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In this paper, a numerical model is developed to predict the cryogenic chilldown process of a vertical tube
for both terrestrial and microgravity conditions. The flow field is covered by four distinct regions, which
are single-phase vapor region, dispersed flow region, inverted annular flow region, and single-phase
liquid region. Heat transfer mechanisms are dictated by the flow patters. A two-fluid model is employed
to analyze the dispersed flow region and the inverted annular film boiling region. Gravity effect on the
chilldown process is also investigated. Model results indicate that film boiling heat transfer decreases
with decreasing gravity level for the bottom flooding condition. The model results show a good agree-
ment with the experimental data.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

One important application of cryogenic fluids is in space explo-
ration. Efficient and safe use of cryogenic fluids in thermal manage-
ment, power and propulsion, and life-support systems of a
spacecraft during space missions involves transport, handling,
and storage of these fluids under both terrestrial and microgravity
conditions. Uncertainties about the flow pattern and heat transfer
characteristics pose severe design concerns. For any process using
cryogenic fluids, chilldown is inevitably the initial stage; therefore,
efficiency of the chilldown process is a significant concern since the
cryogen used to cool down the piping system cannot be utilized for
propulsion, power generation or other applications. In a hydrogen
economy, chilldown must be accomplished with a minimum con-
sumption of cryogen in order for the overall energy efficiency to
stay within tolerable limits.

Previous experimental studies of cryogenic chilldown process
were mainly carried out under the 1-g condition. Among such pub-
lished studies one should mention the works of Burke et al. (1960),
Bronson et al. (1962), Kawaji et al. (1985). However, in the studies
of comparing vertical tube chilldown under both normal and re-
duced gravity conditions, we were able to find just one report by
ll rights reserved.
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Antar and Collins (1997) due to the extreme difficulties in conduct-
ing such experiments. Westbye et al. (1995) investigated the
quenching of a horizontal tube under microgravity. In their exper-
iment, the flow pattern observed before microgravity was a strat-
ified flow. They found that the film boiling heat transfer
coefficients in microgravity were only 20–50% of those obtained
in 1 g and they also reported lower rewetting temperature under
microgravity.

The only microgravity chilldown experimental results were re-
ported in Westbye et al. (1995), Kawaji et al. (1991) for R-113 cool-
ant and in Antar and Collins (1997) for liquid nitrogen coolant.
However, only Kawaji et al. (1991), Antar and Collins (1997) re-
ported two-phase flow patterns. Both papers mentioned that evap-
orating liquid filaments flowed in the central region of the tube and
were surround by vapor that filled in the space between the tube
wall and the liquid filaments. Both also noted that liquid cannot
touch the wall and inverted annular flow predominated right after
the liquid entered the tube. We believe that it is a strong evidence
of an inverted annular flow. In the experiment by Antar and Collins
(1997), the liquid nitrogen was in the saturated state when in-
jected into the tube. Therefore, saturated inverted annular flow
was reported to exist in Antar and Collins (1997).

In the modeling aspect, a homogeneous model prevailed in
early works (e.g. Burke et al., 1960; Bronson et al., 1962; Chi,
1965), in which the two-phases were assumed at thermal-equilib-
rium. However, later understanding of boiling heat transfer sys-
tems showed that post critical heat flux (CHF) heat transfer
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Nomenclature

A area [m2]
CD Drag coefficient
Cp specific heat capacity [J kg�1 K�1]
d diameter of liquid droplets [m]
D diameter of the flow channel [m]
E liquid droplet entrainment fraction
f friction factor
FD drag force [N]
g gravitational acceleration constant 9.8 [ms�2]
h heat transfer coefficient [W m�2 K�1]; enthalpy [J kg�1]
hlv latent heat of evaporation [J kg�1]
h0lv modified latent heat [J kg�1]
k thermal conductivity [W m�1 K-1]
m00l mass transfer rate per unit area [kg m�2 s�1]
m00l mass transfer rate per unit volume [kg m�3 s-1]
Nu Nusselt number
P pressure [Pa] ; perimeter [m]
Pr Prandtl number
q00 heat flux [W m�2]
R radius of the flow channel [m]
Rg gas constant
Re Reynolds number
t time [s]
T temperature [K]
u velocity [m s�1]
Xtt Martinelli parameter
z position

Greek letters
a void fraction; Thermal diffusivity [m2 s�1]
d vapor film thickness [m]

e emissivity
l viscosity [kg m�1 s�1]
q density [kg m�3]
r surface tension [N m�1]
rB Stefan Boltzmann constant 5:67� 10�8 [W m�2 K�4]
s shear stress [N m�2]

Subscripts
2u two-phase
d droplet
ev evaporation
evap evaporation
i interfacial
l liquid phase
lh liquid heating
ls liquid saturated
pool pool boiling
r radiation
s saturation
v vapor phase
vd vapor to droplet
vl vapor to liquid
vs vapor saturated
w wall
wd wall to droplet
wv wall to vapor

