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Abstract Nitrous oxide is often used in the space industry, as an oxidiser
or monopropellant, mostly in self-pressurised configurations. It has potential
for growth in use due to the recent rising interest in green propellants. At the
same time, modelling the behaviour of a self-pressurising nitrous oxide tank is
a challenging task, and few accurate numerical models are currently available.
Two-phase flow, heat transfer and rapid changes of mass and temperature in
the investigated system all increase the difficulty of accurately predicting this
process. To get a get better understanding of the emptying of a self-pressurised
nitrous oxide tank, two models were developed: a phase equilibrium model
(single node equilibrium), treating the control volume as a single node in
equilibrium state, and a phase interface model, featuring a moving interface
between parts of the investigated medium. The single node equilibrium model
is a variation of equilibrium model previously described in the literature, while
the phase interface model involves a novel approach. The results show that
the models are able to capture general trends in the main parameters, such as
pressure or temperature. The phase interface model predicts nitrous oxide as
a liquid, a two-phase mixture, and vapour in the lower part of the tank, which
is reflected in the dynamics of changes in pressure and mass flow rate. The
models developed for self-pressurisation, while created for predicting nitrous
oxide behaviour, could be adapted for other media in conditions near vapour—
liquid equilibrium by adding appropriate state equations.
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Nomenclature

A — area

Adia_in — tank inner cross-sectional area

Cd — discharge coefficient

CdA — numerical coefficient combining discharge coefficient and area

Cab — average bubble drag coefficient

Cw —  tank specific heat

E — empirical factor

h — enthalpy

m — mass flow rate

Mrise — mass flow rate of vapour rising bubbles

Tout — mass outflow rate

Ma —  Mach number

P —  pressure

h — enthalpy

he — phase change enthalpy

Q —  heat flux

s —  heat flux density

R — gas constant

Pr —  Prandtl number

T — temperature

t —  time

v —  velocity

14 —  volume

Greek symbols

™ ®Q

volumetric void fraction
dynamic viscosity
density

Subscripts and superscripts

b
bubble
cv

ev

liq

geew

Acronyms

CFD
CP
EQ
MAE

bottom, regarding bottom node of a model

regarding bubble / vapour stream from a bottom node
condensing vapour

evaporating

liquid

from saturation line

upper, regarding upper node of a model

vapour

tank wall

computational fluid dynamics

Casalino-Pastrone two-phase lumped parameter model
Zakirov-Li equilibrium model

mean absolute error
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PIM — phase interface model
SNE — single node equilibrium
SPI-HEM - single phase incompressible-homogeneous equilibrium model
ZK —  Zilliac-Karabeyoglu real fluid, quasi-phase equilibrium model

1 Introduction

Nitrous oxide is used in the space industry, particularly in hybrid rockets as
an oxidiser [1-3], and is considered as a potential monopropellant for satel-
lite thrusters [4,5]. Its main advantages are nontoxicity, low cost, market
availability, and ease of storage at a wide range of temperatures.

Further advantages are apparent when it is used as an oxidiser in hybrid
rocket engines. A typical small-scale rocket motor using a liquid oxidiser
such as oxygen requires a pressurising system. It is needed to maintain
a high tank pressure to ensure the desired pressure head and therefore
the desired mass flow of the oxidiser. If the fluid used has high satura-
tion pressure, it is possible to omit the pressurising system and make the
medium pressurise itself. While oxygen has a critical point at a vapour
pressure of 5 MPa and a temperature of 155 K (—118°C), nitrous oxide
has a critical point at pressure of 7.2 MPa and a temperature of 310 K
(37°C). This means that nitrous oxide can be kept liquid within a pres-
surised tank at room temperature, while storing liquid oxygen requires cryo-
genic temperatures. As a result, nitrous oxide can remain at high pressure
without additional pressurisation by boiling if the pressure drops, and is
therefore self-pressurising. In this case, nitrous oxide can remain in vapour-
liquid equilibrium up to 310 K. These properties may be utilised in the
design of an effective and lightweight oxidiser feeding system, removing
the need for cryogenic tanks and/or additional pressurisation. While us-
ing self-pressurisation offers simple hardware design, it also increases the
difficulty of modelling, with complex physical phenomena such as evapora-
tion, boiling, heat transfer and two-phase flow having a significant impact
on the system’s characteristics. Due to this complexity, there are few ro-
bust numerical models, and those available are incapable of predicting the
transient flow features occurring during the emptying of a self-pressurised
nitrous oxide tank. The goal of this study is to the investigate possibility
of developing a fast and accurate numerical model of a self-pressurising
nitrous oxide tank, for application in the prototyping and optimisation of
systems using such tanks, particularly for hybrid rocket engines.
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1.1 Existing models

