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Vapor generated during rewetting/quenching of hot vertical surfaces/tubes by a falling liquid film forms
countercurrent flow to the quench front propagation. This vapor in addition to the possibly rising vapors
from other sources resist the downward propagation of the quench front and may cause partially or
complete flooding of the injected liquid. The present work develops a semi analytical model to para-
metrically study the rewetting/quenching rate of a hot vertical tube by a falling liquid film in terms of
initial tube temperature, flow rate of rising vapors, tube thickness and cooling water injection and
penetration rates. Momentum, energy and conduction-controlled equations are used to find the model
governing equations. Correlations for liquid penetration rate and interfacial friction factor driven from
experimental data were incorporated in the model. The resulting governing equations were solved
iteratively to study the effects of the controlling parameters on the quench front propagation velocity.
Conditions of onset of flooding and complete flooding in terms of the controlling parameters are deduced
and discussed. Results are compared with available experimental results and good agreement was
obtained.

© 2015 Elsevier Masson SAS. All rights reserved.
1. Introduction

Rewetting/Quenching of hot vertical surfaces by a falling liquid
film is encountered in many industrial applications like nuclear
reactors and cryogenic systems. Vapors generated during quench-
ing have to be vent countercurrently upward resulting in slow
down the quench front propagation and limit the liquid film
penetration rate. Moreover, the presence of rising vapors from
other sources adversely affect the problem. This cooling process is
particularly relevant to CANDU technology where in some postu-
lated accidents in CANDU reactors vapor generated during cooling
process, mixedwith vapor from other sources, may rise through the
feeders against the downward flow of the emergency core cooling
water injected into the headers and adversely affect quench front
propagation.

Literature review indicated that while an enormous amount of
experimental and analytical studies of quenching/rewetting of hot
vertical surface have been conducted, data on quenching of hot
a).

erved.
surfaces in the presence of countercurrent flow of rising vapors are
very limited. Recently, Nada et al. [1] and Nada [2] conducted
experimental investigations to study the effect of vapor generated
from rewetting process and possibly gases from other sources on
the rewetting rate of a vertical tubes by a falling liquid film. These
studies were conducted for a specific geometric, operating and
controlling parameters such as tube temperature and liquid film
rates. The literature review show that no analytical works take the
effect of the countercurrent flow of rising vapor on the rewetting
process. The unavailability of such analytical works and the limi-
tations of the applicability of the results of Nada et al. [1] and Nada
[2] for specific geometric and operating parameters motivate the
necessary of the present work. Therefore, the present work aims to
analytically generalize the problem and parametrically study the
phenomena for a wide range of the controlling parameters: tube
dimensions, tube surface temperature, liquid injection rate and rate
of countercurrent flow of rising vapors.

Most of previous analytical studies [3e11] have not considered
the hydrodynamic effects of the vapor generated during the
quenching process and the possibility of simultaneous counter-
current flow of vapors and other gases. Some of these studies [3e7]
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Nomenclature

C specific heat J/(kg K)
D tube inside diameter, m
f interfacial friction factor
g acceleration of gravity, m/s2

h heat transfer coefficient, W/(m2 K)
hfg latent heat of vaporization, J/kg
hi interfacial heat transfer coefficient, W/(m2 K)
JV vapor superficial velocity, m/s
JV* dimensionless vapor superficial velocity
k thermal conductivity, W/(m K)
MP liquid penetration rate, kg/s
_m mass flow rate, kg/s
Pr Prandtl number
q heat flux, W/m2

U quench front propagation velocity in presence of
countercurrent flow of vapor, m/s

UR rewetting velocity in the absence of vapor
countercurrent flow, m/s

UV countercurrent vapor velocity, m/s
Re Reynolds number, dimensionless
T temperature, �C
t time, s
x coordinate along the axis of the tube, m
y coordinate normal to the axis of the tube, m