Superscripts
00 quantity per unit area
000 quantity per unit volume
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should be more concerned with non-equilibrium between the two
phases (Chen et al., 1979). For the inverted annular film boiling
(IAFB) and dispersed flow film boiling (DFFB), the vapor phase is
generally superheated (e.g., Guo et al., 2002; Tian et al., 2006; Chan
and Banerjee, 1981a). The vapor superheat can be up to several
hundred Kelvin under some operating conditions. In that situation,
predictions by the homogeneous model will inevitably lead to a
large discrepancy from the experimental results. Therefore, a mul-
tifield model has been developed to account for the non-equilib-
rium effects. A two-fluid version was successfully used by Chan
and Banerjee (1981a, 1981b) for the prediction of refilling and rew-
etting of a horizontal tube. This model was further extended by
Liao et al. (2005) for a cryogenic chilldown process in a horizontal
tube. For a vertical tube, Kawaji et al. (1987, 1988) and Hedayat-
pour et al. (1993) adopted this model to predict the thermohydrau-
lic criteria for the bottom flooding problem.

However, there is no related modeling work for a chilldown
process under different gravity levels. Therefore, in the present
study, a two-fluid model based on experimental observations
was developed to investigate a vertical tube cryogenic chilldown
process under different gravity conditions. The gravity effects on
the temperature development and cooling rate are also
investigated.

2. Model description

2.1. Flow patterns and heat transfer regimes during the chilldown
process

Since different heat transfer mechanisms are associated with
different flow patterns, therefore the first step in modeling the
chilldown process should be a correct description of the flow pat-
tern sequence and the corresponding transition criteria.

Antar and Collins (1997), Yuan et al. (2005, 2007) conducted
chilldown experiments under different gravity conditions and ob-
tained similar observations. Initially, the tube wall temperature is
usually much higher than the liquid boiling saturation tempera-
ture. When the cryogenic flow first enters the hot tube, as the tube
wall temperature is much higher than the Leindenfrost point, the
liquid phase evaporates very quickly and forms a vapor film that
prevents the liquid phase from touching the tube wall, and the
two-phase flow is usually in an inverted annular flow (IAF) state,
the corresponding heat transfer regime is inverted annular film
boiling (IAFB). The local void fraction and interfacial shear increase
as the two-phase flow travels further downstream, this will lead
the two-phase flow pattern to change to a dispersed flow, in which
the liquid phase is dispersed in a continuous vapor phase. Further
heat transfer to the dispersed flow will evaporate all the liquid
droplets and result in a pure vapor flow. On the other hand, the
wall temperature keeps decreasing during the chilldown process,
at a certain point, which is often called ‘‘wall rewetting”, the liquid
phase is able to wet the tube wall. The liquid-wall contact front,
which is often referred to as the quenching front (QF) or sputtering
region, is characterized by violent boiling associated with a signif-
icant wall temperature decrease. The quenching front propagates
downstream with the flow. The heat transfer mechanism at the
QF is transition boiling, which is more effective than the film boil-
ing heat transfer. After the QF, nucleate boiling heat transfer dom-
inates. With a further wall temperature decrease, the nucleate
boiling stage gradually changes to pure single-phase convection
until the wall temperature reaches the steady state, which denotes
the end of the chilldown process.
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Fig. 1. Flow pattern sequence of cryogenic chilldown model.
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On the basis of these experimental observations, the sequence
of the cryogenic chilldown flow pattern begins with the pure vapor
flow far downstream and followed by dispersed flow, inverted
annular flow, and pure liquid flow as shown in Fig. 1. This sequence
has been verified in other vertical cryogenic chilldown experi-
ments (Kawaji et al, 1985; Laverty et al., 1967), and was adopted
in other two-fluid models (Kawaji et al., 1987; Kawaji et al., 1988).

2.2. Mathematical formulation

For the flow pattern sequence described in the previous section,
the most difficult part of the current model is how to correctly pre-
dict the thermohydraulic characteristics of the two-phase flow re-
Fig. 2. Model of the two-phase regions in chilldown experiments: (a
gions, namely the IAFB region and dispersed flow region. Two-fluid
formulations are used for these two regions, in which each phase is
described by one set of conservation equations and some interaction
terms between the two phases appearing in the field equations as
source terms. Different constitutive relations in previous literatures
(e.g., Guo et al., 2002; Tian et al., 2006; Kawaji, et al., 1987; Hedayat-
pour et al., 1993; Analytis et al., 1987; Hammouda et al., 1997) are
compared and selected to close the model. Formulations for other re-
gions in the tube are relatively simple. Regions in the upstream of QF
and downstream of dispersed flow are modeled as pure liquid flow
and pure vapor flow, respectively. For the tube wall temperature pre-
diction, a one-dimensional energy equation is used.