Winter and Marchetta [1] used computational fluid dynamics (CFD) to
investigate the influence of external heat flux, namely the impact of so-
lar radiation, on heating the spacecraft tanks. Cryogenic storage tanks on
spacecraft are subjected to heating by solar radiation over long periods of
time during space flight. Heating results in pressure increase due to self-
pressurisation. Such pressure increase, if not controlled, might lead to rup-
ture of the tanks and it is therefore important to predict rises in pressure.
The cited authors used a pressure-based model with the application of an
energy of fluid method to simulate this phenomenon. The case with the
refrigerant R-12 was used as a benchmark, and revealed a need for further
studies on simulation parameters, such as relaxation factor, time step size
and mesh cell size.

Analysis of a self-pressurising tank under heat influx was carried out
using CFD in [7]. Hydrogen under normal and microgravity was simulated
using Ansys Fluent, using volume of fluid method, allowing for tracking
of the phase interface. The authors analysed impact of varying number
of layers of insulation on heat influx and speed of evaporation of initially
liquid hydrogen. Comparison with experimental results was not shown, al-
though results prove that commercially available software could be used for
handling a self-pressurising fluid tank.

Apart from CFD simulations, there have been several other approaches,
both simpler and more tailored to the modelling of self-pressurisation. One
commonly used approach is to use a lumped parameter (or element) model.
Such a model simplifies the description of a real life system by assuming
that a certain part of the system can be treated as uniform element, such
as the tank walls, or fluid stored within the tank. Such an element, or node
of the model, therefore has one temperature, one mass, etc. By defining
interactions between the elements, the whole system may be modelled. For
example, heat transfer between the tank wall and fluid within the tank
might be reduced to a single differential equation.

In the literature there are several lumped parameter models developed
for the modelling of self-pressurised nitrous oxide. They feature varying
levels of complexity, regarding both the state of the working medium and
source terms for mass and heat transfers, depending on the desired depth
of the model.

One type of such models is equilibrium models, which have been pre-
sented in the literature several times, for example by Casalino and Pas-



www.czasopisma.pan.pl P N www.journals.pan.pl
TN

Novel model for emptying of a self-pressurised nitrous oxide tank 145

trone [8], and by Zakirov and Li [9]. The difference between these two
models is that the former incorporates a heat transfer model, while the
latter does not.

The equilibrium model (subsequently referred to as EQ) examined here
was published by Zakirov and Li and later compared with other models
in [10]. It features two separate calculation nodes, one for vapour and one for
liquid, both in saturated state. It is assumed that changes due to the outflow
are significantly slower than heat and mass transfer between phases within
the tank, and therefore the nitrous oxide is always in phase equilibrium.
Based on this assumption, mass and energy conservation equations can be
written for the whole tank, removing the need for mass and heat transfer
between the nodes. To add heat transfer between the tank walls and the
fluid, two additional equations are needed to calculate the wall temperature
in the parts in contact with the vapour phase and liquid phase.

Casalino and Pastrone [8], proposed two models, a simpler one, a vari-
ant of a homogeneous equilibrium model; and a more complex, two-phase
lumped parameter model. Both are intended as a part of a hybrid rocket
optimisation tool. The former will not be discussed as it is similar to the
equilibrium model already described. The latter model, subsequently re-
ferred to as CP, consists of saturated vapour and superheated liquid with
terms for mass transfer between them. The authors have started from the
observation that during emptying, the medium within the tank is not in
equilibrium. Instead, a temperature gradient exists, with warmer liquid and
colder vapour. One can assume that within a single phase, the temperature
is uniform. The mass stream due to condensation and evaporation was as-
sumed to be a function of pressure, with each mass stream set to maintain
saturation state within the vapour. As a result, four equations are solved
for mass flux of liquid (riq), evaporating (7izey) or condensing (1) mass
flux, and temperatures of vapour (7)) and liquid (Tjiq)-

