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No-vent fill is a promising technology for ground filling applications of dangerous cryogens such as liquefied
natural gas and precious liquefied gas such as liquid helium and liquid hydrogen. A finite difference lumped analysis
using a Python computer program that predicts no-vent fill performance in a 1 g environment for the top filling
configurations is described. The tank system is divided into four lumps: the tank wall in contact with the ullage space,
tank wall in contact with the bulk liquid, tank wall in contact with the spray incoming liquid, and the cryogen. A new
method of dealing with heat transfer between the tank wall and the cryogen is introduced to improve the reliability of
the simulation. Corrections of assumptions on the initial distribution of the wall temperature and the inflow rate of
the incoming liquid are proposed. Experiments of both the top-spray and the top-nozzle filling configurations are
conducted to validate the new model. The results are shown to match the test results within the measurement

uncertainty of the test data.

Nomenclature
Autiet = outlet area of incoming liquid, m?
C = heat capacity of tank wall, J/(kg - K)
D = the thickness of the tank wall, m
H = liquid level, m
H, = the maximum liquid level to be sprayed on the wall
h = enthalpy, J/kg; or heat transfer coefficient,
W/m?K
htg = latent heat, J/kg
M = mass of tank wall, kg
m = mass of cryogen, kg
m = mass rate, kg/s
Pupply = the supply pressure, MPa
0 = heat transfer rate, J/kg
T = temperature, K
T = average temperature, K
Tyan = wall temperature, K
t = time, s
u = internal energy, J/kg
Veank = tank volume, m?
o = heat transfer coefficients, W/m?> K
AP = pressure difference (Pgyppy — Po), MPa
y = characteristic coefficient of the fluid transfer pipe
Ay = flashing evaporation coefficient
0 = density, kg/m?
Subscripts
cw = cold wall
cw! = between cold wall and the liquid bulk
f = flashing evaporation
g = vapor phase
hwg = between hot wall and ullage space
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in = incoming liquid

l = liquid phase

old value = value at the end of the last time step

sat = saturated condition

sw/ = between spray area and incoming liquid
0 = initial condition

1. Introduction

N GROUND fill applications, the transfer of liquid is straight-

forward in the presence of vented fills, because vapor can be
readily vented as a consequence of the known liquid position. When
introduced to applications of dangerous cryogens such as liquefied
natural gas and precious liquefied gas such as liquid helium (LHe)
and liquid hydrogen (LH,), vented fills are disadvantageous and
substituted by no-vent fills for the sake of safety and resource
protection.

Many experimental investigations have been conducted to obtain
the feasibility, the characteristics and influencing factors of no-vent
fills [1-3]. It reveals that the top filling configurations perform better
than the bottom filling ones in the no-vent filling process due to
agitation of the ullage/liquid interface and increase of the heat
transfer area. Therefore, top filling configurations are more and more
popular in no-vent filling applications.

Two common configurations applied in top filling configurations
are the spray and the nozzle. Some researchers thought that the top
spray is better than the top nozzle, while others thought the top nozzle
performs better [4—7]. Performance experiments of both the top-
debs-spray and top-nozzle filling configurations were conducted by
the authors. Pressure and temperature distribution in the receiver
vessels of no-vent fills were systematically studied. The test results
showed that the temperature is uniform and equal to the saturated
temperature corresponding to the current pressure in the receiver
vessels for both top filling configurations, which reveals a thermo-
dynamic saturated equilibrium occurring in the no-vent fill process of
the top filling configurations.

However, most models established before were used to predict
thermodynamic state during the no-vent filling process for bottom
filling configurations, which were used to simulate the worst filling
condition in space [§—10]. Little models were reported for top filling
configurations. An empirical correlation similar to the submerged jet
model of Brown et al. [11] was presented by Vaughan et al. [12], in
order to provide a basis for developing a condensation expression
that related the top fill to the bottom fill performance. By compared
with test data, the expression performed well with liquid height for
Z/D < 1.7. Above this limit it was not satisfied. Thermodynamic
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modeling of the no-vent fill process proposed by Chato [13] and
Taylor and Chato [14] referred to the correlation of Brown [15],
which was complicated for the heat transfer from droplets of the top
spray and neglected the effects of agitation of the ullage/liquid
interface.

