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Abstract

This paper examines the effect of the water sprays commonly used to cool freshly drawn glass fibers. A model has
been developed using a Karman—Pohlhausen treatment of the velocity and thermal boundary layers and accounting
for the evaporation of an entrained water spray. Solutions of the model equations have been calculated, and the
effect of changing various process parameters is studied. Variations in Sauter mean diameter, spray density, and
spray placement along the fiber are considered, as well as the effect of fiber diameter and drawing speed. Fiber
temperature profiles for different values of the process variables are presented. © 1999 Elsevier Science Ltd. All

rights reserved.
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1. Introduction

Glass fibers are used for reinforcement of products
ranging from structural plastics to fabrics. Such fibers
are made by drawing molten glass through an array of
small diameter bushings. The glass solidifies within a
few centimeters of the bushing and is then pulled a dis-
tance of 1-2 m prior to coating with various binders
or sizing compounds. Typical fiber diameters are 5-30
um with drawing speeds varying from 15-90 m/s and
array sizes ranging from several hundred to several
thousand fibers. This process has been in use for sev-
eral decades [1].

The cooling of the fibers from the glass extrusion
temperature (1500 K) to a temperature where the coat-
ings can be applied (below 365 K) is a rate limiting
step. The high fiber speeds and short drawing lengths
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require a temperature drop of over 1100 K in roughly
25 ms. In order to enhance the heat removal from the
fibers, the fiber bundle is sprayed with water from ato-
mizing nozzles. Typical Sauter mean droplet diameters
are of the order of 15-20 um and droplet number den-
sities may range from a few hundred per cm® to a few
thousand per cm®, depending upon nozzle and airflow
conditions. At the fiber temperatures involved, water
cannot wet the fiber surface without an initial quench-
ing process. Moreover, at typical number densities,
droplet speeds, and fiber speeds, direct collisions of
droplets with the fibers are infrequent and will involve
only a small percentage of the fiber surface. Thus, for
most of the fiber, cooling enhancement is evidently due
primarily to evaporative effects in the air adjacent to
the fibers.

At present, no quantitative method is available for
calculating the effect of the water spray on the cooling
rate of the fibers. Production stations have been
designed through a trial and error process in nozzle
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Nomenclature

a fiber radius (m)

ay, ap, az f-series expansion coefficients for small o

A, kevap curve-fit coefficient (m?/s K?)

B (kpcp)/(ktpecp,)

By kevap curve-fit coefficient (m?%/s K)

C, kevap curve-fit coefficient (m?/s)

Cp air specific heat capacity (J/kg K)

Cpe fiber specific heat capacity (J/kg K)

D, initial droplet diameter (m)

D droplet diameter (m)

hg latent heat of vaporization (J/kg)

k air thermal conductivity (W/m K)

ke fiber thermal conductivity (W/m K)

Kevap evaporation coefficient (m?/s)

m” local volumetric evaporation rate (kg/m’
s)

o environmental spray density (drops/m?)

n boundary layer spray density (drops/m?)

)4 boundary layer temperature profile
coeflicient

Pr Prandtl number

(0] convective heat flow from fiber (W)

A volumetric heating due to vaporization
(W/m?)

q boundary layer profile
coefficient

time (s)

boundary layer air temperature (K)
environmental air temperature (K)

t

T

T,

T fiber temperature (K)
u

U

v

temperature

axial boundary layer velocity (m/s)
fiber velocity (m/s)
radial boundary layer velocity (m/s)

X axial distance from bushing plate (m)

X xv/Ud?

y radial distance from fiber surface (m)

o velocity profile parameter

p temperature profile parameter

0 momentum boundary layer thickness (m)

or thermal boundary layer thickness (m)

n dimensionless volumetric energy ratio (=
(P (Prcy,)

(%) boundary layer air temperature defect (K)

Oy fiber temperature defect (K)

u dynamic viscosity (kg/m s)

v kinematic viscosity (m?%/s)

p air density (kg/m?)

P fiber density (kg/m?)

Pw water density (kg/m?)

placement and operating conditions. Determining the
effects of changing process parameters, such as spray
size and density, is only possible through direct exper-
imentation on production systems, which is both time
consuming and expensive. A model is needed to calcu-
late the effects of evaporative cooling on the manufac-
turing process. Such a model can be wused for
improvement of the existing process and as a design
tool for developing new processes and products.