2.2.1. Inverted annular film boiling (IAFB) regime
IAFB is characterized by a high surface temperature and consists

of a continuous liquid core at the center of the channel and a vapor
blanket covering the heated surface, as shown in Fig. 2a. Conserva-
tion equations for the IAFB model are derived based on the follow-
ing assumptions: (1) liquid flows in the center of the flow channel
and is separated from the heated wall by a vapor layer. The vapor
layer thickness dðzÞ is uniform along the tube periphery; (2) the va-
por layer contains no entrained liquid, and the liquid core contains
no vapor bubbles; (3) the pressure is uniform in the radial direc-
tion, and the two phases are in thermodynamic non-equilibrium;
the vapor phase is treated as an ideal gas; (4) the interface is
smooth and in saturated condition.

For a vertical tube, the transient one-dimensional two-fluid
equations for the IAFB region can be derived based on the one-
dimensional two-fluid forms:

Continuity equations:
o

ot
ðaqÞl þ

o

oz
ðaquÞl ¼ �m00l

Pi

A
ð1Þ

o

ot
ðaqÞv þ

o

oz
ðaquÞv ¼ m00l

Pi

A
ð2Þ

Momentum equations:
o

ot
ðaquÞl þ

o

oz
ðaquuÞl þ al

dP
dz
¼ �alqlg þ

siPi

A
ð3Þ

o

ot
ðaquÞv þ

o

oz
ðaquuÞv þ a

dP
dz
¼ �aqvg � siPi

A

�m00l
ðuv � ulÞPi

A
� swvPw

A
ð4Þ
) inverted annular film boiling region (b) dispersed flow region.
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Enthalpy energy equations:

o

ot
ðaqhÞl þ

o

oz
ðaquhÞl ¼ �m00l

ðhls � hlÞPi

A
ð5Þ

o

ot
ðaqhÞv þ

o

oz
ðaquhÞv ¼

q00vPi

A
þm00l

ðhvs � hvÞPi

A
ð6Þ

Here, m00l denotes the vaporization mass flux at the interface. si

and swv are the interfacial shear stress and wall to vapor shear
stress, respectively. q00v is the heat flux used to heat up the vapor.
For the body force terms in the momentum equations, the plus sign
is for downward flow, and the minus sign is for upward flow, and
body force terms are considered as zero in 0-g calculations.

Based on the above assumptions, the vapor layer thickness can
be expressed as a function of tube radius R and the void fraction a:

d ¼ R 1�
ffiffiffiffiffiffiffiffiffiffiffiffi
1� a
p� �

ð7Þ

and the cross-sectional area, interfacial and inside tube wall periph-
eral lengths as

A ¼ pR2 ð8Þ
Pi ¼ 2pðR� dÞ ð9Þ
Pw ¼ 2pR ð10Þ

Empirical relations of the shear stress and heat and mass flux
terms should be provided to close Eqs. (1)–(6). As shown in
Fig. 2a, the total heat flux received by the liquid column is
q00l ¼ q00vl þ q00r ð11Þ
where q00vl is the vapor–liquid convection heat flux and q00r is the radi-
ation heat flux directly from the wall. While the energy balance for
the vapor phase gives

Piq00v ¼ q00wvPw � q00v lPi ð12Þ

Here q00wv is the wall to vapor convection heat flux; the interfa-
cial and wall perimeter appear in the above equation due to the
difference in heat transfer areas. Since the total heat flux to the li-
quid phase is used to evaporate the liquid at interface, the vapor
evaporation heat flux q00ev is

q00ev ¼ q00l ¼ q00vl þ q00r ð13Þ

The vapor generation term m00l , which denotes the vapor gener-
ation rate per unit area at the interface, can be expressed as

m00l ¼ q00ev=hlv ð14Þ

where hlv is the latent heat for phase change.
Empirical correlations are applied to evaluate the heat transfer

and shear stress terms. In this work, if d� R, we follow the previ-
ous approaches (Kawaji et al., 1988; Analytis et al., 1987) by con-
sidering the vapor flow as flow between two parallel plates, the
wall to vapor and vapor to liquid heat fluxes can be given as (Kays,
1993)

q00wv ¼
kvNuw

2dð1� h�2Þ
½ðTw � TvÞ � h�ðTv � TsÞ� ð15Þ

q00vl ¼
kvNui

2dð1� h�2Þ
½ðTv � TstÞ � h�ðTw � TvÞ� ð16Þ

where h� is the influence coefficient. Kays (1993) gave that for lam-
inar flow Nu ¼ 5:385 and h� ¼ 0:346; for turbulent flow with
Re = 10,000, Nu = 27.8 and h� ¼ 0:220 (for Pr = 0.7). The Nusselt
number Nu and h� can be interpolate between the laminar values
and turbulent values for d� R.

