perature at the cooling section exit with respect to relevant draw parameters for aiding and opposing flows. 
A mean temperature for the gas properties was found, that can be used to predict within 10% the exit 
fiber temperature using constant property modeling. The results presented allow estimation of the fiber 

temperature for a wide range of operating conditions and cooling section geometries. 

1. HWRODUCTfON 

During the process of drawing optical fiber from a 
glass rod the fiber must cool to a temperature low 
enough to be compatible with the properties of the 
coating material. Considering as the initial tem- 
perature of the fiber that at the end of neckdown, 
where it reaches its final diameter (commonly taken 
to be the glass softening point around lWC), cool- 
ing of the fiber to the required final temperature of 
around 100°C may not be possible by means of only 
the convective field around the hot moving surface. 
This cooling mode. which may be called natural 
cooling, is not adequate for high fiber draw speeds 
unless a tall draw tower is used. However, tall towers 
are expensive to build and operate. On the other hand, 
high production rate requires high draw speeds, and 
as a consequence accelerated fiber cooling becomes a 
necessary consideration for the drawing process. This 
can be achieved by means of forced convection using 
an external gas flow with respect to the fiber surface. 
This cooling mode may be called forced fiber cooling. 

The prediction of natural cooling of optical fiber has 
been considered by Glicksman [l] using the Reynolds 
analogy, and by Bourne and Elliston [2], Bourne and 
Dixon [3], and by KarniS and Pech& [a], using inte- 
gral methods. Comparison of the Bourne and Elliston 
[2] predictians with the experimental data of Arridge 
and Prior [S] showed good agreement subject to the 
choice of a suitable temperature for the computation 
of physical properties. Using the experimental data of 
Arridge and Prior [5] and Maddison and McMillan 
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[6], Paek and Schroeder [7] estimated mean heat trans- 
fer coefficients for fiber natural cooling in air from the 
neckdown to the ambient temperature. Experimental 
data by Kyriacou et al. [8] confirmed the empirical 
heat transfer coefficients of Paek and Schroeder [7]. 
The experiments of Jochem and Van der Ligt [9] 
showed that changing the ambient air environment to 
helium or hydrogen can substantially increase the fiber 
cooling rate. Similar experimental results were also 
reported by Vasiliev et al. [lo]. 

Forced cooling of the fiber was reported by Paek 
and Schroeder [7], who directed a gas stream trans- 
verse to the moving fiber. This cooling technique, 
however, is limited by the accompanying oscillations 
of the fiber. To avoid this problem Kyriacou er al. [8] 
used helium flow in a tube in a direction opposing the 
fiber motion and showed considerable cooling 
improvement compared to that with transverse gas 
flow. Vaskopulos et al. [ 1 I] and Vaskopulos [ 121 used 
a similar opposing flow cooling section to exper- 
imentally assess the influence of cooling gas flow rate, 
cooling section diameter, wall temperature, and cool- 
ing gas composition on fiber temperature. Vaskopulos 
et al. [l I] showed that numerical integration of the 
full constant property conservation equations using 
an algorithm based on the SIMPLER method could 
be used to predict the fiber temperature at the cooling 
section exit. This was subject to using an appropriate 
mean temperature for the gas property estimation. 
However, because of the large gas temperature vari- 
ation within the cooling section, apriori estimation of 
such a mean gas temperature was not feasible and the 
constant gas temperature results were considered of 
qualitative significance. Results from numerical inte- 
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specific heat 
diameter 
gravity constant 
Grashof number, 
glP,“-P,l(D,-D,)3/P,“v~ 
heat transfer coefficient 
thermal conductivity 
cooling section length 
local Nusselt number, h(I& -i&)/k, 
pressure 
ambient pressure 
fiber Peclet number, pfc&Vf/kf 
Prandtl number, pwcpw/kw 
radial coordinate 
gas constant 
Reynolds number, pw V, (0, - &)/p,., 
temperature 
velocity in the radial direction 
cooling gas inlet speed 
velocity in the axial direction 
velocity 

x distance from glass softening point 
location 

2 axial coordinate. 

