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Abstract

In order to reveal the evolution of ceiling jet temperature characteristics beneath curved ceiling in
two-dimensional view, experimental and theoretical studies were conducted to analyze the vertical
temperature profile and longitudinal temperature attenuation beneath a curved ceiling of a
semicircular tunnel. The temperature profile was first measured from experiments carried out in
the model-scale semicircular tunnel. The relationship between temperature and the horizontal
positions is described by an empirical model. A formula describing the thickness of the thermal
boundary layer is proposed, based on the vertical distribution of smoke temperature. An
engineering model for the longitudinal attenuation of the gas temperature with different fire plume
types at impingement region is established in terms of conservation equations. After validation,
model predictions show a good agreement with trend proposed by former literature and the
relative error of prediction is found to be within 10%. Two-dimensional prediction for temperature
profile beneath semicircle ceiling centerline was proposed. It was noted that two-dimensional
prediction model could predict majority of measured data within 20% relative error even though

some fluctuation, which could be applied to the fire protection engineering in semicircular tunnel.

Keywords
Curved ceiling; Temperature profile; Thermal boundary layer; Longitudinal temperature
attenuation; Two -dimensional temperature profile

Nomenclature
B Wet perimeter of thermal layer (m)
cr Fanning friction factor

C1,C5C35Cy,Cs  Constant obtained from experiments

C, Heat capacity of air (kJ/(kg.K))
he Convective heat transfer coefficient (kW/(m?.K))
hraa Radiative heat transfer coefficient (kW/(m?.K))
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1. Introduction

Ceiling clearance above fire source (m) (In this work, H=R)

Half width of tunnel (m)

Width of thermal boundary layer (m)

The vertical position from ceiling where AT/ AT pax(x) =1/e (m)

Mass flow of entrained flow and thermal layer (kg/s)

Mass flow of entrained flow (kg/s)

Prandtl Number

Convective heat loss from thermal layer to the ceiling (kW/m)

Radiative heat loss from thermal layer to the ceiling (kW/m)

The radius of tunnel (m)

Reynolds number

Richardson number

Cross-section area of thermal boundary layer (m?)

Stanton number (St= h/(Cppu))

Characteristic temperature of entrained layer (K) (In this work, 7;= T¢)
Characteristic temperature of thermal layer (K)

Characteristic temperature of thermal layer at the reference point x, (K)
Temperature of concrete wall (K)

Ambient temperature (K)

Temperature rise at point with x from fire source and z from ceiling (K)
Maximum temperature rise with the same horizontal distance from fire source (K)
Characteristic temperature rise of thermal boundary layer (K)(In this work, AT:=ATpa)
Characteristic temperature rise of thermal boundary layer at reference point (K)
Horizontal flow velocity of thermal layer (m/s)

Horizontal distance from fire source (m)

Horizontal location of the boundary between region II and IIT (m)

Horizontal distance from fire source to the reference point (In this work, x,=3 m)
Distance between the virtual origin and the fire source (m)

Vertical position from ceiling (m)

The vertical position from ceiling where AT/ AT ax(x) =1 (M) Zyax=0(x) in this work

Coefficients in the Eq.13

Thickness of thermal boundary layer at x (m)
Coefficients in the Eq.13

Emissivity of wall surface

Smoke density (kg/m?)

Semicircular tunnel is a common form of road and railway tunnels where the ceiling is

formed as a semicircular structure. Differing from the tunnels with horizontal ceiling [1, 2], the

semicircular tunnel has unique ceiling jet behavior because of its semicircular ceiling [3-9].



Specifically speaking, due to the unique geometry, ceiling jet with curved ceiling owns deeper
thermal layer and less heat transfer with the surroundings compared to the flat ceiling, producing
the higher temperature beneath ceiling[7-9]. In addition, curved ceiling forms a different smoke
layer cross section, comparing with horizontal ceiling, resulting in the governing equations in
horizontal ceiling could not be applied into semicircular tunnel directly[3]. Even though several
works have been conducted to analysis the jet temperature characteristics under curved ceiling [4-
6], proposed empirical models were established through dimensionless analysis from experimental
data, lacking of government equations employment[4, 5]. The other semi-empirical models were
proposed based on the governing equations, but evolution of smoke layer cross section and heat
transfer were simplified in the governing equations[6]. In addition, existing literature on ceiling jet
under semicircular ceiling has not analyzed temperature profile from two-dimensional view. In
order to supplement the relevant theoretical research on ceiling jet in semicircular tunnel, in this
study, the two-dimensional ceiling jet temperature distribution under the curved ceiling will be
analyzed, which is the main characteristic parameter of a ceiling jet.

Numerous studies have focused on the temperature distribution of ceiling jet in tunnel fires.
Alpert [10] conducted a series of fire experiments beneath a unconfined horizontal ceiling and
established a longitudinal temperature distribution model. The formula is established by the
axially symmetric temperature attenuation theory with combination of abundant tunnel fire
experiments. Based on Alpert’s work, Delichatsios [11] proposed a theoretical model for

predicting the average temperature attenuation under horizontal ceiling, shown as follows:

AT - /3 1/3
Dose [ LV _ 0 49exp| ~6.67502 L (1
AT, \H H\H

where ATuerage, ATy and | represent the average temperature difference between smoke and
ambient, average temperature difference above fire location and the half width of the tunnel. x and
H are the horizontal distance from fire source and tunnel height, respectively. In addition, St is the
Stanton number, which will be explained in the following section. Delichatsios [11] ignored the
heat loss from smoke layer to ceiling and air entrainment. Ingason et al [12] conducted full-size

combustion experiments in the rectangular tunnel and established a semi-empirical model

