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The use of computational fluid dynamics (CFD) is becoming more common and reliable as a tool for kinds
of buildings fire safety design, but it is not easy to be validated. In this paper, Fire Dynamics Simulator v5.0
is used to investigate the spill plume and the resultant natural filling in the underground transport passage of
main transformer of a hydropower station due to the adjacent main transformer hall fire. Ceiling jet temperature
decay along the transport passage and smoke layer interface height are simulated. Series of scale model
experiments are carried out using pool fires placed at the centre of the main transformer hall. The data
obtained from these experiments are later used in a validation study of the FDS simulated results. The FDS
simulated results are also compared with the expressions proposed in the literature. The results show good
agreement between experimental and numerical predictions. And through suitable adjustment of the constants

Spill plume

results.

INTRODUCTION

Underground hydropower stations are generally constructed
in mountains, connecting with the outside only through some
channels. Therefore, once afire occursin the underground
hydropower station, smoke is the most fatal factor, where
moretoxic gases are rel eased due to incompl ete combustion
(Babrauskas 1998). Peoplein the fired hydropower station
haveto escape upward, in the same direction with the move-
ment of the buoyancy-driven toxic smoke. So, smoke con-
trol is very important for saving livesin case of such fires
(Chow 1998). As the main underground cavities of
hydropower station are usually big, compartmentation isnot
desirable. Smoke control design relies on the understanding
of smoke layer interface height and temperature distributions.

Performance-based design (BSI 2001) has been adopted
widely for fire safety provisionsin big congtruction projects.
There are even engineering performance-based fire codes
established in some countries. Fire hazard assessment is a
key part and many fire models (Cox 1995), whether appro-
priate or not, are applied for such purpose.

Zone models have been devel oped to predict the smoke
layer. The resultsare useful in assessing the time of smoke
descending height. The basic assumption of the zone mod-
elsisthat the temperature of the upper smoke layer is the
same everywhere and the time to form ceiling jet is poten-
tially ignored (Fu & Hadjisophocleous 2000, Jones 2000,

of the exponential equation, good agreements are also found between the predicted data and calculated

Jones 2001). In tunnelsor underground long passages, there
are at least two stepsin smoke spreading (Hu 2005):

» Theceiling et forming phase
» Thesmokelayer descending phase

In the transport passage of the main transformer of the
underground hydropower station, the spill smoke tempera-
ture will decrease significantly at positions away from the
fire source. It might take along timeto form asmoke layer.
Therefore, zone models might not be applicable for study-
ing smoke spreading in tunnels or long passages (Bailey
2002, Chow 1996, Forney 1997, He 1999).

Fire field model s using the technique of computational
fluid dynamics (CFD) (Cox 1995) are popularly used with
therapid devel opment of computer hardware and numerical
software. CFD takesthe advantage of predicting thefireen-
vironment from the fundamental principlesonfluid flow and
heat transfer. The software fire dynamics simulator (FDS)
version 5.0 (McGrattan 2008) developed at the Building and
Fire Research Laboratory, National Ingtitute of Standards
and Technology, USA iswidely used. Smoke temperature,
pressure distribution and air flow pattern in the space can be
predicted.

In contrast to zone models, which have been well vali-
dated by experiments (Peacock 1993), experimental
validations of field models have not been carried out to the
same extent as zone model s (Chow 2009). Validation study
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(Mok 2004) will giveideas on how good a CFD maodel can
predict and what should be considered in using the model.
Someworks on verifying field modelsare on a specific fire
scenario by Chow and Zou (Chow 2005), FDS for the pre-
diction of medium-scale pool firesby Wen (Wen 2007); and
comparing FDS4 combustion model by Thomaset a. (2007).
There are very few validations on using the model for large
compartment fires (Pope 2006), especia ly underground large
spacefires.

Inthispaper, FDSwill be evaluated by studying the spill
smoke movement in the transport passage of themain trans-
former of an underground hydropower station under the main
transformer hall fire. Experimental dataon the smoke move-
ment are used to validate the simulation results, and both
experimental data and simulation results are compared to
theoretical expressionsintheliterature.