Greek symbols 
e dimensionless temperature, 

T-TWIT,,--T, 
p dynamic viscosity 
V kinematic viscosity 
P density. 

Superscript 
I dimensionless variables (except 0). 

Subscripts 
fur fiber entrance 
f fiber 
m mean 
out outlet of coding section 
W cooling section wall. 

gration of the conservation equations for aiding and 
opposing gas flows with constant gas properties were 
also presented by Choudhury and Jaluria [14]. They 
showed the effect of a range of flow and geometric 
parameters on the fiber cooling process, but for cool- 
ing section length to diameter, and cooling section 
diameter to fiber diameter ratios that were too small 
to apply to the processes related to the experiments 
with forced fiber cooling. 

There is a large body of reported work on cooling 
of moving plates or cylinders which is related, but not 
entirely appropriate to fiber cooling, because of the 
geometries considered, the approximations involved 
in the model equations, and the Bow conditions used 
[ 15-241. Annular aiding flows using the full governing 
equations for the conjugate flow with a moving Aat 
inner surface were considered by Kang et al. [25], and 
Choudhury and Jaluria [26]. 

The present work presents results from an inves- 
tigation appropriate to the cooling of optical fibers 
with mixed convection in an annular geometry. A 
comprehensive model using the full governing con- 
servation equations, including variable gas properties, 
is considered. The model geometry was motivated by 
the fiber cooling section designed for the experimental 
portion of the work with fiber cooling in an actual 
draw tower. The conservation equations were inte- 
grated using an efficient computer code, and exper- 
imental results were used to validate the numerical 
predictions. Extension of the computed results to a 
wide range of relevant input parameters led to an 
understanding of the cooling process and enable the 
design of a fiber cooling section satisfying speci&c 
needs. The present paper is based on the resuhs of 

Vaskopulos [12]. It extends previous work [13], 
including additional experimentai data, discussion of 
aiding and opposing flows, as we11 as computed results 
that can be used for estimation of coo!@ section 
performance. Comparison of the resuits using variable 
and constant cooling gas properties also enables the 
definition of a mean temperature for gas property 
estimation which can yield reasonable prediction of 
the fiber temperature at the exit of the coohng section 
using constant property analysis. 

2. W MfWMYW 

Details of the experimental apparatus can be found 
elsewhere [ 11, 121. Only a brief description will be 
given here to enable an easier understanding of the 
chosen geometry and of the discussion of the com- 
putational work. Figure 1 is a schematic diagram 
showing the main components of the apparatus. The 
cooling section was an aluminum water-cooked 0.5 m 
long tube, equipped with interchangeable inserts for 
varying the fiber passage diameter from 4 to 8 mm. 
The cooling section was connected to two 5 cm long 
cylindrical plenum chambers attached on either side 
of the tube. The coo&g gas was introduced into the 
gas inlet chamber, which was kept at atmospheric 
pressure, monitored by a pressure sensor, to minimize 
gas losses through the opening at the fiber exit. Thus 
the only gas loss was due to the Couette type flow 
caused by the fiber motion in the 4 mm diameter lower 
fiber exit passage. The vacuum plenum chamber was 
mtint&ed’ at pressure below atmospheric using a 
vacuum pump, thus creating the necessary pressure 
difference throu& the fiber passage for the desired 
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Fig. 1. Schematic diagram of the cooling apparatus for 
opposing flow. 

gas @ow. The gas flow rate was controlled by moni- 
toring the pressure di@erqce across the cooling sec- 
tiQn us&q a differential pressure sensor and a cali- 
bration curve between the presswe difference and the 
gas flow rate. The calibration curve was obtained 
experimentally with sta+tionary fiber through the cool- 
ing section. The accuracy of the flow rate, including 
the error associated with the fiber motion during the 
fiber &awing, was estimated to be IfrO.3 1 min-‘. As 
it will be shown later, however, the fiber temperature 
did not vary signiiicantly with gas Bow rate. Cooling 
gases were pure helium, as weil as helium-nitrogen 
mixbwes. The fiber temperature was measured at a 
fixed point b5 cm downstream from the apparatus 
using a commercial non-contact fiber temperature 
sensor. Figure 1 shows the fiber moving in a direction 
opposing the gas flow. Cooling with aiding flow could 
also be tested by mounting the apparatus in an 
inverted position. For all tests the cooling section was 
placed 54 cm downstream from the draw tower heater. 
The fiber was drawn from a preform using a com- 
mercial 6.9 m draw tower with graphite heating 
elements and quipped with the necessary controls for 
the fiber diameter and the draw rate. The fiber diam- 
eter was 1.50 pm and the draw speed ranged from 1 to 
3 m s-l. 