While, for d � R, the Colburn equation (Incropera and DeWitt,
2002) is used

q00wv ¼ 0:023
kv

2d
Re0:8

w Pr0:33
v ðTw � TvÞ ð17Þ

q00vl ¼ 0:023
kv

2d
Re0:8

i Pr0:33
v ðTv � TlÞ ð18Þ
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and the Reynolds numbers are defined as

Rew ¼ qvuv2d=lv ð19Þ
Rei ¼ qv juv � ulj2d=lv ð20Þ
in which, lv is the vapor viscosity. Assuming that the vapor film is
transparent to thermal radiation and the wall is gray, the radiation
heat flux to the liquid core can be expressed as (Hammouda et al.,
1997)

q00r ¼
rBðT4

w � T4
s Þ

1
ew
þ 1

el
ffiffiffi
al
p � 1

ð21Þ

where rB is the Stefan–Boltzmann constant; ew and el are emissiv-
ities of the wall and the liquid, respectively. For a turbulent flow in
the vapor film, different correlations have been suggested for wall
shear stress and interfacial shear stress; here we adopt those used
by Kawaji and Banerjee (1988), which have the same form for the
two stresses:

swv ¼ 0:5f wqvu2
v ð22Þ

si ¼ 0:5f iqvðuv � ulÞ2 ð23Þ

where fw and fi are friction factors, and given by

fw ¼ 0:085Re�0:25
w ð24Þ

fi ¼ 0:085Re�0:25
i ð25Þ

in which Rew and Rei are the same as those defined in Eq. (19) and
(20), respectively.

2.2.2. Dispersed flow region
In chilldown experiments, with increasing void fraction and

velocity difference between the two phases, dispersed flow is ex-
pected to appear downstream of the IAFB region. Assumptions to
derive the conservation equations for dispersed flow are listed as
follows: (1) the liquid phase is dispersed spherical droplets, while
the vapor phase is continuous; (2) the two phases are in thermody-
namic non-equilibrium, the liquid phase is at saturation tempera-
ture, and the vapor phase is treated as ideal gas; (3) the vapor and
liquid pressures are uniform and equal to the tube exit pressure;
(4) at any given cross-section of the flow channel, all droplets have
the same diameter d. The droplet diameter is a function of axial po-
sition or void fraction a; (5) at any given cross-section of the flow
channel, all droplets move with the same velocity ud; (6) the inter-
facial velocity is the same as the droplet velocity. Here, the
assumption (3) is adopted from previous work (Hedayatpour
et al., 1993) and based on the fact that the pressure drop in the dis-
persed region is very small compared with the total pressure drop.
Under this assumption, the pressure is not an unknown, and the
vapor momentum equation does not need to be solved, therefore
the problem is significantly simplified.

For a vertical tube, the transient one-dimensional two-fluid
equations for the dispersed flow region are given as below:

Continuity equation:
o

ot
ðalqlÞ þ

o

oz
ðalqludÞ ¼ �m000l ð26Þ

o

ot
ðaqvÞ þ

o

oz
ðaqvuvÞ ¼ m000l ð27Þ
Momentum equation:
o

ot
ðalqludÞ þ

o

oz
ðalqlududÞ ¼ �alqlg þ s000d ð28Þ
Vapor enthalpy equation:
o

ot
ðaqvhvÞ þ

o

oz
ðaqvuvhvÞ ¼ q000v þm000l ðhvs � hvÞ ð29Þ
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Vapor state equation:
Fig. 3. Electrical analog of radiation heat transfer in dispersed flow region.
qv ¼
P
Rg

Tv ð30Þ

In the above equations, subscript d is for liquid phase, v is for
vapor phase and s denotes saturation; m000l is the interfacial mass
transfer rate per unit volume; q000v is the heat used to heat up the va-
por per unit volume; s000d is the shear stress on liquid droplets; for
the body force in the momentum equations, again plus sign is for
down-flow, minus sign is for up-flow, and body force terms are
considered as zero in 0-g calculations.

Heat and mass transfer in the dispersed flow region is rather
complex. Since the two phases are generally in thermal non-equi-
librium, possible heat and mass transfer processes are considered
as follows (Guo, et al., 2002; Andreani et al., 1994), which are illus-
trated in Fig. 2b: (1) convective heat transfer from the wall to the
vapor q00wv ; (2) interfacial heat transfer between the vapor and
droplets q00vd; (3) direct contact wall-to-droplet heat transfer q00wd;
(4) radiative heat transfer from the wall to the droplets q00r;wd; (5)
radiative heat transfer from the wall to the vapor q00r;wv ; (6) radia-
tive heat transfer from the vapor to the droplets q00r;vd; (7) evapora-
tion mass flux of the droplets m00l .