The basic problem of boundary layer growth and
heat transfer from continuous cylinders moving
through a still fluid has been studied quite extensively.
Early work by Seban and Bond [2] and Glauert and
Lighthill [3] examined stationary cylinders in a moving
fluid. Sakiadis [4] showed that the case of a moving
cylinder in stationary fluid leads to different flow and
temperature fields; he developed a momentum integral
solution for the boundary layer flow around a moving
cylinder using a logarithmic velocity profile. These
integral solutions have been used in many subsequent
studies [5-8], and exact solutions of the boundary
layer equations by Sayles [9] lie within 9% of the inte-
gral solutions. Convection from isothermal fibers was
studied using integral results by Bourne and Elliston
[5], assuming constant fluid properties; exact solutions

were obtained by Karni§ and Pechoc [8] and were
found to lie within 10% of the integral results. In ad-
dition, Beese and Gersten [10] have provided pertur-
bation solutions for isothermal fibers that are valid in
the limit of large fiber diameter.

Of greatest relevance to our case are those studies
that account for the finite heat capacity and axial tem-
perature drop of the fibers. Bourne and Dixon [6] used
integral solutions for the cooling fiber, neglecting con-
duction resistance within the fiber and using averaged
values of the fluid properties. Their results showed
good agreement with experimental measurements by
Arridge and Prior [11] and Alderson et al. [12] on 15—
50 um diameter on glass fibers. They showed that
attention to the averaging of temperature-dependent
air properties was quite important. Chida and Katto
[7] subsequently amended the Bourne and Dixon the-
ory to account for radial heat conduction in the fibers;
for conditions typical of glass fibers, radial conduction
proves to be negligible. Chida and Katto also devel-
oped scaling parameters for the problem, which were
shown to collapse the above mentioned experiments.
Maddison and McMillan [13] reported further exper-
iments on fiber cooling which were in general agree-
ment with the results of Arridge and Prior. Kang et al.
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[14] performed experiments on large diameter alumi-
num cylinders drawn through air and water; they
found good agreement with the scaled theoretical
results of Chida and Katto. Richelle et al. [15] pro-
vided exact solutions of the boundary layer equations
for moving fibers. Roy Chaudhury and Jaluria [16]
performed numerical integrations of the full elliptic
equations and found agreement with the experimental
studies that was similar to that of Chida and Katto.
Together, these studies provide strong validation of the
integral theory originally developed by Bourne and
Dixon.

These studies focus on laminar flow in the boundary
layers; at present, little is known about the stability of
these boundary layers. Several of the above studies
[5,8,10,15], and others [17,18], have also produced
results for the Nusselt number of fibers moving
through dry air.

We are aware of no work addressing spray cooling
of glass fibers, although a large body of work deals
with other problems in spray cooling. Such studies
include cooling of atomized fluids [19], cooling of large
flat surfaces [20,21] through direct spray impingement
on the surface, and cooling of air by water spray
[22,23]. A recent study by Buckingham and Haji-
Sheikh [24] considered spray cooling of large metal
cylinders. Of particular relevance is their identification
of a convection-dominated cooling regime in which
water spray was found to evaporate within the bound-
ary layer of a high temperature surface, without actu-
ally impinging upon it. This process is quite similar to
the one modeled here for glass fibers.

In this paper, we use the Karman—Pohlhausen inte-
gral method to develop a set of equations that describe
the growth of the fiber thermal boundary layer with
droplet evaporation occurring in the boundary layer.
In the limit of no spray, our approach is identical to
the Bourne and Dixon theory [6], although we have
not assumed constant fluid properties along the length
of the fiber. The boundary layer evaporation term is
evaluated using a single droplet model, and the result-
ing equations are used to calculate fiber temperature
profiles for various spray and fiber conditions. The
fiber is assumed to travel through undisturbed ambient
air within which the spray is uniformly distributed. We
assume throughout this study that the droplets are dis-
persed in the boundary layer and do not directly inter-
act with the fiber (e.g., through some type of collision
and film boiling process). We further assume that the
boundary layer remains laminar and that crossflows
are unimportant. Radiation cooling of small diameter,

! The short necking region is neglected.
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Fig. 1. Coordinate system.

high speed fibers is easily shown to be small relative to
forced convective cooling, and it is not included here.

