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Abstract—Energy consumption rate during the cooling process Sudden cooling during the tempering process has bee

of industrial glass tempering process is considgraigh. In this
experimental study the effect of dimensionlesstgetiet distance
(S/D) and jet to plate distance (H/D) on the caplirme have been
investigated. In the experiments 4 mm thick glasaes have been
used. Cooling unit consists of 16 mutually placedrsless aluminum
nozzles of 8 mm in diameter and 80 mm in lengthzles were in
staggered arrangement. Experiments were conducid civcular
jets for H/D values between 1 and 10, and for Sélhies between 2
and 10. During the experiments Reynolds number been kept
constant at 30000. Experimental results showed thatlongest
cooling time with 87 seconds has been observetiénekperiments
for S/D=10 and H/D=10 values, while the shortesiliog time with
42.5 seconds has been measured in the experinen&D=2 and
H/D=4 values.

achieved with impinging jets. In the literatureeté is wide
variety of studies with impinging jets covering myatifferent
applications. Some of the literature related to shbject of
this study has been summarized below.

In their numerical study [6] modeled heating analicw
processes during tempering under mixed boundargtitons.
In the study by using the method of single fluxdiation
source term of the glass plate has been calcutddenergy
equation has been solved with finite difference hodt By
using the program written in FORTRAN center line
temperature change of the 6.1, 14, and 20 mm thliakses
has been calculated.

In an attempt to reduce the pressurized air consampnd

Keywords—Glass tempering, cooling, Reynolds number, nozzlesave energy, [2] conducted an experimental study they

|. INTRODUCTION

added water paper to cooling air jets. They regottait the
addition of water paper reduced the pressurizedamiount

TEMPERED glass is used as safety glass in many fieRgcessary for cooling process. _
changing from automotive industry to architectural [10], in his study controlled and observed the terimg

applications [1,2]. During the tempering proceskssg is
heated to near its melting temperature (70Pin the furnaces
and then it is exposed to sudden cooling procesfluid jets

[3-5]. Due to non-uniform cooling during this prese surface
of the glass cools faster which cause contractiothe surface
and it becomes tougher, on the other hand cemtgédm of the
glass stays relatively hot. As a result glass faxespression
stress on the surfaces and tensile stress in thierceegion
[1,4,6,7]. Strength of the glass increases propoaily with

pre compression stress [6-8].Ordinary glasses f@im or

more times strength during tempering process [},8,Bey

are difficult break and when they break, they brizdt small

parts without sharp edges [7]. Temper quality depeon

many factors including heating time, sudden cooltimge,

H/D and S/D ratios and Re number. Here, H represtdr
distance between nozzle exit and the target pRt@ozzle

diameter and S is the jet to jet spacing.
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furnace by using PLC and SCADA program. He conglict
experiments with 3 mm thick glass cooker lids. ket

experiments heating periods of 100, 105, 110, a@d 1
seconds and cooling periods of 4,10,15,20 secoads heen

tested. Safety criteria’'s have been checked by yappl

fracture tests to tempered glass samples.

[11] experimentally and numerically investigatedasg
tempering process with impinging air jets. In amlustrial
facility, in order to determine convective heat ngter
characteristics they modeled tempering of a glasgpge with
the dimensions 300x300x6 mm. For four different iRegs
(Re) number (11000, 22000, 33000, 44000), theyrobdethe
common power law relationship between Nu and Rebauim

In an experimental study with confined circular jaiis of 3
mm in diameter, [12] investigated the effect of jet jet
spacing on Nusselt number. Experiments have beastucted
for a flat plate under fixed heat flux value of D5®/n?. In
the experiments Re number was in the range of
10006<Re<30000 and S/D ratio was between 4 and 16.

In the present study, transient change of glasasar
temperature during auto glass tempering processbbas
experimentally investigated. In the experiments s tiick
glass samples of different dimensions for each S,
6,8,10 values were tested. Cooling unit consistsnafually
placed nozzle arrays in staggered arrangement.liyfofib
nozzles of 8 mm in diameter and 80 mm in length enafl
seamless aluminum pipes have been used. For a Ksyno
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number of 30000, H/D values<#/D<10 and S/D values
2<S/D<10 were tested and compared.

