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Abstract

In investigating the effectiveness of down-flowingater films in improving the performance of
fireproof curtains, it is desirable to determine theat transfer characteristic on both sides ofcthéin.
However, due to the extreme heat, the heat trapsfmacteristics on the hot surface of the curdaennot
easily obtained using direct experimental methddsordingly, in the present study, a hybrid invensat
conduction scheme is used to derive the unknowrsieat total heat flux, overall heat transfer cioght
and surface temperature on the hot surface of th&in based on a small number of experimental
temperature measurements obtained on the cold Bigevalidity of the proposed approach is investida
for both small-scale (1.X 1.2 X 0.0005 ) and full-scale (3.0< 3.0 X 0.0005 n) curtains. In general,
the results show that for both curtains, the dolemihg water film provides an effective means of
enhancing the latent and sensible heat transfer tlarefore improve the fire resistant propertiéshe
curtain.
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1. Introduction increasing cotton content, but continuously
The most crucial aspect of a building’s safety in decreased with an increasing pleat rate.
the face of fire is the possibility of safe escfiie Large heated solid surfaces can be effectively

However, many houses, offices, hotels, and cooled by flowing a thin liquid film over it under
shopping malls use curtains as a means of blocking the effects of gravity together with an external
light or as decoration. Interior decorative fabivas counter current air stream [4]. Wu et al. [5]
a major impact on the development and spread of performed an experimental investigation into the
indoor fires because of its easy ignition, fast effect of water spray on the heat resistance
burning speed and rapid spread rate [2]. Therefore, property of a glass pane. Wu and Lin [6] further
suitable methods for enhancing the fire resistant examined the fire insulation and fire integrity
properties of curtains is an important concern. properties of glass panes covered with a down-
The literature contains various investigations flowing water film in a standard full-scale
into the burning behavior of common curtain 3mx3m door/wall refractory furnace in
materials. For example, Bei et al. [2] evaluatesl th accordance with the ISO 834-1 standard code [7].
burning behavior of cotton, jeans, wool, linen rope The results showed that the application of the
and sponge using a cone calorimeter. It was shown water film enabled the glass pane to satisfy the
that a higher heat flux condition increased the permitted integrity and insulation requirements for
average heat release rate and peak mass loss rategs much as 100 minutes. Lee et al. [8] applied a
whereas a lower heat flux condition increased the water film system on a steel roller shutter. It was
smoke production rate and the CO vyield. Li et al shown that the water film system combined with
[3] investigated the fire hazards posed by three the steel roller shutter could effectively improve
typical curtain materials, namely 35%-cotton, the heat resistance and temperature of the shutter
40%-cotton and 45%-cotton. The experimental slat surface.
results showed that the average flame spread rate In general, using down-flowing water system
first increased and then decreased with an has many advantages compared to traditional flame
retardants. For example, water is cheaper than
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flame retardant and its installation more insensitive to both the measurement time-step and
straightforward. Furthermore, water is readily the measurement location.
obtained, whereas flame retardant materials need  Accordingly, in the present study, the proposed
to be chemically produced. In developing down- inverse heat conduction scheme is used in a
flowing water systems for fire retardant numerical investigation to estimate the unknown
applications such as fire retardant curtains, it is conditions on the hot surface of a curtain with a
necessary to understand the temperature conditionsdown-flowing water system.
not only on the cold side of the curtain, but aso 2. Methodology
the hot surface. However, due to the extreme  To obtain the condition of the unexposed
temperature on the fire-exposed surface, the surface, some thermocouples were attached on the
temperature conditions are not easily measured surface. The surface temperature was measured by
using direct experimental methods. K-type thermocouple at different locations. It can
Jeng et al. [9] performed STAR-CD be seen from Figure 1. The data used in the present
simulations to investigate the heat transfer simulations were obtained from the small-scale and
performance of a high-efficiency air-cooled full-scale experiments involving a fireproof curtai
condenser system for power plants under various with a down-flowing water system. The
frontal speeds and axis ratios of the elliptic &ibe  dimensions of the small-scale test were as follows:
However, it was shown that the simulation results 1.2 m in length, 1.2 m in width, and 0.0005 m in
for the overall heat transfer coefficient variedasy thickness. Meanwhile, the dimensions for the full-
much as 45% from the experimental data. The scale test were 3.0 m in length, 3.0 m in widthg an
deviation may arise due to the mathematical model,0.0005 m in thickness. The furnace used in the
boundary condition or assumption are not small-scale test had a length of 1.5 m and a width
completely agree with the actual physical model. of 1.5 m, while that used in the full-scale testl lha
Thus, a good estimation of the transient heat length and width of 4.0 m. In the small-scale test,
transfer characteristics for the present problem is the operating pressure was 0.4 kgficm
difficult to be obtained using the commercial (corresponding to 65.92 L/min), while in the full-
software. To address the limitations of simulation scale test, the operating pressure was 0.9 k§f/cm
methods, the inverse heat conduction scheme can(corresponding to 111.39 L/min).
be introduced to investigate the present problem. In both tests, the surface temperature was
Importantly, the inverse scheme enables the measured by K-type thermocouples positioned at
unknown heat transfer characteristics to be the locations shown in F|g 1.