Similar to the IAFB model, constitutive relations for heat and
mass transfer and shear stress terms need to be provided to close
the model. In the present work, we have investigated the previous
researches and selected the most acceptable correlations, which
will be given below. The convective heat transfer from the wall
to the vapor q00wv contributes most to the total heat removal from
the wall, and is modeled as below (Hedayatpour et al., 1993; Ganić
et al., 1977)

Q 00wv ¼ 0:023
kv

D
Re0:8

v Pr0:33
v ðTw � TvÞ ð31Þ

where D is the tube ID and Rev is the vapor Reynolds number. The
interfacial heat transfer between vapor and droplets is calculated by
the Lee–Ryley model (Kawaji, et al., 1988; Lee et al., 1968):

q00vd ¼
kv

d
ð2þ 0:74Re0:5

d Pr0:33
v ÞðTv � TsÞ ð32Þ

here d is the droplet diameter, and Red is the droplet Reynolds num-
ber defined as

Red ¼
qvðuv � udÞd

lv
ð33Þ

The direct contact wall-to-droplet heat transfer is usually much
smaller than the convective heat transfer from the wall to the va-
por, and is modeled by (Guo et al., 2002)

q00wd ¼
18k3

v t3
Rqvh0lv _m5

d

d5q4
l lvð1� aÞðTw � TsÞ

" #1=4

ðTw � TsÞ ð34Þ

where h0lv ¼ hlv þ CpðTv � TsÞ, is the modified latent heat; tR is the
droplet resident time, which characterizes the average time that
the droplet is in contact with the wall, and is given by Bolle and
Moureau (Bolle et al., 1986) as

tR ¼ p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qld

3d316r
q

ð35Þ

In Eq. (34), _md is the deposition rate, which represents the drop-
let mass impinging rate on the wall per unit area, and is given by
Kataoka and Ishii (1983) as

_md ¼ Kð1� aÞql ð36Þ

where K is the deposition mass transfer coefficient and given as

K ¼ ll

D
0:22Rel0:74

lv
ll

� �
ð37Þ
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here E denotes the fraction of liquid droplet entrainment in the
vapor core and equals to unity for the dispersed flow. Also r and a
are surface tension and void fraction, respectively.

In general, the radiation heat transfer among the wall, the vapor
and the droplet is usually small. If this effect is considered, the
method proposed by Sun et al. (1976) is applied here. The wall,
the vapor, and the droplets are characterized by an electrical net-
work as shown in Fig. 3. The radiation heat fluxes can then be ex-
pressed as

q00r;wv ¼ ðRw þ Rv þ RwRv=RdÞ�1rBðT4
w � T4

vÞ ð38Þ
q00r;wd ¼ ðRw þ Rd þ RwRd=RdÞ�1rBðT4

w � T4
s Þ ð39Þ

q00r;vd ¼ ðRv þ Rd þ RvRd=RwÞ�1rBðT4
v � T4

s Þ ð40Þ

where

Rv ¼ ðl� evÞ=½evðl� evedÞ� ð41Þ
Rd ¼ ðl� edÞ=½edðl� evedÞ� ð42Þ
Rw ¼ l=ðl� evedÞ þ ð1� ewÞ=ew ð43Þ

In the above equations, ew; ev and ed are emissivities of the wall,
the vapor and the droplets, respectively.

Note that all the heat absorbed by the liquid phase is assumed
to be used to evaporate the liquid droplets. On the basis of energy
balance, the heat used to evaporate the droplets per unit volume is
given by

q000evap ¼ A000i q00vd þ
4
D
ðq00r;vd þ q00wd þ q00r;wdÞ ð44Þ

Therefore, the interfacial mass transfer rate per unit volume in
the model equations is

m000l ¼ q000evap=hlv ð45Þ

Here A000i is the interfacial area per unit volume of the flow channel,
which is given as

A000i ¼
6ð1� aÞ

d
ð46Þ

The vapor phase is heated by the wall and passes part of this
heat to evaporate the liquid droplets. The vapor heating term in
Eq. (29) is given as

q000v ¼
4
D
ðq00wv þ q00r;wv � q00r;vdÞ � A000i q00vd ð47Þ

The interfacial drag on the droplets per unit volume is calcu-
lated by
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s000d ¼
6ð1� aÞFD

pd3 ð48Þ

where FD is the drag force on one droplets, which was suggested by
Rowe (1961) as