2. Development of boundary layer evaporation model

The boundary layer equations in cylindrical coordi-
nates for laminar, steady state, incompressible flow on
a continuous moving fiber in still air are

dou v v

= 1
ax Jdy a+y )
u% + v% = 0%u + 1 % 2)
PUGY TP By_'u 9y a+yady
uﬂ+vﬂ_7k i<(a—}—y)aT)—|—Lq 3)
dx = Ay pelat+y)dy ay pcy €

where u is the axial velocity, v is the radial velocity, g,
is a volumetric heat source due to evaporation (W/m?>),
y is measured from the fiber surface, and the coordi-
nate system is further described in Fig. 1. The position
y =0 corresponds to the fiber surface, and x =0 to
the fiber bushing plate. The fiber radius and fiber vel-
ocity are assumed constant over the length of the
fiber.! All equations are written in terms of y rather
than r to simplify the boundary conditions. Egs. (1)
and (2) are subject to the boundary conditions

u="U, v=0 aty=0 4)

u—0, v—0 as y—oo 5)

where U is the fiber speed, and Eq. (3) is subject to the
boundary conditions
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T(x,y)=Ti(x) aty=0 (6)
oT
T(x, )= Too, 8—y—>0 as y— oo (7)

where T¢(x) is the local fiber temperature. An ad-
ditional boundary condition on Eq. (3) is g,
This condition arises from the assumption that no
drops touch the surface of the fiber.

Following the work of Glauert and Lighthill [3] for
axial flow over a long cylinder and the analyses of a
continuous cylinder moving through a still fluid by
Sakiadis and others [4,8], an approximate velocity pro-
file of the form

:0:0.

na’pCp T, U

=

- l1n(1 +X> for y <d(x) ®)
o a

% =0 for y=d(x) )

is assumed, where o is a function of x only, and the
spray is assumed to have negligible effect on the vel-
ocity boundary layer. (The number density of spray is
relatively low and the typically boundary layer thick-
nesses on long thin fibers are many times greater than
typical droplet diameters.) By setting u/U =0, the
boundary layer thickness 0, can be defined as
0 = a(e” — 1). As shown by Bourne and Elliston [5], an
integral analysis of Egs. (1) and (2) allows the relation-

Fiber Velocity
U

na’p,Cp, T, U

d
+&(7ta2p‘Cpr[U)AX

Fiber Control
Volume

Fig. 3. Fiber control volume.
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ship of the velocity profile parameter, o, to x to be
evaluated as

ux e —1

—— = —— +Ei22) + InQ«) + 7y - 2 (10)
Ua o

where y = 0.5572... is Euler’s constant and Ei(2«) is
the exponential integral. Note that Eq. (10) shows « to
be a function of the parameter X = vx/Ud?.

To obtain a corresponding equation for the tempera-
ture profile in the presence of evaporation, we consider
the boundary layer control volume shown in Fig. 2.
Neglecting conduction in the x direction, an energy
balance yields

d 00
o J pep T(x,y)u(x,y)2n(a+y) dy Ax
X Jo

oT
= —2nak—
3y 1,0

Ax-l—J g.2n(a+y)dy Ax (11)
0

where u(x,y) is the boundary layer velocity profile,
T(x,y) is the boundary layer temperature profile and k
is the thermal conductivity of the air.

Another equation is needed to determine the axial
variation in fiber temperature. For fibers with diam-
eters less than 200 pm, Papamichael and Miaoulis [25]
have shown that the effect of axial conduction can be
neglected. The analysis of Chida and Katto [7] shows
that radial conduction depends upon the parameter
B = (kpcy)/(kepgcy,); for glass fibers drawn through air,
B is of the order of 1.6 x 107>, and radial conduction
may be ignored. Using a control volume on a section
of the fiber (Fig. 3), energy conservation for the fiber
is described by

d oT
a(nazpfcpf T U) = 27mka—y ’y:o (12)
where p; is the fiber density, c, is the fiber specific

heat, and conduction along and across the fiber is
neglected. Defining the temperature defects

Ox.y)=T(x,y) — T and

(13)
Or(x) = Tr(x) — Two

a temperature distribution similar to the velocity distri-
bution can be assumed [6]

() 1 y
—=1—-=In{14+= for y<o 14
o —1-gi(1+2) fory<a (14

e .
af =0 for y=dr

where f is a function of x. This form of temperature
profile is acceptable in so far as the evaporative term

in Eq. (3) is smaller than the others and acts to thin
the boundary layer over some distance in x, while hav-
ing a small influence on the local shape in y.
Evaporative effects will modify the evolution of f with
x. Rearranging Eq. (12) and substituting for the
assumed temperature profile yields

ap;c,, UdO;  —kOy
pr 70 1
2 dx Pa (15)

which describes the decay of the fiber temperature.