Zilliac and Karabeyoglu proposed a more refined model, which they de-
scribed as a real fluid, quasi-phase equilibrium propellant tank model [11].
Their model (subsequently referred to as ZK) shares the lumped parame-
ter approach with the EQ model, but uses a more detailed approach. The
whole system is divided into fluid and solid parts. The fluid control volume
consists of three elements, namely the vapour, the liquid, and the liquid
surface layer from which evaporation occurs. The solid part of the control
volume consists of the tank walls. Each of these elements has a separate
temperature. For simplicity, the temperature of the liquid surface layer was
assumed to be the saturation temperature, resulting in two fluid elements
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and a single solid element. Heat transfer source terms include convective
heat transfer between fluid elements, heat transfer due to phase changes,
and heat transfer between respective fluid parts and the solid. Additionally,
heat flux from the external environment and tank walls is also modelled.
The division of the control volume into liquid and vapour creates a need for
mass transfer modelling. Furthermore, the authors found that mass transfer
between nodes due to evaporation was crucial for accurate process predic-
tion. This was achieved by linking evaporation mass flux to heat transfer.
First, the presence of a thin layer of saturated liquid on top of the liquid
node is assumed. The layer acts as a buffer between nodes, which has ther-
mal contact with both sides. If there is an imbalance in heat fluxes, then
the difference determines mass flux evaporation or condensation. Since heat
flux from the liquid side is calculated using relations designed for convec-
tion, it does not account for boiling, interface motion and blowing, and
is therefore significantly underestimated. To account for this, the model
adds an empirical factor E with order of magnitude of 103, designed to
be later tuned to fit experimental results. This parameter directly mul-
tiplies the amount of heat transferred, and is used in the heat transfer
equation.

As a result, the ZK model solves six equations to predict the mass and
energy of both nodes as well as wall temperatures in the bottom and upper
parts of the tank.

A comprehensive review and evaluation of the ZK, EQ, and CP mod-
els was published by Zimmerman et al. [10]. A data set containing four
different experiments, including data used by the authors of the three re-
viewed models, was gathered and used for assessing the performance of the
selected models. The accuracy of the investigated models was evaluated us-
ing pressure and temperature predictions and how those predictions reflect
experimental measurements. For initial conditions, the initial pressure was
used, along with either the mass or the fill level of fluid nitrous oxide within
the tank. The experiments in question used different setups for emptying
the tanks, including a feed line and injectors; the authors of the review
therefore decided not to recreate flow through a feed line and injectors. In-
stead, each model was fitted using a numerical parameter CdA, serving as
a parameter including both the size and type of injector setup. Typically,
when modelling flow through an orifice, both the discharge coefficient (Cd)
and cross-sectional area (A) are taken into account. In this case, both pa-
rameters were combined into one, adjustable parameter used to tune the
model to experimental data.
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Selection of this parameter was performed for each model and each ex-
perimental test individually based on the averaged mass flow. The averaged
mass flow was assessed by the outflow time of the liquid part of nitrous
oxide. Additionally, the ZK model features an empirical coefficient E, de-
scribing an additional multiplier for the heat transfer between the liquid
and surface parts of the medium, which is dependent on the test setup.
This coefficient was optimised in order to minimise the difference between
the predicted and measured pressure.

As a result of this evaluation, several important points about the models
under investigation were noted. The EQ model, being the simplest, shows
the smallest number of features of the flow. It does not predict a sudden,
initial pressure drop, and pressure decrease remains stable throughout the
process. Despite this, general pressure trends were predicted accurately.

The CP model, which in terms of complexity is situated between the
EQ and ZK models, fares poorly in comparison with the other models.
According to the authors of the review, this might be caused by difference
between the sources of thermodynamic properties used, which has a great
potential impact on the accuracy of the calculations.

The ZK model, the most detailed of the three, unsurprisingly gives the
most accurate results in the chosen test cases. At the same time, only the
ZK model had an additional optimisation parameter adjusted in order to
minimise the error of pressure prediction, namely the heat transfer multi-
plier E. The need for this parameter undermines the usability of this model
for the prediction of flow parameters of new systems, which do not have
this parameter specified.

To conclude, [10] presents an interesting and educating look at impor-
tant lumped parameters models used for the simulation of self-pressurising
nitrous oxide systems, but it is not without its own issues. As these models,
being significantly simpler and less costly to use than CFD, are used mainly
for preliminary design and optimization, it is important to investigate them
in the context in which they are used. First, the simulations were limited to
the part of the process with liquid-dominated flow, with the end condition
set as the end of liquid flow. From the hybrid rocket engine standpoint,
this covers most of the useful part of the flow, bearing the majority of the
oxidiser mass. Nonetheless, the emptying process itself does not end until
the tank pressure reaches equilibrium with downstream conditions. As was
demonstrated in experiments with a transparent tank [12], after the liquid
is evacuated, nitrous oxide vapour and condensed vapour remain within the
tank, which may include a not insignificant amount of mass. By limiting the
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investigated process to the moment at which the liquid is drained, ambi-
guity is introduced regarding the boundary conditions. First, while clear in
the experiment with a transparent tank, in a numerical experiment it might
be difficult to identify this moment correctly, especially if the assumptions
allow the vapour part to be in non-saturated state. This further translates
into difficulty determining the final pressure inside the tank, which may
vary significantly, depending on the state of the remaining fluid.