In this paper, a simple and straightforward TSE (thermodynamic
saturated equilibrium) model is established to predict the perfor-
mance of top filling configurations in no-vent fills. A new method of
dealing with heat transfer between the tank wall and the cryogen is
introduced to improve the reliability of the simulation. Corrections of
the initial distribution of the wall temperature and the inflow rate of
the incoming liquid are presented, too. Experiments of both the top-
spray and the top-nozzle filling configurations are also conducted in a
cryogenic thermal-insulated cylinder with a volume of 180 liters to
validate the new model. Pressure, filling by volume, and wall
temperature were measured and compared with the results of the TSE
model. The model results are shown to match the test results within
the measurement uncertainty of the test data.

II. Model Description

The TSE model employs a finite difference analysis scheme that
segregates the tank/fluid system into four distinct control volumes on
nodes. These include the tank wall in contact with the ullage space,
tank wall in contact with the bulk liquid, tank wall in contact with the
spray incoming liquid and the cryogen (ullage and bulk liquid as a
whole) in the receiver vessel. The mass and energy flows between
these regions are calculated at each time step d¢. According to the
new mass balance and energy distribution, solution of the thermo-
dynamic state variables, such as pressure and temperature are
obtained through thermodynamic properties database [16].

A. Mass Balance

During no-vent fills, only the ullage and the liquid regions in the
tank undergo variations in mass. The incoming liquid results in a
corresponding mass addition to the cryogen remaining in the receiver
tank. If the initial pressure in the receiver vessel is less than the
saturated pressure of the incoming chunk, a chunk of mass will
experiences flash evaporation and it is assumed that the resulting
vapor and liquid portions of the chunk are each at their respective
saturation conditions according to the current pressure in the receiver
vessel. Here, a flashing coefficient is introduced to determine the
evaporation capacity of the incoming liquid and defined as follows:

ﬁ — hlin - hlsal
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Until the pressure in the receiver tank is higher than or equal to the
saturated pressure of the incoming liquid, the flash evaporation will
be ended. After flash evaporation, the mass of ullage and liquid bulk
in the receiver vessel is redistributed as
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If the current pressure in the receiver tank exceeds the saturated
pressure of the incoming chunk, the incoming liquid is subcooled
with respect to the current tank pressure and A, = 0.

The change in volume for the liquid bulk and the ullage space can
now be obtained. Note that the change in volume of the vapor is equal
and opposite to the change in volume of the liquid, and the total
volume is equal to the tank volume. The volume relationships are

mg m
Pgsat Plsat

= Vtank (4)

mg + m; = (mg + ml)r)ld value + min (5)

where g, and py, are the functions of the saturated temperature,
which can be calculated after the current pressure is updated.

B. Energy Balance

The energy balance in the TSE model has been simplified, since
the ullage space and the bulk liquid are united as a whole node. In this
test system, the total heat leak rate of each receiver cylinder was
found out to be lower than 5 W. With test durations ranging from
approximately 2.0 to 7.0 min, the total heat leak has a maximum of
2.1 kJ. These small heat leaks are negligible in comparison with the
energy of the incoming liquid, and thus do not impact the final
pressure in the receiver tank. For the cryogen node, the energy
balance includes the energy transported by the incoming liquid and
convection with the tank wall:

w = Qhw‘g7 + stl + chl + drn_mhin (6)

dr dt
where Qy,» Qswi> and Q. represent heat transfer between the hot
tank wall and the ullage space, between the spray region on the tank
wall and the incoming liquid, and between the cold tank wall and the
bulk liquid, respectively. The model then iterates the tank pressure
until the fluid qualities based on the density and internal energy
converge. The requisite parameters are then updated and the program
proceeds to the next time step.