MATHEMATICAL MODEL

The reduction of smoke temperature along the corridor has
been studied by some researchers as reported in the litera-
ture. The temperature decay along the passage appears to
follow an exponential function. Some exponential expres-
sionsare established by Evers & Waterhouse (1978) empiri-
cally andverified by Kimet a. (1998) in a passage of length
11.83m.

A power law distribution is also proposed by Bailey et
al. (2002) from their three-dimensional CFD model with
large eddy smulation and testsin an 8.51m long corridor as
follows:

DT = DTO(%)X/IGJ .“(1)

where DT isthe average temperaturerise at distance x
along thecorridor, DT isthe temperature rise near theceil-
ing over thefire source.

Hu et a. (2005) have conducted full-scale testsalong a
corridor and the measured data agree well with the power
law equation (1) when the distance from the fire source is
lessthan 35m. And throughtheoretical analys's, he concludes
that the decay of temperature of ceiling jet front along the
corridor can be simplified asfollows:

DT - Ky (X- Xg)
=™ 0
DTO ...(2)
a
with ™ r hu (3

Thisindicatesan exponential distribution.

Whether smoke temperature distribution will follow
exponential or power law decay along the underground

transport passage is still unknown. In this paper, whether
the decay of smoke temperature can till be described by
exponential distribution as Bailey’s expression in such
underground passagewill be discussed.

EXPERIMENTS

Scale modeling: The approach of scale modeling is well
established and has been used in many studies of smoke
movement in buildings (Quintiere 1989). Measurementsare
generally made of smoketemperature, vel ocity and concen-
trations. To ensurethat the results can be extrapol ated to full
scal e, the reduced-scale model used inthis study isdesigned
to meet the scaling relationship provided in NFPA92B.

For aphysical model of a building, the primary param-
etersthat must be scaled arethe model dimensions, tempera-
ture, velocity, and convective heat releaserate. The scaling
expressionsfor each of these parametersare asfollows:

X, =X (L,/L:) ...(4)
T,=T: ..(5)
Vv, = Ve (L, /L )"? .(6)
Qum = Qe (Ln/Le)™* -(7)

t. =t (L,/L)"? ..(8)

Where x = position

L =length

T =temperature

v=velocity

Q. = convective heat rel ease rate

t=time

E =full-scae

m = small-scale model

In this study, 1:12 is chosen as the modeling scale to
investigate the natural smoke filling in the transport pas-
sage. According to equations (1-4), temperature scale, ve-

locity scale and heat release rate scale can be obtained as
showninTable 1.

Thephysical scalemode: Inorder to study the spill smoke
movement in the underground transport passage under the
main transformer hall fires, fire tests are carried out in an
underground hydropower station mock-up located in Xi’an

Table 1: Scales of each parameter.

oo Ty Ym Qn In
Xe Te Ve Q. te
Scale 1/12 11 1/3.465 1/500 1/3.465
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Fig.1: Design of experimental apparatus: (a) (b) schematic view and (c) photo of experimental rig.

University of Architecture and Technology, as seen in
Fig. 1. The dimensions of the transport passage are 8.12m
(L) x 0.5m (W) x 1.025m (H). Thefiresourceisplacedina
main transformer hall, the dimensions of which are 0.89m
(L) x 0.85m (W) x 1.025m (H). The opening of the fired
main transformer hall iskept at 0.13m.

Three sets of thermocouples (5 thermocouples per string
with interval of 0.2m), labelled as B1, B2 and B3, are in-
stalled in the transport passage, and four sets labelled B4,
B5, B6 and B7 are installed in the fired main transformer
hall, to measure the transient smoke temperatures. A set of
thermocouples(A1-A13) isused to measure the smoke tem-
perature under the ceiling of the transport passage. All ther-
mocoupl es are copper-congtantan T-type, and theerror isless
than 0.5°C dueto grictly calibration. The smoke layer height
of fired main transformer hall isdetermined using the tem-
perature gradient method. The experimental set-up isshown
inFig. 1, and thetest conditionsare listed in Table 2.

Diesel ischosen asthefuel of firesource duetoitsgood
similarity with the combustible material in the main trans-
former hall fire of hydropower station. The heat rel easerates

Table 2: Experimental conditions.