Considering the current state of the models for self-pressurising media,
the authors believe that is room for improvement in the modelling used. Key
areas for investigation are heat and mass transfer processes occurring within
the modelled systems, which to date have not been taken into account in
a sufficiently detailed manner.

1.2 Available experimental findings

The complex nature of the behaviour of nitrous oxide in a self-pressurising
tank during emptying requires detailed investigation. Small-scale experi-
ments with nitrous oxide being evacuated into the atmosphere were con-
ducted in [12]. The authors used a transparent cylinder, with pressure and
temperature sensors fitted. The cylinder was filled with nitrous oxide up to
a given level, and the pressure was allowed to stabilise over time. The exper-
iment was started with the liquid fill level at around 90% of tank height,
with the outlet at the bottom. All cases of self-pressurising tank empty-
ing shared similar characteristic features, visible on pressure-time history
plots: a sharp initial drop, a subsequent increase, and a steady, near-linear
decrease. In the final part of the process, the rate of pressure drop was
significantly increased until the end of the flow.

Photographic documentation enables the recorded changes in pressure
to be associated with changes observed wvia optical access. First, as soon
as the outflow valve had been opened, bubbles of vapour became observ-
able, rising upwards from the bottom. After the bubble column had reached
the top surface of the liquid nitrous oxide, the apparent amount of bub-
bles stabilised, with the bubbles’ apparent distribution uniform across the
liquid. During the next seconds of the experiment three separate regions
became apparent: a cloud of condensed vapour in the top part, a transpar-
ent gas near above the liquid part, and in the bottom part a liquid with
significant presence of bubbles. It is notable that the apparent amount of
bubbles seemed to be constant throughout emptying, and that the bound-
ary between the mostly-liquid part and the gaseous part was clearly visible.
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The same characteristic features were observed in experiments with varying
outflow valve settings.

Variation in temperature along the longitudinal axis of a self-pressurising
tank was investigated in [13,14] using a set of thermocouples. Temperature
profiles were recorded during tank filling and emptying. In both cases, it
was observed that temperature variation within the liquid nitrous oxide
is significantly smaller than within portion of the tank filled with vapour.
In [13], tank filled up to pressure of 2.62 MPa had liquid temperature of
approx. 265 K, with negligible temperature stratification, while tempera-
ture measurements within the gaseous part ranged from approx. 273 K to
approx. 295 K, over distance of 0.4 m between respective thermocouples, re-
sulting in temperature gradient in order of 55 K/m, measured immediately
after end of the filling process.

In [14], during filling, temperatures within gas-filled portion of the tank
varied from 291.2 K to 280.5 K, giving a gradient of 15.3 K/m, while within
liquid-filled portion, temperatures varied from 276 K to 277 K, resulting in
a temperature gradient of 4.4 K/m. After 30 min wait period, measured
gradients were 10.2 K/m in vapour and 0.6 K/m in liquid.

Based on those results, it can be assessed that temperature within the
liquid section of a self-pressurised tank is almost constant along height and
can be therefore represented by a single computational node in a lumped-
parameter approach. At the same time, within the section of a tank filled
with vapour, there is a significant temperature gradient, which suggest that
describing this part as a single element in a lumped-parameter approach
introduces inaccuracy to such model.

2 Materials and methods

To gain broader experience and to propose a fresh approach in the mod-
elling of a self-pressurising tanks, two new models were prepared, which are
evolution of models described in [2]. Both use lumped parameters approach;
in the first case, saturated two-phase mixture takes up the entire volume,
while in the second case, the liquid and vapour nodes are separated by an
interface.

2.1 Single node equilibrium model

The first model is similar to the equilibrium model reported in [3] and
will be referenced as the single node equilibrium (SNE) model. The fluid is
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assumed to be represented by a single node, being in the form of pure vapour
or pure liquid or in a two phase state. Nitrous oxide fills the whole available
volume of the tank, and is described by a single pressure p and single
enthalpy h. In this approach, N2O stays in the similar state through the
whole process, where the oxidiser is a liquid—vapour mixture. Evaporation
increases volume of vapour within the tank and is caused by a drop in
pressure, which results from the outflow from the tank. The SNE model
takes into account internal energy transfer to and from the tank. Like the
oxidant, the tank walls are assumed to be a single entity from a thermal
standpoint, and are described by a lumped parameter equation. In this
model, energy exchange occurs between fluid phases and between nitrous
oxide and the tank walls. It is further assumed that the mixture consists of
liquid and vapour from the saturation line. A simplified schematic diagram
of this model is shown in Fig. 1.

Node 1:
Homogeneous P, h

mixture i

—
Node 2:
Tank wall
{1
rhout

Figure 1: Schematic diagram of an oxidiser tank for the single node equilibrium model.