After substituting for the velocity and temperature
profiles and evaluating the integral on the left-hand
side of Eq. (11) with the assumption 0<Jr, the
equation becomes

d | 1d20:Ue*(1 — o+ f)
dx| 4 off

1 20:UQuf +a+ 1+ p)
4 off

—k —@f) 1 r .
=—— )+ (a+y)dy. 16
pcp( ﬁ PCp 0 1 ( y) ’ ( )

Expanding the left-hand side of Eq. (16) leads to an
expression in do/dx, d@¢/dx and dfi/dx, which can be
simplified by using Eq. (15) to eliminate d@¢/dx and
by using

do 2ve?
dx ~ Ua?(—e2* +0e2* + o+ 1)

(17

(from Eq. (10)) to eliminate da/dx and to transform
df/dx to dpf/da. A differential equation for f is
obtained

dp _ 28 u
de  oPr o?Pr
B (20€** — 20%e> 4 20fe** — &> — fe** + 1+ f)

o (—e? +oe? +o+1)

(e — o™ + pe* — 20 —a— 1 — )

28,
+ G | deat @ (18)

where Pr is the Prandtl number and 5 = (pc,)/(pcy)s;
in the absence of evaporative cooling, f = (X, Pr,n).
This result is correct as long as the velocity bound-
ary layer J is smaller than the thermal boundary layer
ot, which is the normal case for a Prandtl number less
than unity. With the addition of spray, however, the
thermal boundary layer will actually start to shrink
until the thermal boundary layer will be fully con-
tained by the velocity boundary layer. When this hap-
pens, the integration across the boundary layer of Eq.
(11) is evaluated from 0 to ot = a(ef — 1) rather than 0
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to 0 = a(e” —1). Using the same method as used to
develop Eq. (18), the differential equation for f
becomes

df  —2uf

de ~  Pr
eZoa 621 -1 621 1

-5 +)
o o o o
(—2Be2f — 20pe + 2% + &2 + 0P — o — 1)
20
@kai‘

e2o< 621_1 eZoz 1
__—2__+_
o o o o

— 2fe2h — 2ufe?b 4 2472 + e2b 4 o — o — 1)

d7
Lqm+w®
+% — e — e 4 pe?f 1 20p+a+1+p)

e2o< e2oc_1 eZa 1
- 5 - 4 -
o o o o

2ﬁezﬁ - 20([3623 +2p%e 42 e — o — 1)
(=’ +pe +1+p)
( — 2Be — 20fe2 4+ 2% + 2B + e —oa— 1)

The presence of @ in Egs. (18) and (19) prevents
direct integration of f with «. In addition, the evapor-
ation term will be shown to be a function of @;. Egs.
(18) and (19) can be used to evaluate the change in the
thermal boundary layer due to normal boundary layer
growth and due to evaporation within the boundary
layer. The value of f§ can be evaluated as a function of
o which in turn can be used to evaluate the fiber pos-
ition. Knowledge of the thermal boundary layer at any
point on the fiber can then be used to evaluate the
heat transfer from the fiber to the surroundings.

3. Modeling evaporation

Our aim is to evaluate the evaporation integrals in
Egs. (18) and (19). We do this by calculating the total
evaporation rate in successive differential control
volumes of length Ax along the fiber; axial variations
in the evaporation are accounted for in the subsequent
numerical integration of the equations in x. The evap-
oration rate in the increment Ax is proportional to the
total droplet surface area and a temperature-dependent
evaporation coefficient. The total droplet surface area,
in turn, depends upon the droplet size distribution and
number density. For evaporation, the droplet size dis-
tribution is best described using the Sauter mean diam-
eter (SMD), which is the diameter of a drop having

the average surface area to volume ratio of the entire
spray cloud.

Several approximations are made in modeling the
droplet evaporation, the justification for which is dis-
cussed in detail in Ref. [26]. The transient warm-up
time of each drop presumed short compared to droplet
lifetime; the droplets quickly reach the wet-bulb
temperature appropriate to the local boundary layer
air temperature and humidity. The droplets in the
boundary layer are assumed to be fully entrained and
to travel at the air velocity corresponding to the radial
position of the center of the drop. The droplets in the
boundary layer never touch the fiber surface while
fiber temperature is above the droplet saturation
temperature; the solutions obtained apply only to this
nonwetting regime. The droplets in the boundary layer
are assumed to be uniform at the SMD.