Greek symbol
a thermal diffusivity, m2/s
d liquid film thickness, m
ε wall thickness, m
x mass fraction of vapor in vapor-gas mixture
m dynamic viscosity, kg/(m s)
r density, kg/m3

t shear stress, N/m2

Subscribt
G, g gas
ff free falling film
i interfacial
L liquid
Lf liquid film
o free falling film
R rewetting
s saturation
q quench front
V vapor
VI inlet vapor
VG generated vapor
Wi injected water
w wall
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proposed one-dimensional conduction controlled models to pre-
dict the rewetting rate, while others [8e12] used two-dimensional
conduction controlled models. Recently, Sahu et al. [13], in a
comprehensive review of rewetting of hot surface, concluded that
most of the studies adopt a conduction controlled approach to
analyze the phenomena of rewetting. The difference among these
various investigations stems from the assumed variation of heat
transfer coefficient and number of heat transfer regions considered
in the wall. Lists of heat transfer coefficients and number of regions
used by previous investigators were given by Elias and Yadigaroglu
[14]. Starodubtseva et al. [15] and Pavlenko et al. [16] carried out
numerical investigations and experimental verification of the dy-
namic behavior of rewetting of hot vertical surfaces by cryogenic
fluid. The effects of the liquid flow rate and the tube temperature on
the dynamic behavior was presented. It was shown that local mo-
tion velocity of the wetting front is not constant.

On the other side, several experimental studies [17e27] have
been done to investigate the effects of the system variables
including initial wall temperature, mass flow rate of the liquid film,
inlet subcooling of liquid film, heat capacity of the wall, direction of
flooding, surface finish of the wall, pressure of the system and
gravity on the rewetting phenomenon and rewetting rat rate. In
these studies, the hydrodynamic effect of the steam generated
during the quenching process and any preexisting rising gases on
the propagation of the liquid front have not been considered. These
may be true in bottom flooding but the case is different in cooling
the tube by a falling liquid film, where the liquid film drains
downwards inside the tube while the vapor moves countercur-
rently upward. Countercurrent flow of rising gases represents
additional hydrodynamic resistance to the propagation of the liquid
film along the hot surface leading to the possible onset of flooding
and ultimately delaying the cooling process. Guerrero and Low [28]
showed experimentally that the vapor generated during the
rewetting of a vertical pipe can produce countercurrent flow of
vapor which exceeds the onset flooding limit (vapor upward ve-
locity at which it can carry part of the downward falling liquid with
it) and delay the rewetting process. Duffey et al. [29] obtained
experimental data which showed that the propagation of the
quench front during the rewetting of a hot vertical rod placed inside
a glass tube was decreased with the increase of the countercurrent
flow of air injected in the annulus between the rod and the tube.
Later, Chan and Grolmes [30] and Block and Wallis [31] presented
theoretical studies to examine whether the vapor generated during
the quenching of a hot vertical tube is sufficient to reach the onset
of flooding or not. Recently Nada et al. [1] and Nada [2] published
experimental investigations to study the effect of vapor generated
from rewetting process and possibly air from other sources on the
rate of rewetting of a vertical tubes by a falling liquid film. The
studies showed that the countercurrent flow of generated vapors
and rising air adversely affect the rewetting rate. The study
revealed that the vapor generated during the tube quenching can
exceed the onset of flooding and limit the penetration of the liquid
film. The present work aims to analytically treat the problem to
parametrically study the phenomena for a wide range of the con-
trolling parameters; tube dimensions, tube surface temperature,
liquid injection rate and rate of countercurrent flow of rising va-
pors. Data of Nada [1] were utilized to identify the falling liquid/
upward vapor interfacial parameters needed by the analytical
model.

2. Physical model and assumptions

The physical model, as shown in Fig. 1, is a hot vertical tube in
which a rising vapor flows upward and a liquid film is injected the
top of the tube to quench it. The tube is initially at a temperature
higher than the rewetting temperature. The liquid film advances
downwards under the resistance of the countercurrent flow of the
rising vapors. The liquid film is firstly cool down the tube to the



Fig. 1. Physical model of rewetting of vertical tube by falling liquid film in presence of countercurrent flow of rising vapors.
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rewetting temperature at which the tube surface begins to rewet.
The vapor generated during the quenching process constitute a part
of the rising hot vapors where the other part is a vapor coming at
the bottom of the tube from other sources. The countercurrent flow
of rising vapors slow down liquid front propagation and may reach
to a value that can reverse some of the injected liquid. To simplify
the analysis of this complex process, the following assumptions are
employed.

▪ Cooling of the tube occurs by axial conduction in upward di-
rection from x ¼ 0 to x ¼ �∞ (see Fig. 1).