1. EXPERIMENTAL STUDY

A. Experimental Set Up

Schematic diagram of the tempering facility is shoin
Fig. 1.
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Fig. 1 Schematic diagram of the tempering facility
1)Compressor,2)Air tank,3)Vane, 4)Inlet filter,5)@r, 6)Exit
filter,7)Regulator, 8)Solenoid valve, 9)Flow meter,
10)Conditioner,11)Pressurized air chamber,12)Nozzle
plate,13)Pneumatic piston,14)Thermocouples,15)fe;nBs6)Control
panel, 17)Flexible thermocouples, 18)Traverse, 120)Plc
automation panel, 21)Computer

During the tempering process, glass first needsetbeated
near its melting temperature (780) in the furnaces, and then
heated glass is transferred to cooling unit. Ihaxg’ previous
studies [13], detailed explanation of the experitakfacility
used for glass tempering is given.

B. Measurement and Data Reduction

In order to measure transient temperature changethe
surface, glass surface has been equipped withrr@lthick
type K thermocouples. Thermocouples are fixed ® dlass
surface along the centerline at different x/D valuéC High
Temperature Cement with high thermal conductiviag been
used to fix thermocouples to the surface.

Table | shows the details of glass dimensions spording
to different S/D values. Temperature measuremeimt(Xo0,
X1 and X2) and corresponding temperature values, (T$
and Ts) are shown in Fig. 2.

TABLE |
GLASS DIMENSIONS FOR S/D VALUES

S/D Length (mm) %ﬁl?ﬁ;‘
2 41,5 48
4 83,1 96
6 124,7 144
8 166,3 192
10 208 240

Xl%ﬁxz
.

b

Fig. 2 Temperature measurement points and aredsrufiee
calculation of local Nu number

Glass is heated in an oven at 7&Duntil average surface

temperature reaches to 680 and then it is sent to sudden
cooling unit to be cooled to an average temperafQriC. In

all experiments above mentioned temperatures am ke
constant and applied to glass samples.

Fig. 3 Cooling nozzle arrays in staggered arrangeéme

Fig. 3 shows the staggered nozzle arrays used én th
experiments. Heated glass in the oven is transfeaeooling
unit by traverse like mechanism and symmetricalced in
between nozzle arrays. Nozzle plates are kept imstaat
position throughout the cooling period. Totally, A6zzles of
8 mm in diameter and 80 mm in length made of sessnle
aluminum pipes have been used. 30 different cordigons
for a Reynolds number of 30000, H/D valuegH41D<10 and
S/D values 2S/D<10 were tested and compared.

Ill. RESULTAND DISCUSSION

. Temperature Change

Glass is heated in an oven at 78D until average surface
temperature reaches to 680 and then it is sent to sudden
cooling unit to be cooled to an average temperafQriC. In
all experiments above mentioned temperatures am ke
constant and applied to glass samples. In the empets,
cooling times have been observed for different 8Ad H/D
values at constant Reynolds numbers.
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During the transfer period from the oven to thelicmpunit,
temperature of the heated glass decreases froMiG8&0 660

in H/D=10 configuration. When the shortest cooltimge of
S/D=6 compared with S/D=2 and 4, it has been olesean

°C. Approximately 20°C temperature drop has been observeihicrease of 23% and 9.3% compared to S/D=2 and 4&/D=

for all the S/D values investigated. Cooling preces ended
when the average surface temperature of the géashed to
70°C. Average surface temperaturggrhas been calculated
as the arithmetic averages of the local temperature
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Fig. 4 Transient change of average glass temperdtuing the
cooling period for different H/D values (S/D=2)

Transient change of average glass surface tempesast
S/D=2 value for different H/D values are preseritetrig. 4.
For these set of experiments the shortest coaling was 42.5
seconds and it is obtained at H/D=4 value. 18,280¢80n in
the cooling period were observed compared to thgevaf 52
seconds at H/D=10.