The convection heat transfer between the tank wall and the
cryogen is divided into three regions: 1) between the hot tank wall
and the ullage space, 2) between the spray area on the tank wall and
the incoming liquid, and 3) between the cold tank wall and the bulk
liquid, as shown in Fig. 1. These are composed of Oy, Qgwr» and
Q.- Each region yields the following similar expression for the tank
wall adjacent to the liquid:

chl = hcwlAcwl(Tcw - TI) (7)

In addition to different T\, and heat transfer areas, three regions
correspond to different heat transfer coefficients (/g Agy;» and Aey,;)
and different corresponding temperatures of the cryogen (T, T, and
T[).

In the time step of &,

k
Ocwi = hew Z[Twall (H; ty) — Ty ]dA; dr ®)
i=0

where the subscripts i and k — 1 denote the corresponding time step.
For example, H, is the liquid level at the end of the time step of i. The
expression of T, (H;, t;_;) indicates the wall temperature at a liquid
level of H; at the beginning of the time step of k. It shows that the wall
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Fig. 1 Schematic of calculation of the heat transfer between the wall
and the cryogen.
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temperature is a function of both the liquid level and time. The heat
transfer between the cold wall and the bulk liquid is solely calculated
and then accumulated to give the total rate of the heat transfer of wall/
bulk liquid on the assumption that heat conduction along the wall can
be omitted.

For region 2 of wall/spray heat transfer,

k
Qi = hylTwan(H;. Hy i) — T (AS - ZAI-) i (9
i=0

where T, (H;, Hy, t,_,) is a geometric mean wall temperature in the
range of liquid level from H; to H according to the method of lump
parameter. Similarly, for region 3 of wall/ullage heat transfer,

Qhwg
hhwg [Twall (Hs ’ Htop7 tk—l) - Tg] (Atank - As) dr
hhwg [Twall (HiaHlopv tk*l) - Tg] (Alank - {'(:OAI') dr if H.r < Hi

if H, > H,

i
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Meanwhile, the wall temperature at varying liquid level can be
calculated with the aid of the division of wall surface by the rising
liquid interface in each time step. The relationship between heat
transfer on the wall and the heat capacity change of the wall meets

d Qi = hi dAi(Twall.i—l - Tcryogen) dr= Mwallj d(cwall,iTwall.i) (11)

where My = Pyan Voani = PwanD dA;. Since  hy, Ty —
Teryogens PwanD> and Cy; are known, the wall temperature at
varying liquid levels and its history can be obtained.

The division on the tank wall is a new method to be introduced
here. Chato [13] once assumed in his no-vent fill (NVFIL) model that
no liquid accumulation took place before the tank wall being chilled
to the temperature of the incoming liquid and once liquid started to
accumulate, the liquid and vapor were in thermodynamic equi-
librium. By comparison with the experiment results, the pressure was
overestimated, since it was impossible to achieve full heat absorption
in the initial filling process. Actually, heat transfer between tank wall
and cryogens occurs in every time step, depending on different
mechanisms. In this model for top filling configurations, Newton’s
law of cooling describes the heat convection between the tank wall
and cryogens, butitis composed of Q> Qi and Q... The model
then redistributes new heat transfer area and heat capacity according
to the current liquid level and corresponding temperature in each time
step to estimate a new heat transfer rate. The heat transfer coefficients
(Phwg» Pgwi» and he,,) are derived from Sauter et al. [17].

C. Corrections of the Initial Wall Temperature and the Inflow Rate

In most former models [§—14], the wall temperature was assumed
as uniform initially and the inflow rate was assumed as a constant for
the whole filling process. During practical applications and
experiments, it is found that the temperature of the wall in contact
with the ullage space changes much and the higher liquid level is the
higher wall temperature exists. On the other hand, a constant supply
pressure is more easily and economically controlled than a constant
inflow rate. In this model, the wall temperature is assumed as a linear
function of the liquid level and the inflow rate is a function of the
pressure difference between the supply and the receiver pressure.

D. Constitutive Relationships and Model Parameters

At the temperature and pressure of interest, since the specific heat
of the liquid, vapor and tank wall is obviously varied, thermal
properties database has been involved and the specific heat is
assumed as a function of the current temperature in each time step.