A well-established formula exists for the evaporation
rate of a single droplet [27]:

D? = D} — keyapt (20)

where D is the droplet diameter at time z, D, is the
original droplet diameter, and ke, iS an evaporation
constant that is dependent on temperature and relative
humidity and which can be calculated using mass
transfer theory [28]. The coefficient ke ., Was calculated
for a temperature range from 300 to 1500 K using
both low and high rate mass transfer theory, and the
resulting data were fit to second-order polynomial ex-
pressions of the form

kevp = A1T% + BI T+ C @

where T is the local air temperature, which will vary
with position y across the thickness of the boundary
layer and with distance x along the fiber. The air is
assumed to have zero relative humidity, giving an
upper bound on the cooling effect. Evaluation of the
total mass evaporated, after integration of our
equations, shows that axial increases in the relative
humidity of air in the boundary layer produce no
more than a 4% decrease in the evaporation rate, and
generally much less than that. We have, therefore,
neglected the effect of axial changes in the relative
humidity.

Within an annular section of the differential control
volume, the volumetric evaporative heat loss is simply
the latent heat of vaporization at droplet temperature,
hfg, times the mass evaporation rate per unit volume,

m” (kg/m> s), evaluated locally. Thus, the evaporative
coollng rate of the boundary layer increment can be
expressed as an integral through the radial thickness of
the boundary layer:
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&

1 T
J ge2n(a+y)dy Ax = J hegri"2m(a + y) dy Ax.
0

0
(22)

The evaporation rate is the time rate of change of the
mass of droplets per unit volume:

., d i d i
m, = a(an€D3> = u(x,y)a<angD3>

dn 4D} )

= u(x,y)pwg (D3 —+n— (23)

dx dx
for n the local number density (drops/m®), D the
Sauter mean diameter of the spray, and u(x,y) the
local air speed.

In order to satisfy the condition that no droplets
touch the fiber, a linear droplet density distribution is
assumed near the fiber

noy

n= 5 (24)
where n, is the droplet density outside the boundary
layer and 6 is the local boundary layer thickness.”> The
number density, no, is assumed to be independent of x
after the point where spraying is initiated; the spray is
also assumed to have a uniform angular distribution
about the fiber. The evaporation rate can now be writ-
ten with Eq. (8) as

i = v [ Uy (4 Y | p2d2 (25)
20 o a dx

where the term dD/dx can be evaluated with Eq. (20)
as

d d 12
“p= (02 — Keva t)
dx dx\70 P

1 —172 dr
= 5 (D% - kevapt) < - kevapa ) . (26)

The kinematic derivative dz/dx can be replaced by
1/u(x,y), and within the differential control volume of
length Ax, ¢t can be approximated by Ax/u(x,y). (For
typical values of Ax, Dé > keyapt.) The dependence of
kevap on local temperature in the boundary layer is rep-
resented using the polynomial fit (Eq. (21)). Eq. (26)

2 A linear profile is the simplest assumption that satisfies
these boundary conditions; however, the decreasing density is
also expected because droplets nearer the fiber will move at
higher axial speed, tending to lower particle concentrations.
Given that integral solutions are not strongly sensitive to the
profile shape assumed, and given that more detailed physical
information about the number density profile is not currently
available, we have chosen to use the simplest approximation.

becomes

12
d 1 [4, T2+ BT+ C]Ax
dx 2\ u(x,y)

(27)

A T?>+ B T+ C
u(x,y) ’

Substituting Eqgs. (25), (27) and (20) into Eq. (22) and
simplifying, we obtain a discretized formulation of the
integral

5 5
T T npyhignoy(a + )
J(a+y)dy Ax = —J —wE - -
Jo Gelat )by 0 44(x)
[Al T+ B T(x.y) + Cl]

12

A T(x,)*+B, T(x, C))A

D(Q)_( 1 T(x.0)*+B1 T(x,p) + C1)Ax dy Ax.
u(x,y)

4. Numerical solution

If the boundary layer temperature profile at any
point on the fiber is known, then the heat transfer
from the fiber can be calculated directly as

T —
0= —271:(1/(3— Ax = —2nak(ﬂ>Ax
YV ly=0 Ba
_ an@fo. (29)

Hence, a knowledge of f# can be used to calculate the
axial fiber temperature distribution (cf. Eq. (12)). Egs.
(18) and (19) can be integrated from an initial o value
to a final « value to obtain the f§ value at any position
on the fiber. The initial condition on Eq. (18) is f =0
at o =0, but this results in the equation being of an
indeterminant form at o = 0. To evaluate f§ for small
values of «, a series expansion can be used in which
is approximated as

ﬁ:a1a+a2a2+a3a3+~-- (30)
with

1(Pr+2)
a@= 2 Pr G1

_ (Pr—1)(Pr+2)+4n
@ = 9Pr(Pr+1)

(32)
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Fig. 4. Baseline temperature profile for 10 um fiber at 60 m/s.