AT(x) X—x X—X,
——==0.55exp(-0.143 —=) + 0.45exp(-0.024 :
AT p( 7 ) p( 7 ) (2)

max
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The foundation of Eq. 2 is the heat balance of a smoke control volume at distance x, and virtual
origin is employed to take into account the effect of flame extension under the ceiling. x, is the

distance between the virtual origin and the fire source, which could be expressed as follows:

X =

v

(3)

L,~10H, L,>10H
0, L, >10H

where Lris a corrected flame length. The model established by Ingason [12] can be applied to the
conditions with flame extension beneath ceiling. However, the formula neglected the heat transfer
between smoke layer and fresh air. Moreover, the equation was proposed to predict the
longitudinal gas temperature attenuation in rectangular tunnel rather than semicircular tunnel.
Based on theories above, Ye et al [13] predicted the longitudinal maximum temperature

distribution in the rectangular tunnel,

AT, St L e\ St
— L =expi-—————(x" =27 ) - (x-x,) (4)
AT y(l—-e)H /

t,0

where x, is the horizontal distance from fire source to the reference point and AT;.represents the
maximum temperature rise of thermal boundary layer at reference point. Reference point is
employed as the starting point of ceiling jet region to be analyzed. In addition, constants y and &
were obtained from experiments. Eq.4 proposed by Ye et al [13] could be applied to the tunnel
with two sides sealed. Even though empirical models for the thickness of the thermal boundary
layer were employed to establish the formula, it provides an accurate tool for analyzing the
longitudinal temperature attenuation in rectangular tunnels.

In summary, equations proposed by former scholars focused on the ceiling jets in rectangular
tunnel with horizon ceiling. The research on the jet behavior beneath curved ceiling is relatively
rare and the theories established by the former scholars may not be applicable to semicircular
tunnels with curved ceiling. because of different vertical temperature distribution and heat transfer
with the surroundings[7, 14]. Different vertical temperature could result in the difference in the
boundary between thermal layer and entrained layer, influencing the selection of control volume
when establishing conservation equations. On the other hand, comparing with horizontal ceiling,
heat transfer from ceiling jet to surroundings performs different due to contact surface with
surroundings[15]. In order to establish accurate conservation equations when describing jet

behavior under curved ceiling, it is necessary to analyze temperature profile and determine control
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volume firstly[10-12, 16].

In this work, a series of experiments with strong and thin plumes are carried out in the model-
scale semicircular tunnel. Then the temperature profile, ceiling jet thickness and longitudinal
temperature distribution beneath curved ceiling will be analyzed. Finally, a formula predicting
two-dimensional temperature profile beneath curved ceiling centerline is proposed through
experimental and theoretical analysis.

2. Experimental procedure

A model tunnel with semicircular ceiling (Ilength of 20 m, radius of 0.75 m) was employed to
simulate a road or railway tunnel with curved structure. The model tunnel was constructed of 15
cm thick concrete and equipped with several observation windows which were covered by fire-
resistant glass, so that flame characteristics and smoke movement could be observed.

Froude scaling is widely used in tunnel fire research to describe the relation between the
measured conditions in a reduced-scale experiment and their full-scale counterparts [17-20]. In
this work, temperature, mass flow m, and velocity u are measured in the model scale tunnel.

Based on Froude scaling, these quantities can be expressed in full-scale as

T.=1,

I’i’lF l*F 5/2

—F = (=£ 5
. (IM) (5)
u_F:(l*_F)l/Z

u, [,

where /* is the length scale, and indices F and M refer to the full and model scales,
respectively. Following the previous studies [21-24], a pool fire is used to produce the ceiling jet.
Considering the model tunnel scale and previous burner dimensions [3, 25], a square pool (0.15
mx0.15 m), welded from 2 mm thick steel plates, was employed as the fire source in this study.
Methanol, Ethanol and N-heptane were used as the fuel, leading to three different kinds of fire
plumes. To ensure the consistency of the experiment, the same batch of fuel was employed
throughout the study. As shown in Fig 1, the fire source was placed in the middle of the model
tunnel. Six thermocouple trees were placed on the tunnel centerline with spacing of 1.0 m, starting
from 3.0 m from the fire source. As shown in Fig 1(a), each tree had seven 0.2 mm thick K-type
thermocouples with estimated response time of 1.0 s and positioned to capture the vertical

temperature distribution observed by the previous literature [13, 16]. These thermocouples could
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measure temperatures of up to 1250 °C with accuracy of 0.01 °C. According to the former
literature[26, 27], radiation effects are the most significant source of errors. Based on the
reference[26-29], in this work, the uncertainty of thermocouples is estimated to be below 5%
according to the maximum temperature measured, thermocouple geometry and estimated velocity

of smoke.
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(b) Arrangement of laser sheet and HD camera
Fig 1 Experimental platform layout. Radius R = 0.75 m.
As shown in the Fig 1(b), a pair of laser producers with power of 10 W was used to create

sheets of light to image jet movement beneath the semicircular ceiling. One was to produce
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longitudinal laser sheet and the other was to create transverse laser sheets (x=6, 6.5, 8.5 m). As for
the transverse laser sheets, they were obtained in three repeated experiments, mentioned in the
following. The laser irradiation angle was 120° with line thickness of 1.5 mm. The laser
transmitters were insulated from heat to ensure their normal operation in the model tunnel. In
addition, HD camera was installed outside the tunnel to record the flame shape and jet movement
during the experiments, and the camcorder recorded videos at 20 frames per second.

Experiments were conducted with two sides open and tests with one fuel were repeated three
times to quantify the random component of the experimental error. The mean and standard
deviations of the ambient temperatures were 24.1 = 0.3 °C for N-heptane tests, 28.3 £+ 0.9 °C for
ethanol tests, and 26.2 + 0.2 °C for the methanol tests.