The fiber cooling process was modeled to reflect the 
geometxy used in the experimentation, and Fig. 2 is a 
diagram of the model shown side by side with the 
coo$ing section. The model consisted of an annular 
passage of circular cross section with an outer surface 
at constant temperature, representing the.cooling sec- 

Fity 

u kz) (b) 
Fig. 2. Opposing flow. Schematic diagram of the exper- 
imental apparatus and the corresponding numerical model. 

tion wall. The inner surface, representing the fiber, was 
moving axially at a constant speed. Figure 2 shows the 
inner surface motion opposing the gas flow, but aiding 
flows were also allowed. The inner surface tem- 
perature varied axially, depending on the rate of heat 
transfer to the cooling gas. The cooling gas entered 
sideways at the gas inlet region, and flowed towards 
the main cooling region under the influence of a pres- 
sure difference. In the Couette flow region the gas flow 
was controjled by the fiber motion only, since, as in 
the experimental apparatus, the pressure drop was 
negligible. The side entrance simulated the entrance 
of the cooling gas in the gas inlet chamber of the test 
section. In addition, it avoided the di%culty en- 
countered with an axial cooling gas entrance in the 
formulation of the correct inflow boundary conctjtions 
for opposing flow operation. 

Principal model assumptions were (a) steady, axi- 
symmetric laminar flow, (b) radially lumped fiber tem- 
perature [the fiber Biot number was 0( lo-‘)], (c) neg- 
ligible axial conduction in the fiber [the fiber Peclet 
number was O(lo’)], (d) no viscous dissipation or 
pressure work, and (e) no heat transfer by thermal 
radiation. 

Regarding assumption (a) for the axisymmetric 
annular flows considered, where the inner surface may 
aid or oppose the gas flow, the limits for laminar Bow 
are not known. It should be expected, however, that 
as the gas flow rate or the fiber speed increase, laminar 
flow model predictions should show departure from 
the measured results. Assumptions (b) and (c) can 
safely be employed for modeling the cooling of optical 
fiber, which is usually 100-150 pm i,n diameter, with 
draw speeds over 0.5 m SK’. Assumption (d) is appro- 
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priate to the low cooling gas speeds employed. Neg- 
lecting heat transfer by radiation [assumption (e)], 
even at the high fiber temperatures right after the 
neckdown region, can be justified on the basis of the 
very low spectral emittance of fused silica in the wave- 
length range below approximately 3 pm, where the 
glass is practically transparent to thermal radiation 
[27]. For lower temperatures the emitted radiation 
is shifted to longer wavelengths where the spectral 
emittance of the fiber is expected to be considerably 
less than unity [27]. However, there is currently 
insufficient information to estimate the actual spectral 
dependence in the fiber diameter range of interest. 
Nevertheless, it is possible to show from the results of 
the present calculations that, for fiber temperatures 
relevant to the present work, the expected radiant flux 
from a fiber with unit emittance is more than an order 
of magnitude smaller than the convected heat flux. 

The conservation equations with temperature 
dependent properties were written in conservative 
dimensionless form as follows : 

continuity equation 

radial momentum equation 

a(r’p’u’u’) + Q’u’u’) ap’ ---= -- 
&’ aZf a/ 

axial momentum equation 

( ad - .$’ a$, 

ad 
‘Z 

+Gv 
- Re2 

energy equation 

4 
a(r~p~uw) + a(pkq 

arf azf 

a ae 
7 r’lc- + ar ( > W ( )I /yas 

a21 . 