estimated using the experimental data obtained at 1 3
only a limited number of measurement locations. a

However, the solutions are sensitive to changes in 4 5 6
the input data resulting from measurement errors L
[10,11]. Accordingly, Chen and Chang [12] 7 s o
introduced a hybrid scheme comprising the " E =
Laplace transform method and the finite-difference

method to estimate the unknown surface

temperature based a small number of temperature
measurements obtained within the test sample. It
was shown that while the proposed method b '
reduced the sensitivity of the estimated results to
the measurement error, the results were still
sensitive to the measurement location.
Consequently, Chen et al. [13-15] combined the ]
hybrid scheme with a sequential-in-time concept
and the least squares method to predict the
unknown surface conditions. A good agreement
was obtained between the estimated values of the -
unknown surface conditions and the experimental

results. Importantly, the results obtained using th
inverse heat conduction scheme were found to be
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Fig. 1 Thermocouple positions on the (a) smallescal
test and (b) full-scale test.
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Fig. 2 Schematic geometry considered in the (a)lsma
scale test and (b) full-scale test.

Figure 2 shows the physical geometry of the
problem. Figure 3 shows the heat transfer
mechanism with the down-flowing water on the
cold surface of the curtain. The boundary condition
for this problem is specified as thermal insulation
at <x<L, wheny=0 andy=L,. L, andL, are the
lengths of the curtain in thg andy directions.
Based on this condition, the governing equation
can be formulated as

2 2
pca—T: k[a—z+a—T2jin 0<x<L,, O<y<L,and
ot ox° oy
t>0 1)

with boundary condition

oT
—k&:hh(y,t)(Th—Th”) atx=0 2)
oT
_ka_X = Qconvection + Q radiation+ Q evaporated wa
Qunevaporated water
atx=L, (3)
where
Qconvection = h c( y' t)( Tc_ Too ) (4)
Qradiation = O'S(Ti - Tr:) (5)
Qevaporated Water: m wg £ 37315— T):+ ‘m wch' (6)
Qunevaporated water= m V\g (;T wd -I;) (7)
oT _ —
—=0aty=0andy=L (8)
oy Y

and the initial condition

T=T, fort=0 ©)
wherex andy are the spatial coordinates,, and
ryy are the water consumption and water drain
mass flow rates, respectivelg, and hy are the
specific heat and heat of vaporizatiom, is the
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initial temperature; and. andT, are the cold and
hot surface temperatures. In additidn, and Ty,

are the ambient temperatures in the low and high
temperature environments;y is the water drain
temperaturek andpc are the thermal conductivity
and heat capacity per unit volume of the curtain,
respectively. Finally,c and ¢ are the Stefan-
Boltzmann constant and emissivity of the curtain;
respectively, andh,(y,t) is the unknown overall
heat transfer coefficient. The local Nusselt number
Nuy, and local Rayleigh numbé®a, are related as
[16].

where

and

Nu, =0.103 g"* (10)
_ho(y.0)y (11)
’ kair
- gBy3|:Tc(yit)_Too:| (12)
ay Vairaair

In Egs. (11) and (12K , var anday are the

thermal conductivity, kinematic viscosity and
thermal diffusivity, respectively, of the ambierit. a
In addition,g is the gravitational acceleration afid

is the volumetric thermal expansion coefficient.
All of the physical properties are evaluated as the
average ofl¢(y,t) andT..
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Fig. 3 Heat transfer mechanism on the fireproofainr
with down-flowing water film on the cold surface.

Applying Newton’s law of cooling, Eq. (2) can

be written as

oT

~k—=q,(y,t) atx=0 (13)

0X
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wheregy(y,t) is the unknown surface heat flux on
the hot surface of the curtain, and is defined as
hn(y,D)[ Th(0,y,t)—The]. It can also be considered as
the sum of the convective heat flux and radiative
heat flux. Thushy(y,t) can be regarded as the sum
of the convection and radiation heat transfer
coefficients. Due to the surface heat flux actimg o
the cold surface of the curtaiq(y,t), boundary
condition (3) can be written as

g;[ a.(y.t) atx=L,

The time-dependent terms can be removed
from the governing differential and boundary
conditions using the Laplace transform method.
The governing equation can then be discretised
using the central-difference approximation and
rearranged in the following matrix form [17]

[AI[T]=[e]

where [A] is a coefficient matriy, T |is a matrix

(14)

(15)

representing the nodal temperatures in the Laplace
transform parametes domain and [B] is a matrix
representing thes forcing term. Finally, the
temperatures in thes domain are inverted into
physical quantityt, using the Gaussian elimination
algorithm and the numerical inversion of the
Laplace transform. Importantly, the hybrid inverse
scheme vyields an effective reduction in the
computational time since the transient heat flux at
a specific timets can be estimated directly without
the need for step-by-step computation from initial
time tg.