3. Experimental observations, theoretical analysis and discussion
3.1 Temperature profile

Taking the experiments with N-heptane as an example, a two-dimensional field of the gas
temperature was constructed at time 600 s from ignition. The resulting temperature field is shown
in Fig 2, where the horizontal axis indicates the distance along the tunnel from the fire source. At
3.0 m distance, the ceiling jet temperature rise is more than 130 K, and it decreases to range 75 to
80 K at 8.0 m. The vertical position of the maximum temperature seems to decrease with
increasing distance from the source, but the boundary of smoke layer (obtained from laser

visualization picture) seems develop in a non-monotonic manner.




Fig 2. Temperature field (top) and laser visualization picture at positions x = 3, 5, 7 and 9 m for N-heptane fire.

The temperature development along the tunnel is influenced by the heat transfer between
ceiling jet and the tunnel surface, and the cooling due to the gas entrainment from the lower layer.
The role of the gas entrainment can be evaluated from the laser visualization pictures shown in Fig
2. Close to the impingement point (x = 3 and 5 m), the smoke layer interfaces are relatively flat,
which means there is only little mass exchange between smoke layer and cold air. As a result, the
convective heat transfer due to the gas entrainment is rare and it is not hard to distinguish smoke
layer from cold air layer by temperature field. As the horizontal distance increases (x = 7 m),
shear-induced vortices appear at the interface, and at x= 9 m, the interface seems very turbulent.
The convective heat transfer due to the gas entrainment perform more remarkable. Due to
smoother temperature gradient at bottom, it becomes hard to distinguish smoke layer by
temperature field. On the other hand, heat transfer from smoke layer to ceiling always play a
significant role. With moving of smoke layer, the total heat loss to ceiling surface accumulates,
leading to the more and more obvious temperature gradient at top, seen in the Fig.2.

The detailed temperature values of the temperature rise for each fuel are shown in Fig 3. Fig
3 was drafted by the experimental data obtained in steady state. The time reaching steady state of
each fuel was listed in the Table 1 as well as corresponding HRR. With same fuel, all the data was
selected with same time.

Tablel Summary of the time reaching steady state and corresponding HRR

Test Fuel Time reaching steady state /s HRR /kW
Tests 01~03 N-heptane 600 35.8
Tests 04~06 Ethanol 582 16.5
Tests 07~09 Methanol 510 10.1

As shown in the Fig.3, even though maximum temperature near fire source is close to ceiling,
on the whole, temperature follows a top-hat distribution where temperature rises from ceiling to
the maximum value and then drops down towards ambient temperature. Moreover, vertical
distribution varies with increasing of horizontal distance from fire source.

As the temperatures were measured at discrete heights, the actual position of the maximum
temperature can appear somewhere between the measurement points. The maximum temperature
rise AT qx and its height z,..c were thus obtained from quadratic polynomials fitted to the measured

maximum temperature and two nearest values, separately at each horizontal distance [30-32]. In
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addition, the value of AT,../e and its position were obtained through the same method. The fitted
and measured data points were shown in the Fig.3.

AT (K)
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(a) N-heptane
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(b) Ethanol



z(cm) ) -
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(c) Methanol
Fig. 3 Fitted and measured temperature increase at different heights and distances from the fire source with
different fuels.
Referring to former literature [30-33], the relationship between temperature profile and

horizontal positions could be unified as

AT z z
=C,(—+C)% exp(C, — 6
AT I(LT 2) p(C, LT) (6)

This equation states that the non-dimensional temperature rise A7/ATuqx only depends on the
non-dimensional vertical distance from the ceiling z/Lr, where Lr (Gaussian thermal thickness)
represents the vertical position where AT/AT.. =l/e. Fig 4 shows the non-dimensional
temperature profiles, indicating independence from HRR and horizontal position. The red area
shown in Fig 4 represents 10% relatively error, containing almost all the data points. Coefficients
Ci, Cy, C3 and C4 are determined by nonlinear analysis from the experiments. The presented
models were previously derived by Motevalli and Oka [30, 33] in their model scale experiments,

and the coefficients of these three models are shown in Table 2.
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Fig.4 Non-dimensional temperature profiles beneath ceiling centerline with several HRRs in curved tunnel

A comparison between fitting lines obtained in this work and the former works is also shown
in Fig 4. Even though the current model (red line) shows a good agreement with the ones put
forward by Motevalli [33] and Oka[30, 31] (green and blue lines) when z > z,.4, some difference
exists when 0 < z < z,4. Specifically, data predicted by red line as well as experimental data
shows lower temperature gradient than Motevalli and Oka’s data in this region. In other words, the
heat loss transfer in the region 0 < z < z,, under curved ceiling is lower than that under horizontal
ceiling. Two factors may contribute to this behavior:

(D Due to the curved geometry, ceiling jet with same thickness has smaller touching
boundary with environment, comparing with that under horizontal ceiling.

@ In ceiling jet region, from Reynold/Colburn analogy, the heat transfer coefficient at the

ceiling h could be expressed as follows[34],

h oo
pvC 2

P

(7

where p, v and C, represent the density, average velocity and specific heat of ceiling jet.

Moreover, Pr and fare the Prandtl number and friction factor of ceiling, respectively. For the same
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ceiling surface and jet with same properties, the Prandtl number, density, specific heat and friction
factor could be regarded as constant in this work[35]. As a result, based on the Eq.7, lower
average velocity v responds to the lower heat transfer coefficient at the ceiling 4. Fire plume
impinges ceiling centerline (highest point) and then produces the ceiling jet. Due to curved
geometry, radial ceiling jet flows against buoyancy when moving to sidewall. So average velocity
v beneath curved ceiling is slower than that under horizontal ceiling, resulting in the lower heat
transfer coefficient /4 of ceiling jet under the curved ceiling. Thus, the temperature gradient with 0
<z < zZmg under curved ceiling is much lower.