(1) 

(2) 

(3) 

(4) 

The sign of the last term of the axial momentum 
equation was (+) for aiding flow and (-) for oppos- 
ing flow. The ideal gas equation @ = pRT) was used 
for the computation of the gas density. The variation 

of the gas properties with temperature was evaluated 
using the data in ref. [28]. The glass properties used 
in all calculations were pt = 2200 kg rnm3, k, = 1.984 
W m-’ K-’ and cpr= 1045 J kg-’ K-’ and were 
assumed constant. The boundary conditions for 
opposing flow are given below : 

at z’ = 0 
ad logr' a=e -$=O v’=-v;- -_=O 

logr; azfz 

, 
at z’ = L &=o $0 $0 

at r’ = r; u’=O o’= _v, 
vln 

ae w3 ae at -=_-- 
aZ’ Pe ar’ 

z=L’ O=l 

at r’ = rk forO<z’<L’ 8=0 and v’=O 

for 0 < z’ < zh andzb < z’ < L’, u’ = 0 

- U,” forzh<z’<zb,u’=T. 
m 

The same boundary conditions were used for aiding 
flow with exception that 6 = 1 at z = 0. The inlet fiber 
temperature, T,,, depended on the natural cooling of 
the fiber from the draw tower heater to the cooling 
section entrance. Natural fiber cooling was accounted 
for using empirically derived heat transfer coefficients 
[7] and the following relationship : 

where T, was set equal to 1600°C at the end of the 
neckdown region. X was the distance between the end 
of neckdown and the entrance to the cooling section. 

The dimensionless parameters in the equations were 
defined as follows : 

r p’~pIpor~=__z~= Z U V 

PwVzl Dw-Df 
uI = - 01 = - 

Dw-Df Vm Vm 

4 DUJ 
L 

L’ = D,-Df 
___ r; zz 1 - r’ = 2 T-T, -e=---- 

D,--Df w D,-D, Tti, - Tw 

The system of equations and the boundary con- 
ditions were numerically integrated using a finite vol- 
ume algorithm based on the SIMPLER algorithm 
described by Patankar [29]. The boundary conditions 
at z’ = 0 and z’ = L’ were applied at artificial exten- 
sions of the numerical domain. The length of the 
extensions was sufficient so not to affect the outcome 
of the numerical results. The code subroutines were 
fully vectorizable using the zebra ordering technique. 
The convergence criterion was based on the nor- 
malized residuals of the discretized equations so that 
the larger of the residuals was less than 10e9. The 



Cooling of optical fiber 1937 

error in the global mass and energy balances must 
also have been less than 0.1%. Each iteration took 1.7 
s in a CONVEX Cl computer and an average of 400 
iterations were required for convergence. 

4. RESULTS AND DISCUSSION 

4.1. Model validation 
Validation of the model results was carried out by 

comparison with experimental data obtained using 
the fiber cooling apparatus. Figure 3 shows examples 
of computed and measured fiber exit temperatures, 
T,,,, at a position 15 cm below the cooling apparatus 
exit, corresponding to the location of the fiber tem- 
perature sensor. Given the large fiber temperature 
variation over which the computations were carried 
out, the agreement between measured and the com- 
puted results was very good. 

Similar very good agreement between computed 
and experimental results for both opposing and aiding 
flows was found using additional experimental data 
[12], including different cooling section diameters (4 
and 8 mm), different cooling gases (pure helium, pure 
nitrogen and 50% by mass helium-nitrogen 
mixtures), different cooling wall temperatures (4 and 
25”C), different fiber speeds (1.67-3 m SK’) and cool- 
ing gas flow rates. The good agreement enables 
extending model predictions to conditions different 
than those tested. 

In all subsequent figures, unless otherwise noted, 
the cooling gas was helium, the fiber radius, r, was 150 
pm, the wall temperature, T,, was 25°C the cooling 
section length, L, and diameter, D,, were 0.604 m and 
8 mm, respectively, and the distance of the cooling 
section from the furnace was 0.54 m. The fiber tem- 
perature was computed at a distance of 1.29 m from 
the position where the fiber is at the glass softening 
point (1600’ C). 