FD ¼
CD

2
qv juv � udjðuv � udÞ

p
4

d2 ð49Þ

here the drag coefficient is given as

CD ¼
24
Red
ð1þ 0:15Re0:687

d Þ ð50Þ

In the current work, the droplet diameter is evaluated by the
model of Kataoka et al. (1983):

d ¼ 7:96� 10�3 r
qvðauvÞ2

Re2=3
v

qv
ql

� �1=3 lv
ll

� �2=3

ð51Þ
2.2.3. Pure vapor region
If the flow path is long enough, all the liquid droplets in the dis-

persed flow front will be evaporated eventually and the flow be-
comes pure vapor. In this study, when the void fraction reaches
0.99, the effect of the liquid phase is neglected and the flow is mod-
eled as pure vapor, in which the only heat transfer mechanism is
due to the forced convection to the vapor

q00wv ¼ 0:023
kv

D
Re0:8

v Pr0:33
v ðTw � TvÞ ð52Þ
2.2.4. Single-phase liquid region
When the tube wall has been chilled down to the rewetting

temperature, intermittent liquid-wall contact is established and
transition boiling begins. The transition boiling, characterized by
rapid bubble generation, is highly unstable and immediately re-
placed by the nucleate boiling. Modeling the transition boiling re-
gion in chilldown is generally a difficult task, because the
understanding and experimental data of the transition boiling are
still very limited at the current stage. On the other hand, the tran-
sition boiling period in a chilldown process is so short and the heat
flux of transition boiling is at the same order as that of the nucleate
boiling, therefore nucleate boiling correlations are used to model
both the transition boiling region and the nuclear boiling region
in this work, as also adopted by other researches (Kawaji et al.,
1988; Hedayatpour et al., 1993).

In the present study, Chen’s correlation (Chen, 1966) for nucle-
ate boiling is used, in which the total heat transfer coefficient
equals to the sum of a microscopic (nucleate boiling) contribution
hmic and a macroscopic (bulk convection) contribution hmac, in
addition, hmic is evaluated by pool boiling correlation times a sup-
pression factor SðRe2uÞ; while hmac is proposed to be enhanced
from single-phase liquid convection with a enhancement factor
FðXttÞ. The Chen’s correlation gives

h ¼ hpoolStðRe2/Þ þ hlFðXttÞ ð53Þ

where

hpool ¼ 0:00122
k0:79

l c0:45
pl q0:49

l

r0:5l0:29
l h0:24

lv q0:24
v

" #

� ðTw � TsðPlÞÞ0:24ðPsðTwÞ � PlÞ0:75 ð54Þ

hl ¼ 0:023
kl

D
Re0:8

l Pr0:4
l ð55Þ

In Eq. (52), Re2u is the two-phase Reynolds number, Xtt is the
Martinelli parameter.
In this study, the rewetting temperature is used as the transi-
tion criterion from the film boiling to nucleate boiling. Whenever
the wall temperature is quenched below the rewetting tempera-
ture, the nucleate boiling will take over. The rewetting tempera-
ture is not a fixed value but affected by the flow rate, fluid and
wall properties, etc. However, for the same experimental setup
and limited range of working conditions, the rewetting tempera-
ture is generally a constant. Therefore, the rewetting temperature
acquired from the experiments as the transition criterion is appli-
cable to similar experimental conditions.

2.2.5. Tube wall temperature prediction
The wall temperature distribution is obtained by solving the 1D

transient heat conduction equation:

qwcp;w
oTw

ot
¼ kw

o2Tw

oz2 ð56Þ

in which Tw is the tube wall temperature, qw, cp;w; kw are the den-
sity, specific heat, and thermal conductivity of the tube wall,
respectively.

The constitutive equations and heat transfer correlations used
in the models above are basically independent of gravity as there
is no gravity term involved. Furthermore, the equations and corre-
lations are developed for axisymmetric cylindrical case that corre-
sponds to the current case of inverted annular flow film boiling and
dispersed flow boiling.

2.3. Numerical solution

A semi-implicit, finite difference scheme is used to discretize
and solve the chilldown model. Very small time steps were used
to avoid the instability that is inherent in the two-fluid model.
The 1D heat conduction equation is solved with a total of 200
nodes. The solution procedure is illustrated in Fig. 4. First, the ini-
tial conditions for both the tube wall and the flow field are given,
and the CHF location ZCHF is set at the tube inlet. Then the calcula-
tion begins with an initial guess of a; P;ul;uv ;hv .

In this model, Post-CHF models are used for the downstream of
the CHF point, while nucleate boiling model is applied to the up-
stream of CHF point. After solving the flow field, the wall temper-
ature is updated according to Eq. (55). A pre-defined rewetting
temperature is used as the transition criterion between the Post-
CHF and nucleate boiling region. The location where the wall tem-
perature becomes lower than the rewetting temperature is set as
the new CHF location, and the program performed iterates until
the wall temperature converges.

It is noted that in general, the rewetting temperature is not a
fixed value but affected by the flow rate, fluid and wall properties,
etc. However, for the same experimental setup and limited range of
working conditions, the rewetting temperature is generally a con-
stant. Therefore, using a constant rewetting temperature acquired
from the experiments as the transition criterion is expected to be
applicable to similar experimental conditions. Of course, a reliable
correlation for rewetting temperature is desirable and will general-
ize the current chilldown model.