Test Ambient Heat release rate at steady burning stage
No. temperature In the physical Thefull scale

(°C) experiments (kW) equivalent values(MW)
Test 1 17.0 1 05
Test 2 17.9 2 1
Test 3 18.0 4 2

are 1kw, 2kW and 4kW, corresponding to the actual fire of
0.5MW, IMW and 2MW. The fuel pool isplaced at the cen-
tral floor of the main transformer hall.

BRIEF REVIEW OF KEY EQUATIONS IN FDS

Air flow induced by afireiscompressble and the hot smoke
istaken asathermally expendable gas (M cGrattan 2008) in
themodel FDSversion 5.0.

A set of governing equationssuitablefor smulating fluid
flow induced by buoyancy with low Mach number is
proposed. The Boussinesq approximation is no longer
necessary and congtraintson inviscid fluid are removed. Both

Nature Environment and Pollution Technology -+ Vol. 12, No. 1, 2013



38 YeqgiuWuetal.

@ 60 @
20.0- Q=1kw
Q=1kwW 55
195 50
~ 19.0 ~*7
[$) 8}
=~ < 40
Q
5 185 g
< © 35
5 <
[
ué-; 18.0 g 30
i I 25 Measured
17.5 4 FDS predicted
Measured 20 r
17.0 4 FDS predicted
15 -
T T T T T T 1 T T T T T T 1
0 100 200 300 ) 400 500 600 70 0 100 200 300 400 500 600 700
Time (s) Time (s)
(b) ®)
23 120 -
Measured |
FDS predicted
224 100 +
.,G 21 G 804
® °
2 =]
© © -
& 204 g 60
= o
£ £
e © 40
19 2 40
Measured
FDS predicted
18 L 20 |
" Q=2kW
T T T T T T 1 0 T T T T 1
0 100 200 300v 400 500 600 700 o 100 200 200 400 500
Time (s) Time (s)
50 (© 90 (o)
Q=2kW
= Measured 804 o
45 FDS predicted
70
40
— > 60+
© u £
7 354 o
o S 50
g g
S 304 g
g g 40
IS 5]
@ =
= 254 30+ Measured
FDS predicted
20 204
Q=4kwW "
15 T T T T T T ! 0 11'10 21'10 31'10 41'10 51'10 etlm 71'10
0 100 200 300 400 500 600 700 )
Time (s) Time (s)
Fig. 2: Comparisons of temperature rises of smoke layer in Fig. 3: Comparisons of temperature rises of smoke layer in transformer
transport passage (a) Test 1 (b) Test 2 (c) Test 3. hall (a) Test 1 (b) Test 2 (c) Test 3.

density and temperature are allowed to vary inawiderrange  The governing equations of FDS are asfollows:
(Quintiere 1989). T

FDS5.0isbased on a Large Eddy Simulation (LES). It Conservation of Mass. E+eru:o -(4)
can well deal with the interaction between turbulence and

buoyancy, and obtain more satisfactory results. Therefore, it Conservation of Momentun:

iswidely_appliedinthesimulationoffireprocess Different ﬂ(ru)+N>¢uu+Np:rg+fb+N>tr (5
combustion models can be used. 1 '
FDS solves numerically a form of the Navier-Stokes Conservation of Energy:
equations appropriate for |ow-speed, thermal ly-driven flow q - DP e e
with an emphasis on smoke and heat transport from fires. q (T Nrhu="mr+ gt - g, Nogre ..(6)
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Equation of State: p = R (7

Where r isthegasdensity, u isthegasvelocity vector,
J istheacceleration of gravity, f, isthe pressure perturba-
tion, t; istheviscousstresstensor, h, isthe sensibleenthal py,
pisthe pressure, o isthevolumetric heat source, g" isthe
heat flux vector, T isthetemperature, e isthe dissipation
rate, R isthe gasconstant, and \y isthe molecular weight of
the gas mixture.

Themixturefraction model isused to describethe burn-

ing process of afire. The model isbased on the assumption
that the combustion ismixing-controlled. All speciesof in-

terest are described by amixture fraction f (x,t), whichisa
conserved quantity representing the fraction of speciesat a
given point originated from the fuel. And f would satisfy
the conservation law:

1 - o -
ﬁ(rf)+N>(ruf)—N>(rDNf) .(8)
The relation between the mass fraction of each species

and the mixture fraction is known as the “state relation”
(Chow 2009).