4.2. Influence of the Reynolds number and the Jrow 
direction 

Figure 3(a) and (b), which was used to discuss vali- 
dation of the model, also shows the variation of the 
fiber exit temperature, TO,,, with Reynolds number, 
Re. As defined in the present work Re is proportional 
to the flow rate of gas through the main cooling 
region. For opposing flow the total flow introduced 
at the side entrance was not equal to the flow through 
the main cooling region, since a portion was carried 
out by the fiber as it exited the apparatus. The fraction 
of the inlet flow through the main cooling region 
depended on the fiber speed and varied between 82 
and 46% for fiber speeds between 2 and 12 m s-l. 

Figure 3(a) shows that the effect of Re on TO,, was 
relatively small, with the fiber temperature at the cool- 
ing section exit decreasing with increasing flow rate 
for opposing flows. Similar results regarding the small 
influence of Re on the magnitude of the fiber exit 
temperature were also found for aiding flows. 
However, Fig. 3(b) shows that for aiding flows T,,, 

increased slightly with Re. This was a consequence of 
the fact that the cooling section was of sufficient length 
so that, for the conditions tested, the mean cooling 
gas temperature at the exit eventually increased with 
gas flow rate. This is because, after initially being 
heated up by the hot fiber, the gas must eventually 
approach the cooling section wall temperature, and 
the time for cooling is reduced with increasing flow 
rate. The increase in mean cooling gas temperature as 
the flow rate increased in turn reduced the heat trans- 
fer rate from the fiber, resulting in higher fiber tem- 
peratures. It should be noted that this result depends 
on the length of the cooling section, and that for 
shorter cooling sections with aiding flow the fiber tem- 
perature can be shown to decrease with increasing 
gas flow rate [12]. For conditions typical of those 
considered in this paper, Fig. 3(c) is a comparison of 
the computed fiber temperature, T,,,, for aiding and 
opposing flows, and shows that opposing flows 
resulted in fiber exit temperatures which were lower 
than those obtained with aiding tlow. For this reason 
the subsequent discussion will concentrate mostly on 
opposing flow results, but substantial differences with 
aiding flows will also be pointed out. More detailed 
results can be found in ref. [12]. 

A local Nusselt number, Nu, that includes the tem- 
perature dependent gas conductivity can be defined as 
follows : 

=q”“_ (6) 
w 

Figure 4a shows the computed variation of Nu 
along the cooling section for three different values of 
Re and for opposing flow. The cooling gas entrance 
was at 5 < z’ < 6 and the fiber entrance at z’ = 76. 
The spikes shown in Fig. 4(a) are at the position of 
the cooling gas entrance and they are a consequence 
of increased heat transfer as the cooling gas entering 
from the side was forced near the fiber. Beyond the gas 
entrance, Nu initially decreased as the flow developed, 
and then it increased toward the fiber entrance. The 
increase of Nu as the fiber entrance was approached 
was a result of the increase of the gas thermal con- 
ductivity as the temperature increased towards the 
fiber entrance. Previous constant gas property cal- 
culations yielded a constant fully developed flow Nu, 
whose magnitude depended on the assumed property 
temperature downstream from the cooling gas 
entrance. The effect of increasing Re in Fig. 4(a) was 
to increase the local Nu by a relatively small amount, 
which is consistent with the previously noted small 
decrease in fiber exit temperature with increase in flow 
rate in opposing flows. 

Figure 4(b) shows the variation of Nu for aiding 
flow. In this case Nu decreased away from the gas 
entrance because of the decrease of the gas thermal 
conductivity as the fiber was cooled, while moving in 
the gas flow direction. The curves for different Re in 
Fig. 4a cross inside the main cooling region. resulting 
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Fig. 4. Variation of local Nu inside the cooling section for 
different Re. (a) Opposing flow, (b) aiding flow. 

in decrease of Nu with increasing Re for most part of 
the main cooling region, which is in agreement with 
the results of Fig. 3b regarding the increase of fiber 
exit temperature with increasing Re for aiding flows. 