Given all these assumptions, the SNE model is described by three differen-
tial equations:

o fluid mass flux balance

v R _ ., 1)
o fluid energy balance
y @ ks 0, (2)
dt
o tank energy balance
T " 3)

dt
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where V is the fluid volume in the tank, o is the density, p the pressure and

h the enthalpy of NoO, rigy; is the outflow mass flux, @ is the fluid-wall

heat flux, V,, is the tank wall volume, ¢, is the specific heat of the tank

and T, is the tank temperature. The model described in this way has three

unknowns: fluid pressure p, enthalpy h, and tank wall temperature Ty,.
Initial conditions are specified as:

po=p(t=0), ho=h(t=0),  Tw =Tu(t=0). (4)

2.2 Phase interface model

The second, more advanced model is called the phase interface model
(PIM). The tank’s inner volume is divided into two parts, or nodes: an up-
per part, intended to contain mostly vapour, and a bottom part, intended to
contain mostly liquid or liquid-dominated mixture, as shown schematically
in Fig. 2. An important feature of this model is the assumption of ther-
modynamic equilibrium in each part and thermodynamic non-equilibrium
between them. In the both parts, liquid and vapour are assumed to be well
mixed within the volume. The phase transition in the lower part is caused
by the pressure drop, which results from mass outflow and from mass trans-
fer on the interfacial surface separating the upper and bottom parts. The
N2O thermodynamic parameters also change as a result of heat exchange
with the walls of the tank. A key feature of this proposed model is that
it allows differentiation between the outflow of pure liquid, a two-phase
mixture and NoO vapour.

Node 1:\
Upper part p, hy

Node 2: 4

Bottom paFt\\\:‘IT_‘

Node 3: -
Tank war/ P, hb

7\/ r.nout

Figure 2: Schematic diagram of an oxidiser tank for the phase interface model.
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As in the previous model, PIM is described by mass and energy equations
for each part. This increases the degrees of freedom of the system and the
possibility of more dynamic changes in the parameters. The novelty of this
model is that the vapour bubbles rise in the lower part of the tank are taken
into account. The vapour bubbles rise due to buoyancy force. Mass stream
due to rising bubbles is denoted 77,5, and is shown symbolically in Fig. 2.
Mass and energy balances for the upper and bottom parts (four equations)
and the tank wall energy balance are calculated according to Egs. (5)—(9).

The upper part mass conservation equation is as follows:

dovypy (p ) hU)
dt

— mrise ( 5 )

and the upper part energy conservation equation has the form

daupu (P, hu)hu

dt = mrisehi + Qu . (6)

The fluid in the bottom part is an open system with two discharges of
mass and energy, one caused by the rise of bubbles, the other by an outflow
of the mixture. Therefore, the bottom part fluid mass conservation equation
may be written

daypy(p, hy)
dt
and the energy equation takes the following form:

dowpy(p, h)hy
dt

= _mrise - mout (7)

—1isehs — Touthy + Qp - (8)

The oxidiser tank volume is treated as a lumped element, hence its en-
ergy equation is given by
Vwcwddﬂ = _Qu - Qb . (9)
t
The model defined in this way, consisting of the above five equations,
has five unknowns: pressure p, upper volumetric void fraction «,, upper
enthalpy h,, bottom enthalpy Ay, and tank wall temperature T,,. The vol-
umetric ratio of the bottom part is described as o = V,,/V where V}, is
the bottom fluid volume. Vapour saturation enthalpy h; is a function of
pressure, @, and Q) are heat fluxes between the walls and the upper and
bottom element respectively, and V,, and ¢, are the tank walls’ volume and
tank walls heat capacity.
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To solve the numerical problem, boundary conditions are necessary. For
PIM, they are specified as follows:

auozau(t:0)7 pozp(t:0)7 huozhu(t:0)7

(10)
hyo = ho(t =0),  Two = Tw(t = 0).

The density function in the balance Egs. (1)—(2) and (5)—(8), when dif-
ferentiated with respect to time, gives

W_(&;p) dp (3P> dn
dt \op hdt+ oh), dt " (1)

The SNE and PIM model systems of equations requires thermodynamic
functions of density and its derivatives. Because the fluid undergoes phase
transitions, it is necessary to take into account the current phase of the
fluid. In this context, the accuracy of the approximation of properties and
their derivatives and the maintenance of their continuity in phase transition
from a single-phase state to a two-phase mixture and vice versa play a sig-
nificant role. The fluid phase is verified by comparing the current enthalpy
h with the liquid A}, (p) and vapour hj(p) saturation enthalpy according to
equation

liquid, h < hfiq(p),
phase = { two-phase mix., hj,(p) <h < hi(p), (12)
vapour, h > hi(p).