~(Pr—1)(Pr+2)3P? —4Pr —2) + 60(3Pr* + Pr + 2)n + 3601

as B
270(Pr+1)"3Pr+2)

In these relations, n = (pc,)/(pscy) as before; u is of
the order of 10~ for glass fibers in air. Eq. (30) is
used to evaluate f# for o values from 0 to 0.08. The
results from the series expansion are used as initial
conditions for Eq. (18).

To obtain a solution to the fiber temperature profile
along the length of the fiber, a Fehlberg fourth—fifth
order Runge—Kutta method was used to forward inte-
grate Eqgs. (18) and (19). The evaporation integral (Eq.
(28)) also lacks a closed form solution and must be
evaluated numerically. An adaptive Newton—Cotes
method was used for the simulation. The integration
step length of o was decreased until the fiber tempera-
ture profile converged to within 1 K at 1 m.
Decreasing the step length more than this would not
change the fiber temperature profile by more than 1 K
total no matter how much smaller the o increment was
made, but decreasing the increment step further greatly
increased the number of calculations and the simu-
lation run time.

The simulation is designed to allow for initial spray
induction to begin at any point x along the fiber; the

(33)

spray is present from that location onward. Before the
spray appears in the boundary layer, a no-spray sol-
ution is calculated by setting the spray density to zero.
At the initial point of contact with the spray, the f-
value from the no-spray solution is used to determine
the temperature profile. This profile is assumed con-
stant over the small interval from o; to a;y;. This pro-
file along with the corresponding x values are used to
evaluate the evaporation integral. This numerical result
is substituted back into the f differential equation
which is then forward integrated to find f;,,. With this
value of f§, the change in fiber temperature over Ax
can be found using

aT
—Znaka— Ax -
AT=—th= KO, (34)
na prmU a ﬁpr]hU
The fiber temperature at x+Ax is simply

Tviax = Tx + AT, and this value is then used as input
to evaluate the evaporation term over the next interval.
At each point, the o and f-values are compared to
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Fig. 5. Temperature profiles for varying droplet densities (SMD = 70 pm).

determine which differential equation for f (Eq. (18)
or (19)) should be used. This procedure is followed
over the length of the fiber to solve for the fiber tem-
perature profile.

The droplet diameter distribution at the beginning
of any interval Ax is assumed uniform and equal to a
specified SMD, representing the conditions in the air
outside the boundary layer. Variable property effects
are handled by using a local average film temperature,
and polynomial fits to tabulated data. The film tem-
perature is changed for each successive increment of
the fiber. This is in contrast to most published results
for fiber cooling which have assigned a single property
reference state along the entire length of the fiber.

Validation tests of the numerical model were per-
formed in the limit of no spray. We ran calculations
corresponding to the cases that were evaluated numeri-
cally and experimentally by Bourne and Dixon [6],
with excellent agreement. As noted in Section 1, sub-
sequent studies of the no-spray situation have repeat-
edly confirmed the findings in Ref. [6].

3 The values predicted by the two theories begin to diverge
at about 500 K and differ by more than a factor of two at an
air temperature 1500 K. Note that the water temperature is
limited to values below 100°C at an ambient pressure of 1
atm.

5. Results

The numerical simulation has been run over a wide
range of configurations, but for comparison purposes a
baseline case was chosen: a 10 um diameter fiber
drawn at 60 m/s through still air at 320 K. The initial
fiber temperature is 1500 K with a droplet density of
5000 drops/cm® and a representative SMD of 70 pm;
these values are typical of the nozzles used in the
industrial glass fiber forming process. The spray was
injected into the fiber boundary layer at a distance x =
1.8 cm from the beginning of the fiber (corresponding
to o = 5.0). The baseline results for the no-spray and
spray-cooled temperature profile are shown in Fig. 4.
The sprayed fiber cools significantly more rapidly. For
example, without spray the fiber reaches 400 K at x =
1.2 m, whereas with spray that temperature is reached
at x =0.72 m, a 40% reduction in distance. In terms
of temperature differences, at a fiber position of x =1
m the temperature difference between the spray cooled
and no spray case is about 90 K (163 F).