▪ laminar liquid film flow.
▪ Liquid film thickness is uniform and very small as compared to
the tube diameter,

▪ The penetrated liquid film is at saturation temperature.
▪ The thickness of the wall is small enough to give low Biot
number (Bi ¼ h d/k ) so that the temperature gradient in the
tube thickness is neglected as compared to the axial direction
(i.e. Bi=TW ððTW�TRÞ=ðTW � TsÞÞ � 1) and the assumption of one
dimensional heat conduction can be accurately considered in
the analysis [32].

▪ The physical properties of the liquid film and the tube wall are
constant

▪ The inertia of the falling liquid film and the pressure gradient
are small compared to the gravity force.

▪ Quench front velocity is constant along the tube.

3. Mathematical analysis and governing equation

In liquidegas countercurrent flow in vertical tube, the mo-
mentum equation can be written in the form:

mL
d2U
dy2

¼ �rLg (1)

The boundary conditions of Eq. (1) are

U ¼ 0 at y ¼ 0;
mL
dU
dy

¼ ti; at y ¼ d
where ti ¼ 1=2rV ðUV � UÞ2fi is the interfacial shear stress between
the falling liquid film and the rising gases which can be further
simplified by neglecting the liquid film velocity U with respect to
the gas velocity UV

ti ¼ �1
2
rVU

2
V fi (2)

Solving Eq. (1) under the given boundary conditions, the liquid
film velocity can be obtained in terms of the rising gas velocity and
the liquid film thickness as follows:

UðyÞ ¼ �1
2
gd2rL
mL

��y
d

�2
� 2
�y
d

��
� 1
2
rVU2

V fi
mL

y (3)

The average velocity of the liquid film across the liquid film
thickness can be obtained by:

U ¼ 1
d

Zd
0

UðyÞdy ¼ gd2rL
3mL

n
1� 0:75rVU

2
V fi=ðrLgdÞ

o
(4)

The mass flow rate of the falling liquid film can be calculated
from:

MP ¼ pDdrLU; therefore

d ¼ MP

pDrLU
(5)

Substituting by Eq. (5) in Eq. (4) and rearrange, one can get

U ¼
 

gM2
P

3mLrLðpDÞ2

!1=3�
1� 0:75rVU

2
V fi

�
pD
gMP

�
U
�1=3

(6)
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where the first term ðgM2
P=3rLmLp

2D2Þ1=3 represents the velocity of
a free falling liquid film (i.e. at UV ¼ 0) and will be denoted by U0.
Therefore, Eq. (6) becomes

U ¼ Uo

�
1� 0:75rVU

2
V fi

�
pD
gMP

�
U
�1=3

(7)

The first term in the R.H.S of Eq. (7) represents the free falling
film velocity (U0) while the second term represents the effect of the
rising gas flow on the falling film velocity. Eq. (7) is valid for tubes of
moderate temperatures (TW < TR), where, TW and TR are the initial
tube wall temperature and the rewetting temperature (tube wall
Temperature at which the liquid start to rewet it).

In case of a very hot tube (TW > TR), the physical mechanism of
moving the liquid film on the tube will be different. The heat
conduction along the tube controls the propagation of the liquid
film on the surface and the liquid film velocity is further retarded by
the need to cool down the quench front zone to the rewetting
temperature. In this case the free falling liquid film velocity U0 in
Eq. (7) is retarded to the conduction controlled rewetting velocity
UR. Furthermore the vapor generated during tube quenchingwill be
added to the preexisted countercurrent vapor and adversely affect
the quench front propagation. According to this physical mecha-
nism and by analogy to Eq. (7), the expression for the quench front
propagation velocity in cooling very hot vertical tube (TW > TR) in
the presence of rising hot vapor can be written in the following
form:

U ¼ UR

�
1� 0:75rVU

2
V fi

�
pD
gMP

�
U
�1=3

(8)

where UV is the counter current vapor velocity of the mixture of the
preexisted vapor and the vapor generated during tube quenching.