Once the unknown surface heat figy,ts) at a
specific timets can be determined, the overall heat
transfer coefficienth(y,t;) can also be obtained
from the Newton’s law of cooling. However, it can
be difficult to obtain an approximate function that
can completely fit the distribution of the unknown
surface heat fluxgn(y,t) at a specific time. Under
this circumstanceg,(y,t) can be approximated
using a cubic polynomial function at a specific
time. Thus,gy(y,t) can be assumed to be a cubic
polynomial function in space and a linear function
in time during a specific time interval. On the @th
hand, the surface heat flgx(y,t) can be expressed
as

qh,r(y1t) = (C2i—1+ Czi t) y_l for ts StSts-‘_At

P
i=1

(16)
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where C,; and C,.; are the unknown coefficients
which can be determined using the least-squares
method in conjunction with experimental measured
temperatures. The number of the measurement
locations or thermocoupled, is equal to2p. At
indicates the measured time-step.

The least-squares minimization technique is
applied to minimize the sum of the squares of the
deviations  between the calculated and
experimental measured temperatures at several
selected measurement locations and two specific
timests andts+At. In order to avoid repetition, the
computational procedures for determining the
unknown coefficienC; are not shown in this paper.
Its detailed computational procedures can be found
in Ref. [13-15]. Finally, the above numerical
procedures are repeated until the values of relsidua
any specific time are all less than®1through all
the inverse calculations.

Tab. 1 The comparison of heat transfer mechanism on
the small-scale test and full-scale test.

Case Heat transfer '?S@tn?z;’x
Qconvection 92.00
Qradiation 65.98
Smiﬂ;ica'e Qevaporated, w | 84249.68
Qunevaporated, w| 103567.09
Quotal 187974.76
Qconvection 328.95
Full-scale Qradiation 211.00
test Qevaporated, w | 76028.47
Qunevaporated, w| 39641.32
Qootal 120446.94

3. Results and discussion

In general, the experimental results showed that
for both the small-scale test and the full-scas, te
the temperature on the cold side was less than
100°C. In other words, the temperature was
consistent with CNS 14803 [18] which specified
that the maximum temperature on the cold side of
a fire door should be no more than Zt0Table 1
shows the heat fluxes calculated from the
experimental temperature measurements in the two
test cases. As shown in the small-scale test, the
heat transfer is dominated by the unevaporated
water heat transfer. By contrast, in the full-scale
test, heat transfer is dominated by the evaporated
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water heat transfer mechanism. The difference a 320000
between the two cases arises because in the full-
scale test, the curtain has a larger heated surface
and thus the amount of evaporated water is

increased.

10— q®
280000 -| —©— q.®
240000 —|
In performing the inverse computations, the 200000
thermal conductivity of the curtain was taken as
k=0.2629 W/mK. For the small-scale case, the
number of nodes in the- andy- directions was
specified as,=5 andn,=12, while in the full-scale b

test, the number of nodes was specifiedna 80000 | scalc test
and n=24. In evaluating the heat transfer 0 600 1200 1800 2400 3000 3600
characteristics on the hot and cold sides of the Time (second)

curtain, the average overall heat transfer
coefficient, surface temperature, and average

Heat flux (W/m?)

160000 —|

120000 r

240000

surface heat flux were calculated as | —o—q®
3 L, 200000 O 90 )
h(t) = [ h(y.t)dy /L, ) s
0 5 160000 |
. :
T = [T(y.ay/L, (18) S 120000 -
0 =
_ L, 80000 —|
q(t) = Iq(y’t )dy / Ly (19) Full-scale test
0 40000 ————————T——T—T—T—
Figure 4 shows the variation over time of the 0 600 1200 1800 2400 3000 3600