Fiber temperature profiles were calculated using
evaporation coefficients evaluated from both low and
high rate mass transfer theory. Although the evapor-
ation coefficients from the two theories vary signifi-
cantly at high temperatures,® the fiber cooling
predictions of the two theories are almost identical. In
the region of the boundary layer where the air tem-
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peratures are very high and high rate theory is essen-
tial, the total cross-sectional area is very small (pro-
portional to (y + a)?). The majority of the boundary
layer volume is in the region where the temperatures
are lower (7 between 400 and 500 K) and the evapor-
ation coeflicients for the high and low rate theories are
close. Most of the evaporative cooling takes place in
this outer region of the boundary layer, and the eva-
porative cooling immediately adjacent to the fiber is
very small owing to the small cross-sectional area and
lower droplet density.

One of the primary control variables in the manufac-
turing process is the spray condition, specifically, the
droplet size distribution and number density. The size
distribution can be changed by changing nozzle types
or by operating the nozzles at a different line pressure.
The number density can be varied by changing the
number of nozzles, changing the nozzle placement,
changing the nozzle type, or changing the operating
pressure. In Fig. 5, the droplet density varies from 0 to
10,000 drops/cm?®, while the SMD is held constant. As
the droplet density decreases, the temperature profile
approaches the no spray profile. Conversely, as num-
ber density increases, more liquid surface area is pre-
sent and evaporative cooling effects are stronger.

Finer atomization of a given liquid volume produces
stronger evaporative effects. Fig. 6 shows the effect of
reducing the SMD of a fixed volume of water per unit

volume of air; this is equivalent to using successively
finer atomizers at a fixed liquid flowrate. The spray
volume used corresponds to baseline conditions of
5000 drops/cm® with an SMD of 70 pum. As SMD is
decreased, the spray number density is increased to
keep the ratio of water volume to total air volume con-
stant. In this figure, as SMD decreases from 300 to 10
um, the cooling of the fiber becomes progressively
more rapid. The smaller the SMD, the more cooling
for the same amount of water.

Fig. 7 shows the thermal and momentum boundary
layer thickness calculated with and without spray. As
has been established by previous studies of long thin
fibers, the boundary layer thickness may be more than
two orders of magnitude greater than the fiber diam-
eter. Spray cooling greatly thins the thermal boundary
layer, and this causes a significant increase in the con-
vective cooling of the fiber. The kink in the predicted
boundary layer thickness with spray results from the
assumption that the spray is instantaneously intro-
duced at x = 1.8 cm. In reality, of course, the spray
will require a certain distance to become distributed
into the boundary layer.

The axial position at which the spray initially enters
the boundary layer has an effect on the temperature
profile. Fig. 8 shows the fiber temperature profiles for
spray entry points ranging from 1.8 to 71 cm below
the bushing plate. In terms of the fiber temperature



Fiber Temperature (K)

Boundary Layer Thickness (m)

1

-

Boundary Layer Thickness (m)

M. Sweetland, J.H. Lienhard V| Int. J. Heat Mass Transfer 43 (2000) 777-790

[-d
s

3

»

w

N

-

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Fiber Position (m)

o.01 ! ! ! T ; ; ;
0.008) - --coen ............ ............ ............ e
0.006F - - ............ e e T '
0004_ ........... /./" ......................... : .................................. -
PR ;
0'002_..)”’. 44444 S S TR TERTERERTS .
/) <Z_ L __ :
0 et it L L e ERE
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Fiber Position (m)

Fig. 7. Thermal and velocity boundary layer thickness for baseline fiber conditions.

T ! ! ! ' '
400[\ - ORI SR - ---  NoSpray |-
: : : : — x=1.7cm
-------- x=8.3cm
200_ .......................... x=19.80m
--- X =28.0cm
— x=40.5cm
: A _ S IRERRRER x=59.1cm
000k - .............. .............. .............. ............ - x:71_0cm -
Bm._ ......................... ....................................................... -
[001] “ERERREETRPORESRRRII \JRREAN UCERRRRERRR ....................................................... -
< :
N ~U
Y . .:.\\\\\
~ = -
QOO - - L A ._:.,_H_H;.;.A-._
; ; i A it s
0 0.2 0.4 0.6 0.8 1 1.2

Fiber Position (m)

Fig. 8. Temperature profiles for varying spray contact points.