Table 2 Estimated values of coefficients to describe temperature profile at each inclination angle of the ceiling

Ci C2 Cs Ca
This work 3.49 0.745 4.896 -4.91
Motevalli 4.24 0.0940 0.755 -2.57
Oka 3.03 0.0660 0.519 -2.12

3.2 Thermal boundary layer
In order to analyze the longitudinal maximum temperature distribution, thermal boundary

layer was employed when writing governing equations.

AT(x,
AT ()

)

('um‘mclill-hmlinmsﬂ-i] ],‘. diative hest iransfer

—

Direction of ceiling jet

. Thermal layer
Laeeee - AT 1

L= e | AT () 2
A b

Entrained layer L]
AT, (x) e

Smoke layer boundary ~ (
z(x)

2D-PIV image of smoke layer

Fig. 5 Mechanism of jet movement under curved ceiling ((D: upper smoke layer, @: lower smoke layer)
As shown in the Fig 5, Point T is the position of maximum temperature and point B is the
position where the temperature increase is the half of maximum value. In addition, point G

represents position where the temperature increase is the 1/e of maximum value. Vertical length
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from point O to G is the Gaussian thermal thickness Lz, which mentioned in section 3.1. Several
scholars have defined the ceiling jet thickness through temperature profile. Earlier, Oka [16]
defined length between point O and B as the ceiling jet thickness. While in Ye’s work[13], length
from point O to T was defined as the ceiling jet thickness (thermal boundary layer thickness in his
work). Seen in the Fig.5, the upper smoke layer (D in the Fig 5) was relatively flat comparing
with lower smoke layer (@ in the Fig 5). It could be noted that there were lots of vortexes in the
lower smoke layer, especially in the interface between smoke layer and cold air layer. A large
number of vortexes means that violent exchange of heat and mass transfer, resulting in unstable
characteristic in lower smoke layer [19]. In order to make it easier for governing equations
establishment, upper smoke layer (O in the Fig 5) was worthy of being selected as the control
volume because of stable state in it. In addition, according to Section 3.1 and seen in Fig 4,
vertical temperature gradient with 0 < z <z, is tiny, which could be ignored when establishing
conservation equations. As a result, with reference to Ye’s work[13], boundary where maximum
temperature value in vertical direction was defined as the thermal boundary and region above the
boundary was regarded as thermal layer (green area in Fig.5). Seen in the Fig 5, with jet
movement along ceiling, entrained layer (blue area) is entrained into the thermal layer (green area)
as well as heat transfer between them. Meanwhile, heat transfer from thermal layer to ceiling plays
a significant role, which is composed by radiative and convective heat flux.

Several scholars have proposed approximate formula about thickness of thermal boundary
layer [11, 16, 36-38]. Referring to their work, in the attenuation region (far from impingement
region), the thermal boundary layer thickness d(x) could be mainly influenced by tunnel geometry,
relative position to the fire source, ventilation at both sides of the tunnel and fire source location.
Considering that fire source location remained the same in experiments and both sides of tunnel
were open without longitudinal ventilation, the relationship among them could be concluded as

follows:
f[6(x),x,H,1]=0 (8)

Where d(x) represented the thickness of thermal boundary layer, x, H and / were horizontal
distance from fire source, ceiling clearance above fire source and half width of tunnel, respectively.

Considering that the width of curved tunnel is not a constant value, half width of tunnel / was

13



defined to be the half of maximum width in tunnel. Based on the dimensional analysis, Eq.8 could

be written as,

o) > 1 (9)

On the basis of Eq.9, two alternative correlations for the thermal boundary layer thickness

were proposed in earlier work [11, 13, 16, 39], shown as follows:

0) _yx Ly L

u Ty

Sx) 1 (@)

7=C(E) (10)
o(x)  x .,

T—?’(H) ()

The form difference reflected in the Eq.10 is resulted from the development of ceiling jet.
Referring to the former literature[11, 16, 35], ceiling jet could be divided into three regions based
on the horizontal distance from fire source, shown in the Fig.6: (DRegion I, axisymmetric radial
ceiling jet. @Region II, one-dimensional shooting flow. ®Region III, one-dimensional critical
flow, where Ri=1[11]. Richardson number Ri is defined as the ratio of buoyancy force to inertia
force[35, 40]. Eq.10(a) and Eq.10(b) were both proposed to describe thickness in the Region II
and III. Eq.10(a) could be expressed in two forms according to the different regions. On the other
hand, Eq.10(b) was employed to predict thickness approximately regardless of Region II and III.

Seen in Eq.10, a, b, ¢, y and ¢ were assumed as constant, which could be obtained from

experiments.
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Fig. 6 Regions in the ceiling jet
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It is reported that the boundary between Region I and II could be regarded as the half of
tunnel width / [11, 35, 41]. Thus, temperature attenuation to be discussed mainly concentrate in
the Region II and III because of 3 m<x<9 m.

Eq.10(a) describes the thickness in Region II and III, which was employed in Oka’s work[16].
In Oka’s prediction models, the correlations for the thermal boundary layer thickness were

proposed as below,

O _ 08425 =Ly 4 0.152() ", Region 11

H H H H (11)
@ = 0.248(L)’”3 , Region III

H H

Even though earlier work defined interfaces with half maximum temperature as thermal
boundary layer, the evolution law of d(x)/H will not be influenced by the definition. Based on the
Eq.11, it is found that boundary layer (ceiling-jet) thickness increases with accumulation of
distance from the fire source in Region II and then remains almost constant in Region IIL
Delichatsios [11] also put forward similar correlation in Region III, which is expressed as
6(x)/H=0.15(I/H)"3. Ye et al [13] employed the form of Eq.10(b) to describe thermal boundary

layer thickness, shown as follows.