Additionally, in chilldown modeling we need one input from
either quenching velocity or rewetting temperature. For example,
in some other chilldown models (Kawaji and Banerjee, 1988;
Hedayatpour et al., 1993) the rewetting temperature is not fixed,
but the location and the propagation of the quenching front are
considered a priori. These models begin with the IAFB and move
back to the upstream of the quenching front after solving the
Post-CHF region. In our model, setting the rewetting temperature
as a known quantity requires less information from the experi-
ments and therefore simplifies the model.



Fig. 4. Solution procedure of the cryogenic chilldown model.
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3. Model validation, numerical results and discussion

Before the code was used for the chilldown problem, it was val-
idated in two ways. First, the grid independence of the code was
tested. Next, the code was used to simulate a dam-break problem
and the computational results were compared with the analytical
solution (Zoppou, 2003). Validation results show that this code is
reliable and accurate. Then the model was used to simulate a real
cryogenic chilldown process and the results were compared with
previous experimental results.

In the literature, to the authors’ best knowledge, the only exper-
imental investigation that covered the whole cryogenic chilldown
process under a reduced gravity environment was conducted by
Antar and Collins (1997). Their work is summarized as follows.
The low gravity environment, which had an average gravitational
acceleration of ±0.01 g, was provided by a NASA KC-135 aircraft.
Two different test sections were used in the experiments. A quartz
tube, having 1.275 cm OD and 1.05 cm ID and roughly 60 cm
length, was used for the purpose of recording the images of flow
regimes; while the stainless steel test section was used for wall
temperature measurement. The stainless steel test section, which
has the dimension of 0.635 cm OD, 0.432 cm ID, and 70 cm length,
is modeled in the current study. Both test sections were mounted
vertically inside a vacuum jacket. Saturated liquid nitrogen was in-
jected from the bottom of the test section, while the top of the test
section was opened to the atmosphere.

The two main variables in the experiment were the nitrogen
flow rate and the initial tube temperature. The tube was initially
at the room temperature, after each test the wall temperature
was always brought to above 0 �C. Two type-T thermocouples were
soldered to the outside wall of the stainless steel test section lo-
cated at 20 cm and 30 cm from the inlet, respectively. The temper-
ature measurements show that the rewetting temperature is
relatively a constant, which is about 115 K, for the experimental
flow rate range. The wall temperature drops very quickly at this
point. Therefore, the transition criterion from film to nucleate boil-
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Fig. 5. Comparison between measured and predicted wall temperatures under 1-g
condition with flow rate of 40 cc/s.
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Fig. 6. Comparison between measured and predicted wall temperatures under 0-g
condition with flow rate of 40 cc/s.
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ing is set as 115 K. The transition boiling period is found to be very
short and usually less than one second.

Fig. 5 shows the measured and predicted wall temperatures un-
der the 1-g condition with a flow rate of 40 cc/s. The model slightly
over-predicts the rate of temperature decrease before the rewetting
point and thus leads to an earlier transition to the nucleate boiling
region, the overall agreement is good. It should be pointed out that
for the experimental curves in Fig. 5 there was an initial tube wall
temperature difference of 30 �C between the 20 cm (266 �C) and
30 cm (296 �C) locations. In our model, however, the tube wall
was assumed to have a uniform wall temperature initially; there-
fore both 20 cm and 30 cm locations have the same initial temper-
ature. It is noted that all four curves have similar slopes (rate of
cooling), as a result, the experimental quenching times for 20 cm
and 30 cm locations are different while the model results are close.

Comparison between experimental data and model prediction
in microgravity condition is illustrated in Fig. 6. Again, a good
agreement is achieved. In Fig. 6 for microgravity, the initial tem-
perature difference between the two locations (about 17 �C) is
smaller than that for 1g (30 �C) in the experimental case. The heat
transfer rate is generally lower under microgravity condition,
0
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Fig. 7. Model prediction of boiling curve (a) and wall temperatures (
therefore as compared with the 1-g case, the quenching time is
longer in microgravity. The four curves again have very similar
slopes in Fig. 6. These are the reasons that the model predictions
and the experimental data are closer under microgravity. More
specifically, the model underestimates the rate of temperature de-
crease very slightly. This discrepancy is believed to have come
from the residual gravity effect in the experiment. The experiment
was performed in a KC-135 aircraft and the authors reported that
the residual gravity is in the range of ±0.01 g (Antar and Collins,
1997). Based on the gravity effects discussed in relevance to
Fig. 8b below, the estimated discrepancy should be about 5% in
the wall temperature history curves in Fig. 6 for 0.01 g versus zero
gravity. The actual discrepancy between the measured data and
our model results in Fig. 6 is about 12%. The larger discrepancy
in the actual case is probably due to the plus and minus 0.01 g fluc-
tuation in the KC-135 experiment. It is important to note that the
slopes of the quenching curves predicted by our model are the
same as those from the experiments for both 1-g and 0-g, which
virtually verifies the model.