Figure 5 shows flow streamlines and iso-tem- 
perature areas within the cooling section for Re = 40 
and 210, respectively. Introducing the cooling gas in 
a direction opposing the fiber motion resulted in a 
region with Sow reversal whose position and size 
depended on the flow rate. Increasing Re was equi- 
valent to increasing the side entrance flow rate as well 
as the flow rate into the main cooling region. As shown 
in Fig. 5, this resulted in decreasing the overall size of 
the flow reversal region as well as moving it closer to 
the fiber surface. The net effect was the increase in the 
heat transfer rate from the fiber with increasing Re, 
as noted by the results in Fig. 6. For aiding flow there 
was no flow reversal [12]. Similar behavior was noted 
by Choudhury and Jaluria [14]. 

Although the buoyancy term was included in the 
numerical computation, the influence of free con- 
vection was negligible for the range of conditions con- 
sidered. The ratio GrlRe2, which can be used to denote 
the influence of free convection, was of the order of 
10-2. 

4.3. Effect qf’ber speed 
Figure 6 shows the dimensionless fiber exit tem- 

perature, B,,,, plotted as a function of Pe for aiding 

and opposing flows. The variation of fiber speed is 

fiber affects sign&~&y t&e 
field. The PecIet number Y 
to fiber speeds from appr~~~~ 1.7 to 12 m SK’ for 
the present cooling appa&W. ‘i%e ms&ts in Fig. 6 
show a sign&ant increase in 0 

present forced cooling method. 

4.4. Effect of coo&g section wall &meter 
The effect of changing the co 

diameter D, is shown in Fig. 
temperature S,, is plotted agai 
values of Pe. Increasing the 
conditions rem&&g the S~BU, 
temperature gradients near tie &er, 
heat transfer from the fiber and higher fiber tempera- 
ture. According to Fig. 7, the fiber exit temperature 
can be reduced to a low level using a cooling section 
with small fiber passage. However, the optimum wall 
diameter D, will also depend on the minimum accept- 
able clearance to avoid physical contact between the 
fiber and the wall due to small but unavoidable fiber 
vibrations and to misalignment of the fiber in the 
narrow cooling section passage. Figure 7 also shows 
that, for high enough values of D,, the rate of increase 
of 6,,t with D, decreases. This is expected because for 
sufficiently large values of D,, eout wiB asymptotically 
reach a value resulting when only natural cooling is 
considered. 

4.5. Effect of cooling section wall temperature 
Previous experimental work 111, 121 showed that 

changing the cooling wall temperature, T,, from 4 to 
25°C resulted in an ahnost equivalent change in fiber 
temperature at the cooling section exit. The effect of 
changing waI1 temperature on the computed tem- 
perature, 8,,,, is through the temperature dependent 
gas properties. Figure 8 shows the influence of T,., on 
Bout for three cooling wall diameters and for two Peclet 
numbers. For the relatively small range of T, values 
around the ambient temperature that are practically 
attainable, Fig. 8 shows that the computed values of 
@Out were weakly dependent on T, according to the 
relationship : 

B,,t =0.0002x (T,-25)+e,“,l,,,_?s c. (7) 

Equation (7) was derived for 300 < Pe < 2100, 
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Fig. 5. Streamlines and isotherms for opposing flow (V( = 2 m SC’, Pe = 350). (a) Re = 40, (b) Re = 210. 

40 < Re < 500, fiber diameter 125 < D, < 200 pm 
and cooling wall diameter 2 mm < D, < 32 mm. It 
shows that to a good approximation O,,, can be con- 
sidered independent of T, and that, in agreement with 
the experimental observation T,,, can be taken to vary 
linearly with T,. 

Fig. 6. Effect of Pe for natural cooling as well as opposing 
and aiding flows. 

4.6. Cooling section performance estimation 
Examination of the expected fiber temperature 

using a fixed cooling section length leads to the con- 
clusion that as the fiber speed increases it may not be 
possible to reach acceptable fiber temperatures within 
the cooling distances involved. Increasing the length 
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Fig. 7. Opposing flow. Variation of &,t with D, (L = 0.604 
m, D, = 150 pm). 
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T,, “C 
Fig. 8. Opposing flow. Variation of 0,., with T, (Re = 60). 

of the cooling apparatus offers one possible means 
of reducing the fiber temperature. The effect of fiber 
diameter must also be considered, since it affects the 
mass to be cooled as well as the inlet temperature, T,,. 