Fig. 5 shows, transient change of average glas&csur
temperatures at S/D=4 value for different H/D valu€or
these set of experiments the shortest cooling tives
obtained in H/D=1 case with 48 seconds and the dsing
cooling time was 60 seconds in H/D=10. When thertssb
cooling times were compared for
configurations, 12.9% increase in S/D=4 was obskrve
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Fig. 5 Transient change of average glass temperdtining the
cooling period for different H/D values, (S/D=4)

For constant S/D value of 6, time dependent chaofge
average glass surface temperatures are given inGriigr
different H/D values. Cooling time of 52.5 secondas the
shortest obtained with H/D=1 which is %16 lowerrthhe
value in H/D=10. 62.5 seconds was the longest tbiitained

S/D=2 and S/D=4

respectively.
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700 3
600 -
500
400 -
300
200 -
100+

Tave (OC )

t(s)

Fig. 6 Transient change of average glass temperdtuning the
cooling period for different H/D values (S/D=6)

Fig. 7 shows, transient change of average glas&cgur
temperatures at S/D=8 value for different H/D valu€or
these set of experiments the shortest cooling tivees
obtained in H/D=1 case with 62 seconds and the dsing
cooling time was 75 seconds in H/D=10.Cooling timas
17.3% lower in H/D=1 compared to H/D=10. When the
shortest cooling time of S/D=8 compared with S/D42nd 6,
it has been observed an increase of 45.8%, 29.1%618%6
compared to S/D=2, S/D=4 and S/D=6 respectively.

S/D=8, Re=30000

Tave( °c )

t(s)

Fig. 7 Transient change of average glass temperdtuing the
cooling period for different H/D values (S/D=8)

For constant S/D value of 10, time dependent chasfge
average glass surface temperatures are given in 8-igr
different H/D values. Cooling time of 72 secondsswae
shortest obtained with H/D=1 which is %17.2 loweert the
value in H/D=10. 87 seconds was the longest tintainéd in
H/D=10 configuration. When the shortest cooling dirof
S/D=10 compared with S/D=2,4,6 and 8, it has h#werved
an increase of 69.4%, 50%, 37.1% and 16.1% compared
S/D=2, S/D=4, S/D=6 and S/D=8 respectively.
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Fig. 8 Transient change of average glass temperdtuning the
cooling period for different H/D values (S/D=10)

Table 1l gives cooling time durations necessaryréach
final average surface temperature of 70 for all the
configurations investigated at different H/D and S/alues.
According to the values in the table, the shortesting time
was obtained in S/D=2 and H/D=4 with a value of542.
seconds. S/D=10 and H/D=10 gives the longest cgdime
of 87 seconds. S/D=2 stands as an exception, fo6/al
values investigated, the shortest cooling time wlasined in
H/D=1.

TABLE Il

COOLING TIME DURATIONS TO REACH AN AVERAGE SURFACE
TEMPERATUREOF 700cC As A FUNCTION OF S/D AND H/D

SiD HID Time
(s)
235
44
425
44’5
455
52

10

= = = = =
Sowosnvrkr|lBEowcorsvr|Sowonsnvr|lEoornvr|lEowonrne

Table Il summarizes minimum and maximum times fol®!

cooling process that covers the time period necgdsadrop
initial glass temperature of 66C to 70°C.

TABLE Il
MAXIMUM AND MINIMUM COOLING TIMES AS
A FUNCTION OF S/DAND H/D

Min. cooling Max. cooling
times, times,
S/D H/D (s) S/ID H/D (s)
2 4 425 2 10 52
4 1 48 4 10 60
6 1 52.5 6 10 62.5
8 1 62 8 10 75
10 1 72 10 10 87

IV. CONCLUSION

In this study, transient cooling process for termgerof
glass samples has been experimentally investigdted
different S/D and H/D ratios.

Glass is heated in an oven at 7&8Duntil average surface
temperature reaches to 680 and then it is sent to sudden
cooling unit to be cooled to an average temperafQréC. In
all experiments above mentioned temperatures am ke
constant and applied to glass samples for diffdrigbtratios.

Oven doors are opened when glass reaches the dlesire
temperature of approximately 68Q and glass is transferred
to cooling unit by means of a traverse like meckamilt takes
about 4 seconds to reach the cooling unit. Durheg time,
approximately 20°C drops in the glass temperature is
observed. Cooling process starts at 86&nd continues until
average surface temperature of glass drops t€7Bor every
S/D and H/D values examined, mentioned startingearding
temperatures are fixed. According to the resuhis, Ibngest
cooling time of 87 seconds has been measured dtiventests
with H/D=10 and S/D=10. The shortest cooling tintserved
in the experiments with H/D=4 and S/D=2 configuwatand it
was 42.5 seconds.
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