A given tube wall location could potentially experience a pure
vapor flow, dispersed flow, inverted annular flow or nucleate boil-
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b) at different axial locations under both 1-g and 0-g conditions.
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ing. Under the microgravity condition, the durations for both dis-
persed flow and inverted annular flow are longer than those under
the normal gravity condition. This is because heat transfer rate is
reduced under microgravity. Also, since the two-phase flow is
heated along the tube, the location which is closer to the inlet will
experience a shorter film boiling time. For the thermocouple lo-
cated at the 30 cm location in Fig. 6, complete vapor flow only lasts
about 0.2 s; dispersed flow regime ends at about 0.5 s; inverted
annular flow is much longer and ends at about 21 s.

Right part of Fig. 7 shows the prediction of the transient wall
temperatures at different axial locations along the tube under both
1-g and 0-g conditions with a flow rate of 40 cc/s. The correspond-
ing boiling curves are shown on the left part of Fig. 7. The three se-
lected locations are 1 mm, 20 cm and 30 cm from the inlet,
respectively. Obviously, the tube wall closer to the inlet is
quenched much more quickly. Moreover, the gravity effect is found
to be less important near the tube inlet (1 mm line), because the
void fraction is very small there and the flow is almost a single-
phase liquid. The gravity effect is found to increase along the axial
direction.

Effects of the inlet flow rate and gravity level are illustrated in
Fig. 8. As seen from Fig. 8a, a higher flow rate is associated with
a quicker temperature decrease, and this effect is more important
further downstream. Fig. 8b illustrates that in the film boiling re-
gion the heat transfer rate decreases with decreasing gravitational
acceleration for the bottom flooding case.

Merte (1990) reported terrestrial and microgravity pool boiling
data for saturated liquid nitrogen under atmospheric pressure. For
pool film boiling, based on Fig. 26 in Merte (1990), the estimated
average heat transfer coefficients are 50 W/m2 K and 125 W/m2 K
for microgravity and terrestrial gravity, respectively. From
Fig. 8b, for inverted annular flow film boiling, the corresponding
heat transfer coefficients are calculated as follows:

Wall temperature T ¼ 250 K hð1 gÞ ¼ 450 W=m2 K

hð0 gÞ ¼ 272 W=m2 K

Wall temperature T ¼ 177 K hð1 gÞ ¼ 592 W=m2 K

hð0 gÞ ¼ 350 W=m2 K

According to the comparison, irrelevant of either pool or flow
boiling, heat transfer coefficient is smaller under microgravity than
that in earth gravity by 40% and 60% for flow and pool boiling,
respectively.

Fig. 9 gives the wall temperature profiles at different times.
Wall temperature decreases with time and increases along the ax-
ial direction. At the beginning, the maximum temperature gradient
is at the tube inlet, when QF appears, the maximum temperature
gradient moves with the QF.

Based Fig. 9, the quench front propagated little in the first 15
seconds while the tube wall temperatures above the quench front
were falling uniformly at about the same rate. So, when the tube
wall temperature in the unquenched region approaches 115 K,
the quench front would be predicted to suddenly propagate and
the entire tube to be subsequently quenched in a very short time
that is consistent with the results obtained by Westbye et al.
(1995) in microgravity.

The predicted void fractions at different times under 0-g condi-
tion are displayed in Fig. 10. The void fraction increases along the
axial direction since more and more liquid is evaporated as the
flow propagates. In the initial stage, the wall is very hot, the void
fraction shows an abrupt increases along the axial direction, and
the flow regime changes from IAF to dispersed flow and then to
pure vapor flow. Later on, the pure vapor region and dispersed re-
gion are totally pushed out of the tube and the exit state of the
two-phase flow is in IAFB, and finally QF appears and sweeps to-
wards downstream.
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After 8 seconds, the void fraction above the quench front was
predicted to fall to less than 30% everywhere. Under such a low
void fraction, the dispersed droplet flow is ruled out, and an in-
verted annular flow would be predicted to exist over the entire
tube with a continuous liquid core occupying more than 80% of
the tube diameter.

4. Conclusions

In the present study, a two-fluid model is developed to describe
the transient cryogenic chilldown process under both terrestrial
and microgravity conditions. According to the experimental obser-
vation, four distinct flow regions are incorporated in the model,
which are single-phase vapor flow, dispersed flow, inverted annu-
lar flow, and single-phase liquid flow. For each flow region, differ-
ent heat mechanism is established. The model results show a good
agreement with both 1-g and microgravity experimental data. It is
found that the gravity effect increases along the axial direction as
the two-phase flow quality increases. In the film boiling region
the heat transfer rate decreases with decreasing gravitational
acceleration for the bottom flooding case.
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