Heat release rate /MW

0 1;)0 260 360 460 560 660
Time /s
Fig. 5: Input heat release rate for FDS simulation.
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Fig. 7: Typical temperature induced at different distancesin
the transport passage for Test 3.

COMPUTING DETAILS

The scenario on spill smokemovement from fired maintrans-
former hall to transport passage is studied by FDS in this
paper, and the simulationsinclude two parts: first, FDS cal-
culationsthat simulate the small scale experimentsdirectly
are comparedto the actual experiments. And then, full-scale
FDS simulations are conducted to further study the spill
plume and resultant natural filling in underground transport
passage of main transformer of hydropower station due to
adjacent main transformer hall fire.

Small-scale model: The scenario on smoke filling in the
transport passage is simulated by FDS with small-scale
model, which isexactly the same with the physical model,
using the actual conditions of the experiments. For compar-
ing with experimental results, the thermocouplesare set in
exactly the same positions as in the experiments to record
the smoke temperatures.

The heat release rate per unit areaisspecified. Thiswill
control the burning rate of thefuel in describing apool fire.

Comparison and validation: Fig. 2 and Fig. 3 present

Nature Environment and Pollution Technology -+ Vol. 12, No. 1, 2013
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Fig. 8: Temperature decay along the transport passage (a) Test 1
(b) Test 2 (c) Test 3.

comparisons of the temperature rises of smoke layer in
transport passage and transformer hall for all tests between
the measurement and the FDS prediction. It can be seen that
theresults predicted by FDS are similar to the experiments,
and the FDS predictions are generally in good accordance
with experiments for all the tests. Therefore, the CFD
software FDS can give relatively accurate predictions on
natural smoke filling in underground transport passage of
main transformer of hydropower station.

Full-scale model: The dimensions of full-scale transport
passage model for FDS are 200m (L) x 6m (W) x 12m (H),
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and the dimensions of fired main transformer hall are 11m
(L) x 10m (W) x 12m (H) with the opening of 11m (W) x
1.5m (H). Theinput drawing of the numerical model isshown
in Fig. 4. For comparing with field results, the thermocou-
ples are set in the full scale equivalent positions asin the
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experiment to measure the smoke temperatures. The heat
release rate per unit areais specified, thiswould control the
burning rate of the fuel in describing a pool fire. The peak
heat rel easerates (HRR) are 0.5MW, IMW and 2MW. The
heat release rate istaken asthe curve in Fig. 5 inthisFDS
simulation.

In this paper, three numerical simulationswith different
heat releaseratesare carried out. Thesethreesimulationsare
labelled as case 1-3 and the ambient temperatures are set as
20°C.

RESULTS AND DISCUSSION

Typical temperaturedistributionsmeasured in thefired main
tranformer hall andthetransport passagein Test 3 are shown
inFig. 6 and Fig. 7. Asseen in Fig. 6, the smoke tempera-
turesof thefired main transformer hall are stable during the
steady burning of fire. Typical temperaturesmeasured at dif-
ferent distances away fromthefireareshowninFig. 7, tak-
ing the 2MW fire as an example. It is observed that smoke
temperaturesreduce significantly when travelling downthe
transport passage away from thefired main transformer hall.
Temperatures near the fired main transformer hall increase
much faster than those at positions far away from the fire.
Both, the temperature rise and maximum temperature are
detected later at positionsfurther away from thefire, which
ispossibly becausethat it takes sometimefor the spill plume
to travel down the transport passage, i.e. ‘lagging behind’
thefire source (Hu 2005). All the characteristics of the spill
plume whentravelling down the transport passage are Smi-
lar to that of HU's study (Hu 2005) where the fire sourceis
directly located at thefloor level of the passage.

Thedimensionlesstemperature decay given by DT/ DT,
isplotted against the dimensgionless distance (x - X)) / L from
the firein Fig. 8 (a), (b) and (c) for different heat release
rates. It can be seen that the predicted data by FDS agree
well withthe experimental data. The predi cted data descend
alittlemore quickly at the positionsnear thefired main trans-
former hall. The descending rate of DT / DT, start to slow
down when the spill plumetravels along the transport pas-
sage, and better agreement between the simulated and ex-
perimental data are found. However, either the FDS simu-
lated data or the experimental results do not agree well with
theresults predicted by Eq. (1), it appearsthat the decays of
temperature of the spill plume down the transport passage
can not be simply fitted by an exponential equationinterms
of Eg. (2) accordingto Hu et al. (2005).