In this model, the constant supply pressure is substituted for the
constant inflow rate as an input parameter. The inflow rate is a fluid
transfer parameter that depends on the flow characteristic of the fluid
transfer pipe. It is assumed that the inflow rate is a function of the
pressure difference between the supply and the receiver pressure.

For viscid flow, the head loss of a pipe can be expressed as

AP U?
hloss: :_+hj+hl (12)
pg 28
where
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hy Xng (13)

is major loss due to friction in the pipe, and

UZ

2 (14)

hl=§

is minor loss due to the components in the pipe system.
The pressure difference can be calculated by using Eqgs. (12-14):
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The pressure difference as a function of the inflow rate can be

expressed as
\2
Ap=— Y (M (18)
(IoinAoutle[)2 dr

where y is the characteristic coefficient of the fluid transfer pipe. In
this test system, y of the given fluid transfer pipe is obtained to be
0.01029 as shown in Fig. 2.

The results of the time-step investigation are shown in Fig. 3 on the
base of preliminary coefficients and test parameters of the top-spray
filling configuration. For a time step greater than about 1 s, the model
becomes unstable. A preliminary time step of 0.5 s is selected for
model verification. Quasi-equilibrium conditions are assumed for
each time step. It is further assumed that all processes for each time
step are considered to be isobaric. As such, the saturation conditions
remain constant for the duration of the time step. Regardless of the
amount of liquid in the tank, the pressure of the vapor is assumed to
represent the pressure throughout the tank.
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Fig. 2 Transfer characteristic of the given fluid transfer pipe in the test
system.
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Fig. 3 Time-step study.

Python, a powerful programming language, is used to program the
TSE model and nitrogen is served as a work fluid in this system. The
thermal properties of nitrogen refer to the thermodynamic properties
database [16]. An appropriate set of program stopping conditions are
checked at the end of each time step. These checks include the
following:

1) The tank pressure exceeds the tank burst pressure or the supply
pressure.

2) The fill level is greater than the filling by a volume of 95%.

III. Experiment Description

The test system, illustrated in Fig. 4, comprises the following five
parts:

1) The supply system (components 1 and 12) is a vertical supply
vessel with a capacity of 5 m?, in which liquid nitrogen (LN,) as a
testing medium is stored.

2) The LN, delivery system (components 3-5) includes a
cryogenic pump, a flexible metallic hose, and a bypass pipe line for
precooling the pump and the filling line.

3) The receiver system (components 2 and 11) includes a
cryogenic thermal-insulated cylinder with a volume of 180 liters.

4) The measuring system (components 6-9) includes temperature
sensors positioned on the inner wall and in the inner cylinder,

A

A -spray; B -nozzle

Fig. 5 Sketch of outlets of filling configurations.

pressure transducers on supply and receiver vessels, and weight
measurement of the receiver cylinder.

5) The cryogenic safety system (component 10) includes several
sets of the burst disc and the safety valves on the transfer pipe line and
tanks. LN,, as the test media, is supplied from the storage vessel and
transferred into receivers through the cryogenic pump.

Two patterns including top spray and top nozzle are studied in the
no-vent fills. Spray and nozzle outlets are illustrated in Fig. 5.
Figure 6 shows out the outlet position of top filling configurations. It
is fixed at a relatively higher place that corresponds to a filling by
volume of 90%. Figure 6 also illustrates locations of the thermo-
couples for testing receiver cylinders. Tank wall thermocouples are
located in the annular vacuum space and are mounted to the inner
tank wall. It contains six thermocouples vertically spaced on the wall.
Within the inner cylinder is an instrument tree containing thermo-
couples at varying heights and radii. This tree is in direct contact with
the tank contents, whether liquid or vapor. It contains totally 14
thermocouples assigned to eight layers arranging from 2.7% height
level to 95% height level. In addition to the tank wall and tree
temperature measurements, one thermocouple is fixed at the outlet of
the filling pipe to measure the inflow temperature.