@_ X L0768
& _0.00116(H) (12)

Ye et al [13] defined the layer with the maximum temperature as thermal boundary layer,
which is the reference of the definition in this work. Seen in the Eq.12, the predicted J(x)/H
increases slightly regardless of Region II and III. With reference to former works [11, 13, 16]and
Eq.10, data estimated from experiments and empirical models in this work as well as Eq.12 are

reflected in the Fig.7,
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Fig. 7 Empirical model for thermal boundary layer thickness beneath curved ceiling
As shown in the Fig. 7, the relationship between d(x)/H and x/H could be expressed with
reference to the two alternative correlations in Eq.10. The new correlation was expressed in the
Eq.13 and coefficients in the Eq.13 were determined based on the experimental data, shown in the

Table.3

5 }/(%)5 Region Il (x/H <9)
7 } (13)
c(ﬁ)“ Region Il (x/H >9)

Seen in the Fig.7, the boundary between Region II and III is defined as x/H=9. Even though
the boundary was determined by experimental data, it could still find reference from work
proposed by Ye et al[13, 42]. In their work, the ceiling jet was produced by evolution of d(x)/H
performing two distinct stages and the boundary is around x/H~=~10, which is similar with that in

this work.

Table 3 Coefficients in the Eq.13

y e c

0.000149 3.02 0.130

In terms of Ye’s model (green line), predicting line performs an increasing trend which is
similar to data points. But the model could not predict d(x)/H accurately, especially in the Region

ITI. As shown in the Fig.7, data points from Ye’s work [13] were employed to make comparison
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with work. It is obvious that values of d(x)/H remains stable after x/H~=10. Ye’s model (green line)
obtained from these data points could not perform well in this region. On the other hand, because
of the thermocouple arrangement [13, 42], maximum temperature measured may not the actual
value, which means the boundary position determined by raw temperature data may have the
deficiencies in accuracy.

In a sum, based on the reference and experiments in this work, it could be inferred that
evolution of d(x)/H performs two distinct stages with increasing of x/H. It is necessary to describe
thermal layer thickness in two forms of formula.

3.3 Longitudinal maximum temperature attenuation beneath curved ceiling

To establish the prediction formula, it is important to choose the appropriate control volume
to develop conservation equations. As a reference, three transverse view laser visualization
pictures with x=6, 6.5 and 8.5 m were shown in the Fig 8. It was shown that the low boundary of
smoke layer beneath curved ceiling presented a slight circle, especially at the transverse ends.
Seen in the Fig 8, the red lines were approximate horizontal boundary in this study. There was
slight difference between factual and approximate line under the middle and edge ceiling. But the

low boundary could be assumed as horizontal, which is accepted in engineering.

x=6.0 m

x=6.5 m

Fig. 8 Transverse view laser visualization pictures with x=6, 6.5 and 8.5 m
Seen in the Fig.5, the layer where AT/ATnax =0 could be defined as smoke boundary.
According to the former literature [42], interfaces where AT/AT =1, 0.8, 0.5 and 0.2 perform a

great consistency and the distance between these interfaces remains stable regardless of position.
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Thus, it could be inferred that evolution of smoke layer thickness is consistent with that of thermal
boundary layer. Based on this assumption, the lower boundary of thermal layer beneath curved
ceiling could also be regarded to be horizontal. Moreover Hu [43] once proposed the similar
assumption when analyzing the temperature in smoke layer. To simplify the prediction models,

control volume for thermal boundary layer was expressed in the Fig 9.

Thermal layer

2R
Fig. 9 Schematic diagram of thermal boundary layer beneath curved ceiling (Cross section)
L and B represented the width of thermal boundary layer and wet perimeter of thermal layer,

respectively. They were expressed as follows:

L =25 2R-0(x) (14)
L
= in(— 1
B=2R arcsm(2R) (15)

Thus, the cross-section area of thermal boundary layer s shown as green area in Fig 9 was

described on the basic of Eqs.14 and 15,

- 5
L _Re L;+L (x) 6

According to the derived equation Eq.A8 in the Appendix, the formula of wet perimeter B
and cross-section area s of thermal boundary layer may increase the complexity of the model
when x/H<9. On the basic of Liu’s work[44], Eq.16 could be approximated by the following

formula,

TRO(x)
S~ BEE (17)

Moreover, the Eq.15 was fitted as follows,
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B~0.43R+4.55(x) - %7(5@))2 + %(5@))3 (18)

If x/H <9, Egs. 17-18 and 13 are substituted into Eq.AS; if x/H= 9, Eqs.15-16 and 13 are
substituted into Eq. A8. Then Eq. A8 is integrated from x to x,. Considering & #1in the Eq.13 and

H=R, the prediction equations were established.

TT_TT =exp(f()- /(1)

(19)
27]/.X(£)€ 9}/2)((1)26

_(hAhy) 43x +9l_ R, R x/H<9

f(x)= R 5R(+¢) 5R(1+2¢)

P | s0r1-oRC)

. / l
2Rarcsin(, /c(f)" 2-c(-)")
f(x):_(hghmd) 1 1 113 R l —|x w/H29
U 2 b 2 d d 2 . d d
P (cR“(E) -R )\/cR(R) (2R- CR(E) )+ R arcsin(, /c(;) (2- C(E) )

In Eq.19, the T, was the characteristic temperature of thermal layer at the reference point x,.