The density function and density derivatives of pure liquid and vapour
were approximated by different polynomials in terms of two variables p and
h. Approximation data, i.e. density and density derivatives depending on
pressure and enthalpy, were extracted from the Reference Fluid Thermo-
dynamic and Transport Properties Database (REFROP) [16] for a range of
applicable conditions. REFPROP was created and is continuously main-
tained by the National Institute of Standards and Technology (NIST) and
features accurate models of thermophysical properties of a number of fluids,
including nitrous oxide.

For the density of the two-phase mixture one can write

1
(E(p, h) 1 _x(pu h) ’
ps(p) * Priq(P)

p(p,h) = (13)
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where p; and pfiq represent the densities of the vapour and liquid, and x
is the vapour mass fraction. The vapour mass fraction can be expressed as
a function of the enthalpy of the mixture h, saturation liquid enthalpy h
and saturation vapour enthalpy A; .

s
liq

_ h= i)
hi(p) — b, (p)

Using (13) and (14), the density derivative (0p/0p); for the two-phase
mixture has the following form:

(8p> _( Op dﬂﬁq+<8p) dpy,
I/, Ity ), dp opy /)y, dp

dhi s
+(5) ( i ) oy (2) e
Oz pisiq7p:Ls} ahliq h,hs dp ahv h,h® dp

liqg

z(p, h) (14)

while for (0p/0h), we have

0p> (8p) (8x>
= : 16
<3h p o NOT s NO b s 1o

An important element of the physical modelling in the PIM is mass trans-
fer between nodes. After testing, comparison with experimental results, and
examination of the available photographs of nitrous oxide in a transparent
tank done available in [12], it was concluded that bubbles of vapour created
within the liquid may be responsible for a significant portion of the mass
transfer within the tank. To take account of that phenomenon, a source
term for rising mass is proposed:

. v S
Mrise = Vbubble®) Adia_ inpj » (17)

where o is the volumetric measure of vapour within the bottom element,
Adia_in is the cross-sectional area of the tank, pj is the vapour density at
saturation conditions, and the bubble velocity vpupble is calculated using,
according to [17], equation

49 Dpubble (Pfiq - Pi)
3CdbPiig

Ububble = , (18)
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where pp, is saturated liquid density, p; is saturated vapour density, g is
the gravitational acceleration, Dyypbie is average bubble diameter, and Cgp
is the average bubble drag coefficient. While parameters for this term such
as saturation densities or void fraction are well defined within the model,
parameters for calculating bubble velocity vpubble have to be estimated.
The drag coefficient for bubbles was estimated to be 0.44. Initially, average
bubble diameter was assumed to be 0.2 mm.

Addition of the rising mass source term, which depends on the current
state of fluid in the bottom parts, has impact on thermodynamics of the
model. By adding mass and heat transfer between the nodes the model
gains an extra degree of freedom, and causes the unknowns to be not only
a function of pressure and enthalpy, but also a function of the newly intro-
duced term.

In both developed models, heat transfer between the liquid-dominant
part and the tank wall is assumed to be described by a nucleate boiling ex-
pression. This assumption is based on the experimental observations of the
oxidiser in self-pressurising conditions during emptying, which shows the
substantial presence of vapour bubbles. Since the tank walls are expected
to be warmer than the fluid during outflow, it is reasonable to assume that
the walls will promote the formation of bubbles and therefore the intensi-
fication of heat transfer in a manner similar to nucleate boiling. Obtaining
an accurate estimate of heat transfer coefficient for such case would be
a challenging and would require additional modelling, as shown by [4], for
flow of carbon dioxide in similar conditions. Herein, this is described by
equation defining heat flux density, according to [18§],

3
iq = Pv C ! ATe
QS = Mliqhe Q(qu P ) < pliq > ) (19)

O'Sf Cs,fhePrﬁq

where AT, = Ty, — Thuid, thiq is liquid dynamic viscosity, h. is phase change
enthalpy, g is the gravitational acceleration, piq is liquid density, p, is
vapour density, o, is surface tension, Cj, 1 is liquid heat capacity, he is
the enthalpy of phase change, and Pry;q is the Prandtl number for the liquid.

To obtain heat flux used in Egs. (2), (3), (6), and (9) this term is mul-
tiplied by the whole inner surface for SNE and the part of inner surface in
contact with the bottom part of the fluid for PIM. The model constants
Csp and n are assumed to be 0.01 and 1, respectively.

Nonetheless, it has to be acknowledged that the real life process is far
more complex and cannot be described by such a straightforward method.
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At this point in the modelling of a self-pressurising tank, some placeholder
model is needed, providing some alignment with the real process and there-
fore enabling a better understanding of the investigated system as a whole.