MPM4730 transducers made by Micro Sensor Company provide
continuous pressure measurement throughout the system with an
accuracy of £0.1 percent. The transducers record the ullage pressure
of receivers and the outlet pressure of supply vessels. The receiver
cylinder is put on the SCS-600 electronic weighing platform made by
Mettler Toledo with an accuracy of £0.1 kg to estimate the flow rate
and filling mass. Temperature measurements are obtained with
thermocouples mounted to the inner tank wall and the axial rod at the
center of the tank, which is shown in Fig. 6. The thermocouples are
calibrated before and after the tests with an accuracy of £1 K. With
the aid of temperature and mass measurements, liquid or vapor

/1

07

1-supply vessel; 2-180L testing cylinder; 3- cryogenic pump; 4- filling line;5- by-pass precooling pipe

line; 6- pressure measurement; 7- temperature measurement; 8- mass measurement; 9—collection

system; 10- safety system; 11-vent pipe line; 12-self-pressurizing pipe line.

Fig. 4 Schematic of the filling test loop and measurement system.
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Fig. 6 Construction of the receiver tank and position of thermocouples
and filling outlets.

density and filling by volume of receiver vessels could be estimated
within an error of 4%.

The receiver cylinder selected is a multilayer insulating cryogenic
vessel with high vacuum and the annular space is vacuumed to the
order of magnitude of 1073 Pa to eliminate the effects of heat
convection. To estimate the total heat leak, static evaporation rate
measurement is conducted before filling tests to ensure that the total
heat leak rate of each receiver cylinder could be omitted.

Precooling is performed for all the receivers and pipes before each
fill to avoid abrupt vaporization. Performance of a filling process
involves four sequential steps. First, the test cylinders should be
chilled down to a target temperature, which is somewhat above the
inflow temperature but low enough not to make pressure exceed the
allowable maximal value [18]. Second, the cryogenic pump should
be chilled down before operating. Third, to eliminate the pressure rise
inreceivers, the filling pipes should be chilled down until only single-
phase LN, flows in the filling lines, which could be realized by
installing bypass valve at the end of the filling lines. Fourth, when all
the preparations have been well done, the filling valve can be open
and LN, is transferred from the supply vessel to the receiver vessel
until the pressure rapidly rises for the second time in the no-vent fills.

IV. Model Validation and Discussion

Test results are used to evaluate the accuracy of the prediction of
the TSE model, to check its theoretical and empirical constitutive
relationships, and generally validate its use for ground fill analysis.
Comparisons between test data and model predictions for both
the top-spray and the top-nozzle configurations are shown in Figs. 7
and 8.

Figure 7a shows that the results from the TSE model are in
agreement with the test data of the top-nozzle filling configurations,
running within 0.05 MPa for most cases. The model underpredicts
the initial pressure spike and overpredicts the pressure at the second
half of the process. In examining the analytical results, it is noted that
although the straight downward direction of the top nozzle leads to
assumptions that zero spray area appears on the tank wall and only
Onwe and Q. determine the wall/cryogen heat transfer, in a real
filling process, the incoming liquid that directly impinges on the
bottom surface or the rising liquid/ullage interface causes liquid
drops to bounce out to the tank wall, especially at the beginning of the
filling process. Such diffusion leads to the increase of heat transfer
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Fig. 7 Comparison of the top-nozzle filling configuration. Test
parameters: time step is 0.5 s, T;, =90.1 K, Py, = 0.65 MPa,
my = 6.68 kg, Py = 0.1 MPa, and T,,,;, = 75.73766 + 48.46H K.

area and more heat being absorbed to increase the pressure in the
receiver tank. As shown in Fig. 7b, the prediction of the filling level is
in good agreement with the test results.

The prediction of tank wall temperature is also compared with the
test data, which is illustrated in Fig. 7c. The results are shown to
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Fig. 8 Comparison of the top-spray filling configuration. Test

parameters: time step is 0.5 s, T, =80.3 K, P,y =0.1 MPa,
m, = 6.68 kg, Py = 0.1 MPa, and T,,,,, = 73.61809 + 61.37H K.

match the test results within the measurement uncertainty of the test
data. The measured temperature is higher than the calculated one,
because the measured nodes are located on the outside surface of the
tank wall while the calculated values are for the inner surface of the

tank wall. Because of effects of heat conduct and heat radiation from
surroundings, the measured temperature is a bit higher than expected
one.