Considering that requirement of governing equations in Appendix (ceiling jet moves directly along
longitudinal of tunnel and no flame exists in the smoke layer), the point where x=3 m was
employed to be the reference point in this work. The A./{(Cppu) is equal to the Stanton number St.
In terms of Aua/(Cppu), it could be transformed by the relation between radiative and convective

heat transfer coefficients at the ceiling. The relationship is expressed as follows [45]:
hrad /hL = 3gw (T; _]-:1/)70‘3 ( 20)
Thus, the /./(Cppu) could be written as:

hrad _ 3€w (T; B Tw )_0.3 hc
C,pu C,pu

=3¢ (T -T,)" St ~ C,St (21)

Seen in the Eq.20,3¢,,(7, - T,) "’ is not sensitive to the (7-T»). As a result, 3¢,(7, — T,,) " with

the same condition could be assumed as a constant Cs. Thus the Eq.19 could be expressed as:

19



xo & 2 xﬂ 2¢
St(1+Cy) 43x, o, 27”"(?) 9y xu(E)

n
T so-e) R(% o R SRU+e) - SR(+2e)
exp x/H<9

X\ 2 X\
St(1+C,) 43x L9 27”(}) 9y x(E)

- +
T ~ pXve R SR(+g)  SR(1+2¢)
S07(1-2)RC)

xu 3 2 Xg 2&
AT St(1+C;) 43x, o, 277%,() . 975, (%)
AT, T | sopi-prcy R OSRU+E) - SR(+22)
R
7Ly 9, (L)
43 9 -y (=
exp St(1+Cy) X, V5 R R o

+
b Xy R OSR(I+e)  SR(1+2¢)
S0y(1=2)RC)

2Raresin( /c(i)”(z—c(i)”)) (22)
—S1(1+C)(x-x,) R R

(ch(é)" - Rz)\/cR(é)" (2R —CR(%)J) +R’ arcsin(\/c(é)"& - c(%)d))

Where xrrepresented the horizontal location of the boundary between region II and IIL
Referring study in section 3.2, xy was regarded as 7 m. In order to obtain the St number, the
analysis is expected to be divided based on the fire plume types impingement regions (continuous
flame, intermittent flame and plume). It is reported that Stanton number St has a relationship with

Prandtl Number Pr and fanning friction factor c¢s[35, 46], described as follows:

/2
St= & (23)
1.07+12.7(Pr*"” —1) ¢, /2
Moreover, fanning friction factor c¢scould be expressed as[35]:
‘- ! (24)

2
4 1.811g[6'9+(f ‘-”J
Re 37D

Where Re and f/D represent Reynolds number and relative roughness of the tunnel surface,
respectively. Furthermore, f'and D are the roughness of the surface and hydraulic diameter of the
tunnel. Considering that experiments were conducted in the same tunnel, relative roughness of the
tunnel surface could be regarded as the same value. On the other hand, fire plume types in
impingement region may cause the difference in the Reynolds number. For example, Reynolds
number with extension flame in the impingement region have a little higher record than that
without extension flame (plume) in the impingement region. Based on the Eqs.23-24, it could be
inferred that St with extension flame (continuous flame) beneath ceiling has a little higher value
than those with little (intermittent flame) or no (plume) extension flame beneath the ceiling, which

has been proved by Ye et al[13].
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Continuous flame

Plume

Methanol

Fig. 10 Fire plume types at the impingement region (Methanol, Ethanol and N-heptane)

Seen in the Fig.10, fire plume produced by three kinds of heat release rates (N-heptane >
Ethanol > Methanol) turns out to be different at the impingement region. According to the
literature [47] and experimental outputs, higher heat release rate corresponds to higher flame
height, which has more possibility to produce the flame extension beneath ceiling. Obviously,
employing Methanol, the fire plume at the impingement point is almost the plume. When using
Ethanol, there were intermittent flame existing under ceiling, proving intermittent flame region at
the impingement point. As for the N-heptane, after impingement, stable flame extension happened
under the ceiling. Therefore, fire plume type at the impingement region is regarded as the
continuous flame.

Based on the experimental data, Stanton number S¢ (continuous flame, intermittent flame and
plume) is expected to be obtained through maximum temperature beneath curved ceiling at several
points (x=4, 6 and 8 m). In this work, R=0.75 m, and the values of y, ¢, ¢ and d would be obtained
from Eq.13 as well as Table 3. As for the Cs, according to the Eq.21, &, and (7:-T,) should be
determined firstly. Based on the reference[45, 48, 49], the emissivity of wall could be equal to that
of black soot, which changes slightly around 0.96 when the temperature is in the range of 323—
1273 K.

Referring to the temperature data obtained from experiments, (7;-7,) varies from 139.6 K to
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38.7 K and Cschanges from 0.65 to 0.96 based on Eq.21. In order to simplify the models, average
value was employed to unify the Cs based on the former work [50]. This methos is averaging
values calculated from each temperature data (x=3,4,5,6,7 and 8 m) in each test (Test 01~09). The
averaged value could reflect the concentration range of all the data. Based on Froude number
scaling (Eq.5), Cs in this work could be used directly in full-scale tunnel because Cs is a function
of temperature.

According to the maximum temperature beneath curved ceiling at two representative points
(x=4 and 8 cm) in Test 1, 4 and 7, Stanton numbers beneath semicircular ceiling with three kinds
of fire plume types were calculated by Eq.22. The outputs as well as Cs are shown in the Table 4.

Table 4 Summary of Stanton number and other parameters calculated from experiments

Fire plume types at the impingement region Fuel St Cs
Continuous flame N-heptane 0.0141 0.810
Intermittent flame Ethanol 0.0127 0.810
plume Methanol 0.0116 0.810

Seen in the Table 4, it was obvious that Stanton number is influenced by fire plume types at
the impingement region, which has been discussed in Eqs.23-24. In addition, the range of
calculated Stanton number in this work showed consistent with earlier works [11, 46, 51].
According to the Veldman’s study[46], a range of values of Stanton number was given with St =
0.0127 to 0.0254. Delichatsios [11] obtained St =0.03 by comparing the exponential expression he
had proposed. Oka et al [51] obtained St = 0.01513 from their experimental study. As a result,
comparing with former literature[11, 46, 51], values of Stanton number in this work are acceptable.