Literature review reveals that a lot of work have been conducted
on the subject of rewetting of hot surfaces by free falling liquid film
to estimate UR. It is generally accepted that the experimental data
can be reasonably well described by means of conduction models
which assumes that the quench front velocity is determined by the
rate at which heat can be conducted from the hot dry surface
through the metal to the wetted area. Considering the physical
model of this study, vertical hot surface with coolant supply from
above as shown in Fig. 1-b, the heat conduction equation inside the
tube wall thickness can be written in the form:

v2T
vx2

þ v2T
vy2

¼ 1
aw

vT
vt

(9)

Considering the assumptions of constant rewetting velocity
with respect to time [6,33,34] and, consequently, if a moving x
coordinate coincides with the wetting front was considered, the
following rate equation can be written:

UR
vT
vx

¼ �vT
vt

(10)

Substituting Eq. (10) in Eq. (9), one can get

v2T
vx2

þ v2T
vy2

þ UR

aw

vT
vx

¼ 0 (11)

The boundary conditions of Eq. (11) are

T ¼ TR at x ¼ 0

T ¼ Ts at x ¼ �∞

T ¼ TW at x ¼ ∞
For a thin wall and one-dimensional heat conduction assump-
tion, Eq. (11) have been initially solved by Yamanouchi [3] to give
the rewetting velocity UR in terms of the initial tube temperature
TW, the rewetting temperature TR and the heat transfer coefficient h
at the quench front as follows:

UR ¼ 1
rWCW

�
hkW
εW

�1=2 TR � Ts
ðTW � TsÞ1=2ðTW � TRÞ1=2

(12)

In the last equation the rewetting temperature TR and the heat
transfer coefficient h at the quench front are unknown. The heat
transfer coefficient in quench front wetted area h is variable and
depends on the local wall temperature in the vicinity of the quench
front as well as the liquid penetration rate. In previous work either
a simplified linearized heat transfer coefficient in a certain range of
temperature variation near the front in the wetted zone is
considered or estimating the value for the heat transfer coefficient
so that the experimental results of the rewetting velocity may be
predicted by the model. In this semi analytical study, the common
practice of the second technique is used. One of the well-known
correlation for the heat transfer coefficient is that of Yamanouchi
[3] which obtained from the experimental data as a function of the
water flow rate in the form:

h ¼ 8:4� 106 M0:5
P (13)

where h is in W/m.k and MP is in kg/s. Literature review of the
subject of rewetting temperature reveals that an average value of
rewetting temperature of 260 �C is consistent with the finding of
the experimental measurements [1,2,12,13], so this value is
considered in the present work.

Eqs. (6)e(8) and (12) contains the falling liquid penetration rate
MP. The falling liquid penetration rate is equal to the injected liquid
rate in case that rising gases rate is not sufficient to achieve the
onset of flooding limit. In case of achieving onset of flooding limit,
part of the injected liquid will be reversed and flooded at tube top
and the other part will be penetrated downwards. In this situation,
the downward penetration rate of the liquid is limited by the onset
of flooding phenomenon. After the onset of flooding limit, the
liquid penetration rate can be obtained using available correlations
and models developed for two-phase countercurrent flow limita-
tion (CCFL). It is typically a function of the rising gas flow rate, tube
diameter, thermophysical properties of the two phases and the
geometry of the gas entrance at the bottom of the test section.
Countercurrent flow limitation (CCFL) has been studied extensively
because of its relevance to many industrial applications. The most
popular way of correlating the onset of flooding data is in the form
suggested by Wallis [34],

J
*1=2

V þmJ
*1=2

V ¼ C (14)

wherem and C are empirical constants which are dependent on the
characteristics of the test section. They are typically in the range
0.4 <m < 1.0 and 0.7 < C < 1.0. The dimensionless velocity of phase
K (K¼G for gas (vapor) and K¼ L for liquid) is the ratio between the
inertia and buoyancy forces,

J
*

K ¼ JK

�
rK

gDðrL � rV Þ
�1=2

(15)

where JK is the phase superficial velocity, defined by
JK ¼ _mk=pðD2=4Þrk. If the flooding characteristics of the test section
is known, i.e. m and C, one can calculate the liquid penetration rate
MP ¼ ðp=4ÞD2rLJL from Eq. (15) for a given upward gas/vapor



Fig. 2. Variation of liquid penetration rate with water injection rate.

Fig. 3. Variation of vapor generation rate with water injection rate.
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Fig. 4. Variation of quench front propagation velocity with water injection rate.
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mixture flow rate. Nada [2] performed adiabatic countercurrent
gaseliquid flow in 22 mm diameter pipe and was able to correlate
his data with Eq. (14) in which m ¼ 0.46 and C ¼ 0.738.