The comparisons for the top-spray filling configurations are
illustrated in Fig. 8. For the pressure transients, the prediction
performs well in Fig. 8a. However, the pressure is still underpredicted
at the beginning of the filling process. It can be explained that extra
heat leak from the filling transfer line is brought into the receiver tank
at the beginning of the filling process, since the transfer line is hard to
be totally cooled down in the precooling stage. At the second half of
the filling process, the pressure is overpredicted for both the spray
and nozzle configurations. It may be caused by the constant
assumptions of the heat transfer coefficients between the tank wall
and cryogens. Since the temperature difference and flow pattern on
the wall/cryogen surface changes, the heat transfer mechanism is
naturally transformed from boiling to forced convection. Therefore,
the heat transfer coefficients and the equations should be updated to
accommodate the practical conditions. As shown in Fig. 8b, the
filling level is well predicted by the model.

For test results of both the top filling configurations (Figs. 7a and
8a), in addition to an initial pressure rise region and a relatively
moderate pressure stage, there exists another pressure rise at the end
of the filling process. It usually happens when the outlets of filling
nozzles start to become submerged by the rising liquid/ullage
interface. As the outlets are immersed, condensation deceases and
the ullage space is compressed. The pressure characteristic of a
second pressure rise can be a symbol of terminating the filling
process of no-vent fills. Although the pressure rapidly rises after the
outlets are submerged, the temperature of the bulk liquid has no
change, for the following reasons:

1) When the outlets are submerged, it is hard for the incoming
liquid to mix the bulk liquid due to the effects of buoyancy and alarge
amount of accumulated bulk liquid.

2) The submerged incoming liquid cannot well agitate the rising
liquid/ullage interface, which leads to a sharp decrease of heat
transfer area and thereby a poor condensation. With poor conden-
sation, less vapor can be liquefied.

3) The continuous incoming liquid occupies the room for the
ullage space without escapement or condensation of vapor, which
leads to a further compression of the ullage space and thereby a rapid
pressure rise.

The phenomenon of a rapid pressure rise with subcooled bulk
liquid at the end of no-vent filling process has been observed in
experiments. Itis clear that the model becomes inappropriate after the
outlets are submerged, since the cryogen in the receiver tank is not in
accord with the assumption of thermal saturated equilibrium. It
shows that the TSE model should be refined for the state after outlets
submerged.

Two assumptions on the initial wall temperature and the inflow
rate have been corrected in this model and their effects have been

0.3

Experimental data

Model with uniform initial wall temperature
Model with constant inflow rate

Present model

oo om

Based on test data of the spray condition
m corresponding to Fig. 6.

Pressure in receiver vessels (MPa)
o
n
1

o

T T T T
50 100 150 200 250

Time (s)
Fig. 9 Model comparison among different assumptions.

o
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shown in Fig. 9. The results from the current model are in much better
agreement with the test data, since the new assumptions obey the
actual distribution of the tank wall temperature and the transfer
characteristics of the filling pipe. The constant assumption of the
initial wall temperature performs worst as shown in Fig. 9, which
indicates that the initial wall temperature is an important influencing
factor to which attention should be paid.

V. Conclusions

A thermodynamic saturated equilibrium analytical model to
estimate no-vent fill performance of the top filling configurations has
been established. The validity of the model is demonstrated by a
series of experimental tests. The results are in good agreement with
the test data of top filling configurations. The corrections of
assumptions on the initial wall temperature and the inflow rate are
effective to improve the model’s accuracy.

The continuing refinement of the current model will lead to a
general program that can be applied to all kinds of filling config-
urations and vessels for a 1 g environment. Some areas currently
under consideration for refinement include better simulation of heat
transfer rate between tank wall and cryogen, the applications of jet-
submerged theory for submergence conditions, and the addition of
external heat leak effects.
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