According to the research of Bailey et a. (2002), the
upper layer temperature rise above ambient is given by
DT () =T,(I) - T_,. These temperature rises are scaled by
the inlet temperature rise DT, and transformed using log

(DT/DT,) . Theresulting dataare presented in Fig. 9. Note
that the results can be divided into three parts with differ-
ent X, each part isnearly linear and that all plotsunder the
three different heat releaserateslie withinagroup. Thisim-
pliesthat the relative temperature fall off isindependent of
theinlet temperaturerise. The temperature curves presented
in Fig. 9 are approximated by straight linesfor thethree re-
gions using a linear least squares curve fitting procedure.
Thislitisgivenintheform of

|og(5_£) = a+bx (9)

Thisisequivalent to
DT

— hx 1 x/hyp
ﬁ-c.lo ®aE) ...(10)
Where C, =10% and h;,, =- log(2)/b.
Takethe region x> 50 for example, h, ,could be approxi-

mated by h,,= log (2)/0.0023 » 130.88, where b =
-0.0023isgiveninFig. 9. And the coefficient C, isapproxi-
mated by C = 10° = 10°% » 0.44, where a = -0.36 isalso
giveninFig. 9. Therefore, the temperature rise DT may be
approximated by DT = 0.44 DT (1/2)**%%, when x> 50m.
Similarly, for the other two regions, two different equations
of DT can be obtained with different constantsa and b. Then,
thetemperature decay a ong thetransport passage can becon-
cludedin the formsasfollows:

DT _ 1,86
X£10, BT =1.48(5) -(11)
DT 1w
10< x<50. pr, =0.74(3) faaz (12)
DT 1. 1m0,
X3 50' D__|_0:O44(E) /130.88 (13)

To validate the exponential fitting, the temperature de-
cays of thethree FDS simulation casesunder different heat
releaserates and theresultsof Eq. 11-13 are plotted against
the distance from the fired main transformer hall in Fig. 10.
It can be seen that the exponential fitting agrees well with
the FDS simul ated data.

Dimensionless smoke layer height, defined as h(f) =
Z(t) / H (theratio of predicted or measured smoke layer height
to height of the transport passage model), are plotted against
thedimensionlesstimet=t/(H/g)%in Fig. 11. Time hasbeen
scaled up from the experimentsasit isbeing compared with
full scale smulations. It can be seen that the predi cted smoke
layer height changesagree well with the experiment.

CONCLUSIONS
In this paper, Fire Dynamics Simulator v5.0 is selected to

Nature Environment and Pollution Technology -+ Vol. 12, No. 1, 2013
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compare with smoke experiments of an underground trans-
port passage of the main transformer of the hydropower sta-
tion under the adjacent main transformer hall fire. Three
numerical simulationswith different heat release rates have
been carried out to study the characteristics of spill plume
movement in the transport passage. Results show that the
numerical model can giverelatively accurate predictions of
ceiling jet temperature and smoke layer height.

The simulated and experimental ceiling jet temperature
decays along the transport passage are compared with the
exponential equation obtained by Bailey et al. (2002) used
in CFAST. Suitable adjustment of the constants of the expo-
nential equati on has given better agreement between the cal-
culated results and the FDS predicted data. Thus, tempera-
turedigtribution a ong the transport passage of the spill plume
from fired main transformer hall can fall into exponential
decays in the forms similar to the equation of Bailey et al.
(2002).

The FDS predicted smoke layer height in the transport
passage is also compared with the experiment in the
dimensionlessform. Good agreement isfound between the
numerical and experimental results.

Finally, as pointed out before, fire models are devel op-
ing rapidly, and CFD models are widely used in the indus-
try. But CFD results should be validated by experimental
data even when used for design purposes. Therefore, more
effortsshould be made on carrying out larger-scalefiretests,
and the results can be applied for improving CFD models.
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