2.3 Comparison of models

It is important to highlight the differences between the models previously
described in the literature and the newly developed models.

As regards the simpler models EQ and SNE, the former takes into ac-
count two nodes, both of which are in the saturated state, while the latter
has only one node, accounting for the two-phase mixture filling the entire
volume of the tank. In SNE both liquid and vapour are assumed to have
saturation properties.

In the more complex models, ZK and PIM, the former divides the system
into three fluid elements (vapour, liquid and a thin, evaporating liquid layer)
and two walls elements (one in contact with vapour and one in contact with
liquid). PIM divides the fluid into two elements (upper and bottom) and
treats the tank wall as a single entity.

Regarding heat and mass transfer within the fluid, ZK calculates the
evaporating stream via the thin liquid layer between liquid and vapour,
with heat flux driving the mass transfer.

In PIM, the rising mass formula is used; this is independent of the heat
transfer between nodes and is driven by the state of the bottom node.

Finally, equations are solved for different sets of unknowns. In PIM these
are single pressure, top and bottom enthalpy, volumetric share of the upper
part «, and a single tank wall temperature, a total of five unknowns. The
ZK model uses a single pressure, vapour and liquid temperature and mass
and two wall temperatures, a total of six unknowns.

The approach to heat transfer differs significantly. Both ZK and EQ
models divide the tank walls into two separate entities and account for
the temperature difference and heat transfer between them. Furthermore,
ambient temperature is taken into account as heat transfer from outside
into the tank walls is also considered.

The heat exchange between ambient air and the outer tank walls, for
both newly developed models, was assumed to be driven by natural con-
vection. The whole volume of the tank walls was assumed to have the same
temperature. Heat transfer between fluid and walls was calculated assuming
nucleate boiling in parts in contact with either fluid or two-phase mixture,
and using natural convection in parts in contact with vapour.
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2.4 Validation method

Pressure was selected as the key initial parameter, as its measurements tend
to be most accurate. Based on initial pressure from the selected experimen-
tal case, initial temperature was calculated, taking into account the initial
mass of nitrous oxide. Next, initial densities, enthalpies and void fraction
were calculated. For each run of the numerical experiment, start and end
time are declared. The total time set, divided by the set number of steps,
determines the number of calculation steps.

Both initial value problem are solved with Runge-Kutta 4th order numer-
ical method. This approach enables all required properties to be calculated
effortlessly. The simulation run is stopped when the set end time is reached
or when the pressure within the tank reaches the lower end of the range
of applicability of parameters from thermophysical database, set here to
0.15 MPa. The models, numerical methods and thermodynamic functions
were all implemented within an original Fortran 90 program.

To assess the accuracy and usability of the proposed models, the numer-
ical results were compared with experimental data from two sources: the
experiments of Zilliac and Karabeyoglu experiment [11] and Zimmerman et
al. experiment [12]. These sources were chosen due to the availability of full
flow data, i.e. from the start of the process up to the point when the tank
pressure reached ambient pressure. If at the final point of the simulation
the oxidiser has non-zero gauge pressure, then mass of nitrous oxide within
the tank might differ significantly depending on the void fraction of the re-
maining fluid. Therefore, having access to the characteristics of the whole
process enables better accuracy of the comparison by removing ambiguity
from the selection of the calculation end condition.

The first set of data used is from [11], where the authors carried out a se-
ries of test tank emptying process. The tank had a volume of 0.0354 m3,
and the initial oxidiser mass was varied from 14.59 kg up to 24.12 kg be-
tween tests. Based on availability of data, test 1 was chosen for comparison,
with an initial mass of 20 kg of NoO and an initial temperature of 285.5 K
(12.35°C). The original authors determined the outflow coefficient Cy of the
discharge system after the test, by adjusting the measured and modelled
mass flow rates of the liquid. For the test run chosen for comparison herein,
Cq was estimated to be 0.425; for other runs it ranged from 0.09 to 0.425.
According to the authors, such low values of the flow coefficient suggest
the occurrence of cavitation within the piping, reducing the effective size
of the flow channels. Pressure, temperature and mass data from this test
are available for comparison.
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The second set of data featured a transparent polycarbonate tube with
metal housing at top and bottom was used. This created a cylindrical tank
0.3556 m long, having an internal diameter of 0.0254 m and 0.00635 m wall
thickness, resulting in an internal volume of 1.803 - 1074 m3, capable of
holding around 0.14 kg of nitrous oxide.

Outflow was controlled by setting a ball valve, placed in the bottom
part of the housing. For a given test, the tank was filled up to a desired
level, specified as the fill level, and allowed to reach equilibrium state. Next
the valve was opened to a given setting and fluid was evacuated into the
atmosphere. Both nitrous oxide and carbon dioxide were tested, although
for purposes of model validation, only the nitrous oxide results are used.