Time (second)

total incident heat flux on the hot and cold suefac

of the curtain in the small-scale and full-scalsesa

In both cases, the total heat flux increases over Fig. 4 History of the total incident heat flux drethot
time. Furthermore, at a given time, the heat flax o
the hot surface is greater than on cold surfaces Th
result is to be since the heat on the cold surfdice

the curtain is transported away by convection,  Figure 5 shows the variation over time of the
radiation, evaporated water and unevaporated surface temperature on the hbt(t) and cold

water heat transfer. The existence of the water fil = .
) o surfacesT ¢(t) of the curtain in the small-scale and
on the cold surface of the curtain has a signitican

effect on the total incident heat flux. For example full-Scale cases. The average surface temperature
in the full-scale test the maximum difference ©N the hot surface of the curtain increases frofh 51

- - : K to 864 K for the small-scale test, while for tull
b?tvyeerqhgts) and q,(t,) is about 70158 W/_ fo scale test, the surface temperature increases from
Similarly, in the small-scale test, the maximum 402 K to 729 K. On the other side, the average

difference is around 87628.57 Winit is noted  gyrface temperature increases from 304 K to 314 K
that the difference between the heat flux on the ho for the small-scale test and 308 K to 343 K fol-ful

and cold surface is greater in the small-scale test scale test. The cold surface tem erafﬁre) of
than in the full-scale test. This result arise€sim ) P

the small-scale test, the water supply is the small-scale test is lower than the full-scals t

approximately 54.9 L/min per unit length, whereas dué to larger amount of the down-flowing water
in the full-scale test, the water supply is only flow rate per length along the curtain. In addition

around 37.13 L/min per unit length. the maximum difference betwedn (t) andT.(t)

for the small-scale test is 553 K. However, the
maximum difference for full-scale test is 392 K.

ah (t) and cold surfaceﬁC (t) of the (a) small-scale test,
(b) full-scale test.
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This difference can be explained by the heat pigher than on the hot surfade(t) . This

conduction equatu_)nq =-K[oT/ox]), both cases phenomenon is due to the latent and sensible heat
have the same thickness, but the small-scale has :
. of down-flowing water.

higher heat flux than full-scale case. Therefore, the flow rate of the down-flowing
water film along the surface of the curtain can be

a 1000 regarded as an important factor for the heat-

—@— T.) Small-scale test resistance performance of the curtain. Sufficient

1 ——Tu0 > water has to be sprayed over the curtain surface

800 — uniformly in order to avoid the large temperature

gradient, the occurrence of dry spots, furtheriiit w

perforate the curtain surface.

600 —

Temperature (K)

—@— hy(t) Small-scale test

400 —

200 T I T I T I T I T I T
0 600 1200 1800 2400 3000 3600
Time (second)

b 800

| —@— T.® Full-scale test

700 —

Overall heat transfer coefficient (W/m?K)

"‘\._,4.—0—0—0—&0&—0
0

600 0 600 1200 1800 2400 3000 3600
Time (second)

Temperature (K)

| —@—h® Full-scale test
5000 - —©— h(®

400

300 T | T I T | T I T I T
0 600 1200 1800 2400 3000 3600
Time (second)

Fig. 5 History of the surface temperature on thie ho

'_I'h(t) and cold surfacd . (t) of the (a) small-scale test,
(b) full-scale test.

Overall heat transfer coefficient (W/m?K)

, - : — T
Figure 6 shows the variation over time of the 0 600 1200 1300 2400 3000 3600

overall heat transfer coefficient on the hot anldico Time (second)

surfaces of the curtain in the small-scale and full

scale cases. Th_e overall heat transfer coeffi@ant Fig. 6 History of the overall heat transfer coitt on
the cold surfacdnc.(t) for both cases d(.e(.:rease from 4o hothn(t) and cold surfacé (t) of the (a) small-
0 s to 3600 s. This result can be clarified thastmo
heat taken away by water, some water will be
evaporated and the rest (unevaporated water) will
be flowed down to the water drain. The amount of 4. Conclusions

unevaporated water will be reduced due to the  Thg present study has applied a hybrid inverse

evaporation process. Meanwhile, the overall heat nethod of the Laplace transform technique and the

transfer coefficient on the cold surfakgt) is finite-difference methods with a sequential-in-time
procedure, and the least squares method to estimate

scale test, (b) full-scale test.
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the unknown transient total heat flux, surface
temperature and overall heat transfer coefficient o
the hot surface of the curtain. The results shat th
the heat on the cold surface of the curtain is
transported away by convection, radiation,
evaporated water and unevaporated water heat-
transfer. The heat transfer mechanisms cause the
overall heat transfer coefficient on the cold

surfacen:(t) is higher than on the hot surfauét) . [7]

Moreover, the small-scale test has larger maximum
heat flux difference between the cold and hot
surface than the full-scale test. This is due ® th
larger amount of water supply of the small-scale [8]
test. In addition, water film on the cold surfade o

the curtain has a significant improvement in the
thermal resistance. The sensible and latent heat of
water could protect the curtain from the damage as

fire occurs.
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