In Eqs. (2)e(8), (14), (15) the upward vapor flow ( _mV ), upward
gas velocity (UV) and the upward gas superficial velocity (JG) should
be calculated based on the summation of the inlet vapor flow rate
( _mVI) and the vapor generation rate ( _mVG). The inlet vapor flow rate
( _mVI) simulate all possible vapors that may come from sources
other than the generated vapor during tube quenching. Accordingly
the upward gas superficial velocity and the upward gas velocity
takes the following form:

JG ¼ 4
rgpD2 ð _mVI þ _mVGÞ (16)

UV ¼ 4

prV ðD� 2dÞ2
ð _mVI þ _mVGÞy

4
prVD2 ð _mVI

þ _mVGÞ ðNeglecting d w:r:t DÞ (17)

where rV is the density of the vapor.
Estimation of the vapor production rate _mVG during the

quenching process is necessary to calculate the total upward gas
velocity. Referring to Fig. 1, the energy balance of the falling liquid
film gives:

qLf ¼ qW (18)

where,

qLf ¼ _mVGhfg (heat gained by the liquid film and utilized in vapor
generation)
q ¼ (heat released from the tube by the liquid film)
¼ pDεrWcWUðTW � TsÞ

Therefore,

_mVG ¼ pDðTW � TsÞrWcWεU

hfg
; (19)

As shown in Eq. (19), the rate of vapor generation is a function of
the unknown rewetting velocity U . The process of deriving Eq. (19)
implicitly use the transformation co-ordinates from time to axial
Fig. 5. Variation of vapor generated rate with initial tube temperature and tube
thickness.
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direction via rewet velocity. This has already reported in a lot of
literature such as DuffyePorthouse [8].

Considerable research has been carried out to determine the
interfacial friction coefficient between a falling liquid film and
rising gas. Wallis [36] and Bharathan [37] used the momentum
equationwith the help of experimental data to develop correlations
for fi in case of adiabatic airewater countercurrent flow. Grolmose
et al. [38] used the momentum equation and the onset of flooding
data to obtain a correlation for the interfacial friction factor. Duffey
et al. [29] suggested that the value of the interfacial friction factor
be 300 times the friction factor for gas flow in dry tube. All of these
correlations were obtained on the basis of adiabatic data and their
applicability in the present case may not be appropriate. The
experimental results of Nada [39] on the rewetting of hot tubes by
falling liquid film in the presence of countercurrent flow of rising
gases together with the film momentum equation and the quench
front propagation equations are used to develop a correlation for
the interfacial friction factor between the falling liquid film and
rising vapors on the form;

fi ¼ 104� 106ðd=DÞ2:52 (20)
4. Results

The above equations were solved iteratively to yield the
rewetting velocity of the falling film in terms of the initial wall
temperature, tube thickness, countercurrent vapor flow rate and
injected water flow rate. The ranges of the studied parameters were
as follows:
Initial tube temperature (TW) 300e700 �C.
Inlet vapor flow rate ( _mVI) 0e0.002 kg/s.
Tube wall thickness (ε) 0.5e3 mm.
Injected water flow rate ( _mWI) 0.01e0.2 kg/s.
Two cases will be studied; in the first case countercurrent flow
of only the vapor generated during quenching process is considered
and no additionally vapor from other sources are considered. In the
second case, countercurrent flow of a combination of the vapor
generated during quenching process and possibly vapors from
Fig. 6. Variation of quench front propagation velocity with initial tube temperature
and tube thickness.

Fig. 7. Variation of liquid penetration rate with vapor rate from other sources.
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other sources are considered. In both cases the effects of the con-
trolling parameters on rewetting and flooding process are investi-
gated and analyzed. The onset of flooding and complete flooding
conditions are also investigated. The model predictions were
compared with the available experimental data.
Fig. 8. Variation of quench front propagation velocity with vapor rate from other
sources with Tw as a parameter.
4.1. Vapor generated rate and water penetration rate

Vapor generated during tube quenching moves upward and
forms a countercurrent flow to the falling liquid film. The rate of
vapor generated depends on tube initial temperature, heat capacity
and tube wall thickness, rewetting velocity and liquid penetration
rate. These parameters affect each other in a complex form. If the
vapor generated rate is higher than the countercurrent gas flow
rate at the onset of flooding of the injected water flow rate ( _mWI),
some of the injectedwater will be flooded upward, and this reduces
the amount of water penetrated resulting in slowing down the
quench front propagation along the test section.