Referring to the St and Cs shown in the Table 4 and Eq.22, the prediction lines (red lines)
were calculated to make a comparison with temperature data obtained from Test 1~9 as well as

experimental and theoretical outputs in former literature.
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(a) Test 01~03 (continuous flame)
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(b) Test 04~06 (intermittent flame)

23



T T T T T T T T T T T T
| i i i i | | == Prediction line |

; : : : : : v 7 Test9 ‘ : :

1. o R b P M test in Tian's work [6] T

‘ I R N Loto...i <] MIOOtest in Tian's work [6] |
i i i i — = Yeetal i

x(m)
(c) Test 07~09 (plume)

Fig. 11 Comparison between prediction models and experimental data for longitudinal maximum temperature

attenuation

As shown in the Fig 11, the prediction lines for longitudinal maximum temperature decay
under semicircular ceiling show a good agreement with experiments with within 10% relative
error (pink area in the Fig.11). Moreover, proposed models reflect the influence of fire plume
types at the impingement region on the temperature decay. Based on the former literature [9, 13,
52-54], the fire plume could be divided into strong and weak plumes. When there is flame existing
at the impingement point, the fire plume could be regarded as the strong plume (such as N-heptane
and Ethanol in this work), while there is no flame, the fire plume could be defined as weak plume
(such as Methanol in this work). Seen in the Fig. 11, obviously, the stronger plume exists in the
impingement region, the greater degree of temperature attenuation is predicted.

As reflected in the Fig 11, models (Eq.4) established in the horizontal ceiling were employed
to make comparison with models in this work. The Stanton numbers applied to Eq.4 were
obtained in their work[13]. Seen in Ye’s expression (Eq.4), the predicted value based on Eq.4 was
lower than that in this study. This was caused by the difference of control volume selected in Eq.4
and Eq.22. In Ye’s work, the cross section of control volume was rectangle while that in this study

was semicircular. With the same of thermal boundary thickness d(x), wet perimeter of control
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volume in Ye’s work would be larger than that in this work and radiative heat transfer from control
volume was also ignored. Therefore, predicted value calculated from Eq.4 shows slightly different
from that based on Eq.22.

In addition, as shown in the Fig.11(c), experimental data obtained by former scholar is
employed to validate the proposed formular[6]. The experiments were conducted in the full-scale
tunnel with semicircle ceiling and the radius of 1.6 m. Considering their work was conducted in
the full-scale tunnel with 2.13 times of size in this work, coordinates of the data points were
corrected based on the Froude scaling[39]. Seen in the Fig.11(c), the reference point in this work
was determined as x=3 m, which corresponds approximately to x=7 m in Tian’s work[6].
Temperature data obtained from two representative tests was to make comparison with Eq.22. One
group was produced by larger heat release rate and the other was produced by smaller one. It
could be noted that trend of data is similar with that of proposed formular (Eq.22). Moreover,
majority of data is within the boundary of 10% relative error of Eq.22 (pink area in the Fig.11).
The error may be mainly resulted from the measurement in Tian’s work. In the reference[6],
thermocouples were arranged 10 cm under the ceiling, which means measured values may be not
the maximum values near the impingement region. So measured temperature at reference point
may be lower than the maximum value, resulting in the reflection in the Fig.11(c).

The proposed model in this work (Eq.22) is only valid under the ceiling with semicircular
geometry. It could be applied in the full-scale tunnel based on the Froude scaling (Eq.5). Due to
the limitation of experiment, proposed model (Eq.22) could guarantee the accuracy of prediction
with 4<<x/H<:10.66.

3.4 Two-dimensional prediction for temperature profile beneath semicircle ceiling centerline

To obtain the two-dimensional temperature profile beneath semicircle ceiling centerline,
outputs from section 3.1-3.3 would be used to establish models. According to the Eq.6 and Table 2,

the relationship between temperature profile and horizontal positions is described as:

AT(%2) _ 3 492 1+0.745)* exp(—4.91-2) (25)
AT (x) L Ly

As mentioned in the section 3.1, Ly represents Gaussian thermal thickness which is defined as
the distance from the point where AT/AT,q =1/e to ceiling surface. It is the significant parameter

when determining the vertical temperature profile. According to the former literature [42, 55],
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characteristic thermal thicknesses beneath ceiling have the same trend with increasing of x. As a
result, it could be inferred that Gaussian thermal thickness L7 in this work could be described by
function of x/H and Lz/H, which is similar with the form of Eq.13. However, differ from Eq.13,
the Gaussian thermal thickness could not be ignored near x=0 as thermal thickness d(x) and
formula should make adjustment through adding constant. Based on the experimental data points,
Eq.26 was proposed to predict Gaussian thermal thickness under curved ceiling, shown in the

Fig.12.

0.147+0.00123(2)**  Region Il (x/H <9)
L /H= l H (26)
0.450(5)*”3 Region Il (x/H >9)

Seen in the Fig.12, Eq.26 could describe the experimental data points within 10% relative
error (pink area in the Fig.12). Moreover, data points obtained in former works were employed to
make comparison with Eq.26 [55, 56]. These former works were conducted in tunnel with
horizonal ceiling and values of experimental data shows a little different with Eq.26 because of
different thermal layers distribution between curved ceiling and horizontal one[7]. However, the
evolution of Oka’s work roughly presents two states, which is similar with evolution in this work.
In addition, values of Oka’s work near x=0 could be approximately equal to predicted value[56].
Thus, it is reliable that Eq.26 could predict Gaussian thermal thickness under curved ceiling.
Considering there is rare literature on Gaussian thermal thickness under curved ceiling, noting
could be made a comparison with Eq.26. However, Eq.26 could be applied to the tunnel with
semicircular geometry based on the Froude scaling (Eq.5). Meanwhile, it could guarantee the

accuracy of prediction with 4<<x/H<:10.66.
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Fig.12 Empirical model for Gaussian thermal thickness beneath curved ceiling
Referring to the maximum temperature at reference point and incorporating Eqs.22, 25-26,
the two-dimensional prediction with different fire plume types (continuous flame, intermittent

flame and plume) is shown in the Fig.13,

AT(x,z)