787



788 M. Sweetland, J.H. Lienhard V| Int. J. Heat Mass Transfer 43 (2000) 777-790

T T l I !
i : 1 5 ——  Spray Cooled
1400\ - e e ieaeaaeaas R PR .
: : : : - No Spray
1200_..4\4\..“..4% .............. .............. .............. .............. ........................... .
\ : : : : :
N : : : :
3 N z 5 5 z
® 1000F -\ N L . R N S 4
3 A : : : :
- SN\ : : : :
8. \ N . . :
13 N\ . . . .
(] N\ : . . .
[ : : : :
a_, 800_ ..................... \ \ .............. .............. .............. ........................... -
o N : : :
w N : : :
- : :
RN : :
GO0 oo i BN NS P TP P i
OOf oo SR e T ]
1 AL L 1 1
0 0.2 0.4 0.6 0.8 1 1.2

Fiber Position (m)
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beyond 90 cm from the bushing plate, it makes very
little difference where the spray enters the boundary
layer. This demonstrates that final fiber temperature is
not sensitive to nozzle positioning along the fiber axis.
If the objective is to simply cool the fiber before the
point where the surfactant is applied, then getting
spray into the fiber bundle and around each fiber is
more important than having the spray contact each
fiber at the same x position. If the physical properties
or residual stress state of the fiber require a certain
cooling rate between two particular temperatures, then
vertical placement of the spray may become critical.

As the position of spray introduction is moved
farther down the fiber, the thickness of the boundary
layer into which the spray is injected becomes much
greater. This in turn means that the cooling effect of
the spray is greatly increased, since much more spray
is contained in a thicker boundary layer. That is the
reason for the steeper cooling rates that occur in Fig. 8
when the spray is added far downstream of the bush-
ing plate. Introducing the farther spray downstream
also increases the numerical error in the calculations,
owing to the much more abrupt change in the bound-
ary layer growth rate immediately following the point
of injection. Errors in the vicinity of the injection point
affect the temperature profile along the remaining
length of the fiber. In our calculations, when the spray
was introduced very close to the beginning of the fiber

(x=1.8 cm), the numerical increment in o was
decreased until the fiber temperature profile converged
within 1 K. When the spray was introduced farther
downstream, limitations in our computation led to
errors of roughly 20 K at a distance x =1 m; these
errors contribute to the separation of the spray-cooled
temperature profiles seen in Fig. 8.

The fiber cooling rates with and without spray are
affected by the fiber size and drawing speed. Fig. 9
shows the fiber temperature profile for a 10 um fiber
moving at 90 m/s. Spray conditions in this case are the
same as the baseline, with a spray density of 5000
drops/m® and a SMD of 70 pm. Compared to the 10
um fiber at 60 m/s (Fig. 4), the fiber temperature is
reduced less over the same length of fiber. The op-
posite effect is seen for a fiber moving more slowly
than the baseline condition. To illustrate the cooling of
other sizes of fiber, Fig. 10 shows the fiber temperature
profile for a 25 pm fiber being drawn at 10 m/s. Spray
cooling reduces the temperature at x =1 m from 490
to 370 K. Fig. 11 shows the temperature profile for a 5
um fiber being drawn at 50 m/s. Spray cooling has
much less of an effect on this small fiber. Without
spray cooling, the fiber has already cooled to the final
state value long before reaching 1 m. By x =0.5 m,
the fiber temperature is 320 K with spray cooling and
370 K without.
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6. Summary and recommendations

A model has been developed to describe the
evaporative cooling of spun glass fibers by water
sprays. This model can be used in designing and
optimizing the spray processes used in glass fiber
manufacturing.

0The main implications of the model results are as fol-
low. Spray cooling acts to thin the thermal boundary
layers surrounding the fibers and to raise the convective
heat removal from the fibers. The effectiveness of spray
cooling can be increased by improving the atomization
quality to give smaller droplets and by increasing dro-
plet number density near the fibers. The majority of the
cooling takes place in the outer edges of a fiber’s bound-
ary layer. The vertical placement of the spray nozzles
within the fiber bundle is a less critical parameter. The
degree of spray cooling varies with fiber size and speed.

Three issues affecting the modeling of spray cooling
require further study. The first is the turbulent tran-
sition of the boundary layer, which is ill-characterized
in the existing literature. The second is the spray
entrainment and dispersion within the axisymmetric
fiber boundary layer, and, more generally, within the
entire bundle of many hundreds of fibers. The last is
the potential for droplet impact at high number density
and high transverse droplet injection speeds. The
present results are for laminar boundary layers in
which droplets are evenly dispersed and travel at the
local air speed, and in which droplets do not directly
interact with the fibers.
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