Figs. 2e4 show the variation of the liquid penetration rate, vapor
generation rate and quench front propagation velocity with the
injected water flow rate at different initial tube temperatures and
tube thickness. At certain initial tube temperature, Fig. 2 shows that
at low inlet water flow rate, all the injected water penetrates
downwards in the tube (dash line in Fig. 2) until the inlet water
flow rate reaches a certain value at which the vapor countercurrent
flow _mVG, which increase with _mwi as shown in Fig. 3, reaches a
value sufficient to cause onset of flooding limit after which the
penetrated water flow rate remains constant whatever the increase
of the inlet water flow rate. Fig. 2 shows that the onset of flooding
limit and the liquid penetration rate decreases with the increase of
the initial tube temperature and the tube thickness and this can be
attributed to the increase of the vapor generated rate due to the
increase of stored thermal energy in the tube that released during
tube quenching.

For a specific initial tube temperature, Fig. 3 shows the increase
of the vapor generated rate with the increase of the injected water
flow rate until it reaches a certain limit (onset of flooding limit), the
vapor generated rate becomes constant whatever the injected
water flow rate. This can be attributed to the increase of the quench
front propagation velocity with the increase of the liquid penetra-
tion rate (see Fig. 4) before the onset of flooding limit and the
constantan of the penetrated water flow rate after the onset of
flooding limit (see Fig. 2) which leads to constant propagation ve-
locity of the quench front (see Fig. 4). Fig. 3 also shows the increase
of the vapor generation rate with the increase of the initial tube
temperature and the tube thickness and this can be attributed to
two contradictory effects for vapor generation. One is to the
decrease of the rewetting velocity which leads the reduction of _mVG
and the second is to the increase of the heat stored in the tube that
released during tube quenching. The effect of the increase of the
heat stored is more dominant.

For a specific initial tube temperature, Fig. 4 shows the increase
of the quench front propagation velocity with the increase of the
injected water flow rate until the flooding limit is reached, the
quench front velocity becomes constant. This can be attributed to
two contradictory effects for quench front velocity. One is the in-
crease of the heat transfer coefficient at the quench front region
with the increase of the liquid penetration rate (see Eqs. (8) and
(12)) and the second is the increases of the vapor generated rate
(see Fig. 4) which leads to the decreases of the quench front
propagation velocity as per Eq. (8). The effect of the increase of the
heat transfer coefficient is more dominant. Fig. 4 also shows the
increase of the quench front propagation velocity with the decrease
of the initial tube temperature. This can be attributed to the



Fig. 9. Variation of quench front propagation velocity with vapor rate from other sources with ε as a parameter.
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increase of UR and the decrease of the vapor generated ratewith the
decrease of the initial tube temperature (see Eq. (12)).

Figs. 3 and 4 also show that the onset of flooding limit occurs
much faster (i.e. at low injected water flow rate) with the increase
of the initial tube temperature and the tube thickness and this is
attributed to the increase of the vapor generated rate which
accelerate the occurrence of the flooding limit.
4.2. Effects of tube temperature and tube thickness at high injected
water rates

It is clear from the discussion of the previous section that to
increase the quench front propagation rate, the water should be
injected at a rate higher than the flooding limit to maximize the
liquid penetration rate which will equal to the water flow rate at
the flooding limit. Providing that the injected water flow rate is
higher than the flooding, Figs. 5e6 show the variation of vapor
generated and liquid penetration rates and quench front propaga-
tion velocity with initial tube temperature and tube thickness. As
shown in Fig. 5, the vapor generation rate increases and the liquid
penetration rate decreases with the increase of the initial tube
temperature and the tube thickness. This can be attributed to the
increase of the thermal energy stored in the tube that released
during the tube quenching. Increasing the released thermal energy
stored increases the vapor generation rate and consequently de-
creases the liquid penetration rate. The decrease of liquid pene-
tration rate with the increase of vapor generation rate is supported
by Eq. (14) and the results of Wallis [35].
The variation of quench front propagation velocity with the
initial tube temperature and the tube thickness is shown in Fig. 6.
The figure shows the decrease of the quench front propagation
velocity with the increase of the initial tube temperature and the
tube thickness. This can be attributed to the increase of the thermal
storage in the tube with the increase of the initial tube temperature
and the tube thickness. As per Eq. (12) increasing tube thermal
storage by increasing Tw and ε decrease UR and increases vapor
generated rate and both decreases quench front propagation ve-
locity U as per Eqn. (8). Moreover, increasing the initial tube tem-
perature and tube thickness decreases liquid penetration rate (see
Fig. 5) and this decreases quench front propagation velocity.
4.3. Effect of possible countercurrent flow of vapor from other
sources