P

x(m)

(a) Continuous flame
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Fig. 13 Two-dimensional prediction for temperature profile beneath semicircle ceiling centerline

As shown in the Fig.13, it could be roughly determined that predicted two-dimensional
temperature distribution shows a good agreement with measured values under semicircular ceiling
centerline. In order to make detailed assessment on accuracy of two-dimensional model, all the
predicted and measured data points were made a comparison, seen in the Fig.14. It was noted that
two-dimensional prediction model could predict majority of measured data within 20% relative
error even though some fluctuation. Meanwhile, model perform well in high temperature rise
region, comparing with lower temperature rise region. However, after eliminating fluctuation
caused by measurement error, the two-dimensional prediction model could be applied to the fire
protection engineering in semicircular tunnel. In addition, considering that the limitation of
experiments and analysis, two-dimensional prediction is valid with 4<x/H<10.66. For more

application range, lager scale experiments are required.
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Fig.14 Comparison of experimental and predicted values

Conclusion

This paper presented a series of experimental studies and theoretical analysis on the
temperature profile, thermal boundary layer thickness and longitudinal temperature distribution
beneath ceiling centerline in semicircular tunnel. The major conclusions are as follows:

(1) The relationship between vertical temperature profile beneath curved ceiling and vertical
distance from the ceiling could be unified in a dimensionless form regardless of horizontal
positions. Meanwhile, it is found that vertical temperature profile under curved ceiling shows
lower temperature gradient than that under horizontal ceiling in the region 0 < z < z,,,.. Through
theoretical analysis, curved geometry reduces the average velocity of ceiling jet, resulting in the
lower heat transfer coefficient of ceiling jet under the curved ceiling. This determines less heat
transfer from ceiling jet to ceiling surface, causing lower temperature gradient under curved
ceiling.

(2) Referring to the former literature, the evolution of thermal boundary layer thickness was
divided into two regions based on the experimental temperature data. Models (Eq.13) for thermal
boundary layer thickness in these two regions are established in terms of horizontal distance from

fire source, half width and ceiling clearance. With the same method, evolution of Gaussian
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thermal thickness under curved ceiling is also described by the empirical model (Eq.26). It is
found that both thermal layer thickness and Gaussian thermal thickness are independent of fire
plume types at the impingement region.

(3) According to the model for thermal layer thickness, conservation equations in thermal
layer are established to describe the temperature attenuation of thermal layer beneath semicircular
ceiling. With these conservation equations, prediction models (Eq.22) for the longitudinal
temperature distribution beneath ceiling were proposed. Comparing with experiments and former
literature, prediction lines show a good agreement with trend proposed by former literature and
this work with 10%. relative error.

(4) Two -dimensional prediction for temperature profile beneath semicircle ceiling centerline
was proposed from works on vertical temperature profile (Eq.25), thermal boundary layer
thickness (Eq.13), Gaussian thermal thickness (Eq.26) and longitudinal maximum temperature
attenuation (Eq.22). After validation, prediction model could predict majority of measured data
within 20% relative error.
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Appendix

Based on the flow mechanisms of the thermal boundary layer described in the Fig 5, referring
to the former literature [13, 35, 41, 43], governing equations of a differential volume in one-
dimensional thermal boundary layer were established. There are several assumptions:
(DSteady HRR;
(2The properties of thermal layer in one-dimensional ceiling jet is stable, such as density, velocity;
(®There would be hardly any mass exchange in smoke layer except for entrainment.

With assumptions mentioned above, governing equations for selected control volume are
shown as follows:
Continuity equation,

m,=— (AD)

Energy conservation equation,

di¢,ml) .
T = Cpme]; - anv - Qrad (AZ)
The relationship between d7; and dx is expected to obtained from conservation equations
mentioned above. As the boundary for Eq.A1, mass flow equation is expressed,

m= pus (A3)

As shown in the Eqs.A1-A3, nz and 7, represented the mass flow of thermal layer and

entrained flow, respectively. The mass flow of thermal layer is described by the smoke density p,
horizontal flow velocity of thermal layer u and cross-section area of thermal boundary layer s. In
addition, Qconv and Q,qq are the convective and radiative heat loss from thermal layer to the ceiling,
respectively. Considering that fire duration is short in comparison to thermal inertia of concrete in
this work, the temperature of concrete wall 7}, far from fire source was assumed as that of ambient

air Tw. As a result, Qconv and Qrqq could be written as:
O =hB(T ~T,) (A4)
O, =€0B(I' =T,")=eoB(I] +T,) )T, + T )T, - T,) (A5)

Based on the reference[45, 57, 58], radiative heat transfer coefficient would be employed in

the Eq.A5, which has the same dimension with convective heat transfer coefficient. The Eq.A5
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could be transformed as:

Qrad = hradB(T; _T ) (A6)

0

Incorporating Eqs.A1-A6, a new equation was obtained,

¢, S+ C, ST = ¢, S BT -T,) BT, -T,) (A7)
X X

7 dx

To simplify the one-dimensional model, on the basic of assumptions, the characteristic

temperature of thermal layer 7; was equal to that of entrained layer 7. Thus Eq.A7 was expressed

as follows:
dT, h.+h_)B
_ t — ( c rad) dx (AS)
T-T, C, pus
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