Figure 9 shows computed values of @,,,, for opposing 
flow plotted against Pe for a range of dimensionless 
cooling section lengths, L’, and dimensionless fiber 
diameters, D;, which are relevant to the fiber draw 
process. The results were obtained only for Re = 60 
and T,,, = 25°C since it was previously shown that 
changes in Re and T,,, do not affect 0,,, considerably. 
This figure permits fast estimation of the expected 
fiber exit temperature given the cooling section wall 
diameter and length, the fiber diameter and speed. The 
figure also shows that increase of L’ causes decrease 
of &,t, since increasing L’ results in increasing the 
residence time of the fiber inside the cooling section. 
The effect of fiber diameter can be inferred by com- 
paring values of /3,,t at the same value of Pe and L’ in 
Fig. 9. 

It should be noted that changing the fiber diameter 
at constant Pe also implies a change in fiber speed, 
since Fe is proportional to the product of the fiber 
speed and diameter. The actual effect of a change in 
fiber diameter, all other conditions remaining the 
same. is therefore larger than that shown by the 
change in Q,,l obtained from Fig. 9 at constant Pe. The 
actual fiber temperature change following a change in 
fiber diameter can be obtained by first accounting for 
the change in Pe, followed by finding the cor- 
responding values of B,,, in Fig. 9, and then using the 
definition of B,,, and equation (5) to extract the fiber 
temperatures from B,,t. 

Regarding the position of the cooling section the 
results in refs. [12, 131 have shown that it does not 
affect B,,I and therefore the cooling section can be 
placed at any convienient position along the fiber 
path. 

4.7. Effect of variable properties 
Inclusion of variable properties is necessary for 

accurate model representation of the flow and tem- 
perature field. Nevertheless, constant property analy- 
sis can also yield reasonable estimation of the fiber 

exit temperature, 8,,,, if a proper mean temperature 
for the gas properties is used. Using variable property 
model results, the following relation for the mean gas 
temperature, T,, was derived : 

T,,, = 0.35 x Tr’n; T0ut +0.65 T,. (8) 

The values of 8,,,, obtained from the constant pro- 
perty model using relation (8) to estimate the gas 
properties, were within 10% of those obtained using 
the variable property model, as Fig. 10 indicates for 
opposing flows. Equation (8) is also applicable for 
aiding flows. 

5. CONCl.USlONS 
An experimental and numerical investigation of 

forced fiber cooling was performed to assess the influ- 
ence on the fiber temperature of parameters such as 
cooling gas flow direction, cooling gas flow rate, fiber 
speed and diameter, cooling section length and wall 
diameter and temperature. The gas flow was described 
using the complete conservation equations with tem- 
perature depended properties. The fiber temperature 
was radially uniform under the small Biot number 
approximation. Computed fiber temperatures at the 
cooling apparatus exit were obtained from numerical 
integration of the conservation equations and were 
compared with experimental data from a cooling 
apparatus installed in a fiber draw tower. The agree- 
ment between computed and experimental results was 
very good. This enabled use of computed predictions 
to assess the effect of a wide variety of operating 
conditions on the fiber temperature. 

For the geometries tested the opposing flows 
resulted in slightly lower temperatures at the cooling 
section exit. The effect of gas flow rate, expressed in 
terms of the Reynolds number, was relatively unim- 
portant. The cooling section distance from the draw 
tower heater also had a minor influence on the fiber 
temperature downstream from cooling section. The 
effect of free convection was also negligible for the 
geometry and flow conditions considered. The exit 
fiber temperature increased considerably with fiber 
speed which was expressed in terms of Pe. The exit 
fiber temperature also increased with increasing fiber 
diameter, but decreased as the cooling section diam- 
eter decreased. Increasing the length of the cooling 
apparatus significantly decreased the fiber exit tem- 
perature. Comparison between results using variable 
and constant gas properties yielded an appropriate 
mean temperature for property estimation for con- 
stant property modeling. The results presented allow 
for the estimation of the fiber exit temperature given 
the dimensions and the operating conditions of the 
cooling section. 
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