The possibility of presence vapor from other sources increases
the countercurrent flow of the rising vapor. If the countercurrent
flow of the rising vapor increases to a certain limit complete
flooding may occurs and no liquid will penetrated to quench/cool
down the tube. Fig. 7 shows the effect of the mass flow rate of the
other source vapor ( _mVI) on the liquid penetration rate with the
initial tube temperature as a parameter. As shown in the figure
increasing ( _mVI) dramatically decreases the liquid penetration rate
until complete flooding is reached (liquid penetration rate¼ 0). The
figure also shows that the complete flooding point occurs at lower
( _mVI) with increasing initial tube temperature and the tube thick-
ness due to the increase of the vapor generated.



Fig. 11. Comparisons of present model prediction with previous experimental work.
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Figs. 8 and 9 show the variation of the quench front propagation
velocity with _mVI for different initial tube temperatures and tube
thicknesses. Increasing _mVI decreases the quench front propagation
velocity until it reaches zero at the complete flooding point. This
can be attributed to the decrease of the liquid penetration rate and
the increase of the interfacial shear stress between the rising vapor
and the falling liquid film and both decrease the quench front
propagation velocity. Figs. 8 and 9 also show the decrease of the
quench front propagation velocity with the increase of the initial
tube temperature and the tube thickness due to the increase of the
released heat stored in the tube which leads to more vapor gen-
eration rate. Fig. 9 shows the convergence of the effect of the tube
thickness with the increase of _mVI . This can be attributed to that at
higher ( _mVI) the liquid penetration rate is very limited (see Fig. 7)
and the quench front propagation velocity becomes very low and
both limit the rate of release of the thermal energy stored in the
tube and the vapor generation rate whatever the tube thickness.

The value of _mVI at complete flooding conditions ( _mVI)C.F can be
obtained from Fig. 9 by extending the curve until intersect the
horizontal axis. Fig. 10 shows the variation of ( _mVI)C.F in a dimen-
sionless form (J

*

VI)C.F with the initial tube temperature. As shown on
the figure the value of (J

*

VI)C.F decreases with the increase of the
initial tube temperature. This can be attributed to the increase of
the vapor generation rate with the increase of the initial tube
temperature and this means that a smaller value of ( _mVI) will be
sufficient to reach the flooding limit.

4.4. Model verification and comparison with previous experimental
work

For the model verification, the predictions of the model is
comparedwith the results of Nada et al. (2014) in Fig.11 for the case
of quenching without possible rising vapors from other sources. As
per the literature review no data are available to comparewith it for
the case of quenching in the presence of rising vapors from other
sources. As shown in Fig. 11, the model is capable of predicting the
data trends correctly and is in good general agreement with the
measured rewetting velocity. Fig. 11 shows that the deviation be-
tween the model predictions and the experimental data of Nada
et al. (2014) are within ±15%.
Fig. 10. Variation of dimensionless inlet vapor flow rate at complete flooding condi-
tions with the initial tube temperature.
5. Conclusions

The conclusion of the present study can be summarized in the
following points:

▪ A semi analytical model, with appropriate set of correlations
deduced from relevant experimental work, can successfully
predict the rewetting rate in the presence of countercurrent
flow of rising vapor in terms of the controlling parameters.

▪ The model is capable to predict onset of flooding and complete
flooding limits.

▪ The results show the decrease of the quench front propagation
velocity with increasing initial tube temperature and tube
thickness and decreasing liquid penetration rate.

▪ The onset of flooding limit and the liquid penetration rate de-
creases and the vapor generation rate increases with increasing
initial tube temperature and tube thickness.

▪ Increasing rate of vapor from other sources dramatically
decreasing the liquid penetration rate and the quench front until
complete flooding is reached

▪ Occurrence of complete of flooding point is accelerated with
increasing initial tube temperature and the tube thickness.
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