Fluid mass flow rate was not directly measured, due to the difficulty of
measuring the mass flux of a two-phase flow. Instead, average mass flow
was calculated using the initial and final mass of the tank and the time
required for emptying.

The lack of accurate measurement of the mass flow is also an issue in
assessing the quality of the tank model. Outflow is, by far, the largest factor
impacting the behaviour of a self-pressurising tank, and its accurate repre-
sentation therefore has a significant impact on a model’s results. However,
the creation of a model predicting the mass flow rate of a two-phase fluid
is not an easy task. We consider as an example the SPI-HEM (single phase
incompressible — homogeneous equilibrium model) proposed by Dyer [19],
including features of homogenous equilibrium two-phase flow and single-
phase incompressible flow. The equations used are:

Mout = SP; Tk HEM ) (20)

mspr = CdA\/M7 (21)
muem = CgAp2y/2(h1 — ha) , (22)

P — P
k=4 =—— 23
Vr=n (23)

where k is a weight parameter, Cy is the discharge coefficient, A is the
injector cross-sectional area, pj is the fluid density upstream to the injec-
tor, po is the fluid density downstream to the injector, P; is the pressure
upstream to the injector, P» is the pressure downstream to the injector, hq
is the enthalpy upstream to the injector, ho is the enthalpy downstream to
the injector and P; is the saturation pressure for upstream conditions.
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According to the authors, this approach provides an accuracy of +/—
15%. This model was used in [10] to model mass outflow. To circumvent
the issue of comparing different injector and feed line systems, an adjusted
C4A parameter was used, tuned to obtain the same emptying time for all
the models compared. This makes it possible to minimise the impact of the
injector model on the tank model. A similar approach is used in the present
investigation. Dyer’s model is included in both tank behaviour models, with
the CyA parameter adjusted to fit the experimental emptying time.

3 Results

Data available from the literature were used to recreate the experiments in
the simulations. Parameters unavailable from the experiments but required
by the models were set to values resulting in the best recreation of the
initial experimental conditions. The parameters used for calculations of the
first test case are given in Table 1.

Table 1: Summary of the key parameters used for calculations of the Zilliac test case.

Test case Parameter name SNE PIM
Initial temperature 289.2 K 287.85 K

Initial void fraction 0.375 0.410

Zilliac Limit void fraction 1.0 0.99
CdA 7.5-107° 7.5-107°
Time step 1 ms 0.15 ms

For the PIM, the initial void fraction o was adjusted by setting the initial
bottom enthalpy h; as a fraction of liquid saturation enthalpy hj, which
means that in the initial state the bottom element has enthalpy lower than
saturation, and therefore some energy transfer to the bottom node is needed
to bring it to saturation. This enables numerical recreation of the initial
sudden pressure drop. Whether the same physical phenomenon causes this
pressure drop in the experiments, is an open question. Due to features of
the SNE model, the same approach was not needed. For SNE, the ini-
tial void fraction « is calculated directly from initial mass and pressure.
Differences between the models necessitated a difference in the initial tem-
peratures, which were adjusted to produce saturation pressure equal to the
initial experimental pressure values. Temperature adjustment to match ini-
tial pressure was also used in the previously reported studies, in view of the
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higher accuracy and lower uncertainty of the pressure measurement over
temperature measurement [5].

The first set of plots shows results from the newly developed models
in comparison with the experimental results published by Zilliac. Figure 3
shows a pressure-time history plot during tank emptying. PIM predicts
a sudden, initial pressure drop which is significantly faster than the ob-
served drop. During drainage of the bottom part, it accurately matches the
experimental data, predicting a smooth decrease in pressure up to the in-
flection point. This point represents moment where all of the bottom mass
has been drained, and flow transitions to one dominated by vapour. After-
wards, the rate of pressure drop increases significantly until all available
nitrous oxide is drained. As for the SNE model, it does not predict any
rapid changes, although it captures the overall trend of the process.

w w s

N

Pressure [MPa]

BoR N

e p_exp —p_PIM = =p SNE

0
0 1 2 3 4 5 6 7 8 9 10 11
Time [s]

Figure 3: Pressure comparison between Zilliac experimental data and PIM and
SNE models.

Figure 4, depicting the volumetric void fraction «, shows the previously
mentioned inflection point in the PIM results, where o reaches the limiting
value (set herein to 0.99), meaning that all of the mostly liquid bottom
part is drained. As before, changes in the SNE model are smoother and less
rapid. The difference in the initial values of « results from differences in
the models. Both models use pressure as the key initial parameter adjusted
to the experiment. For SNE, this is directly correlated with temperature,
while for PIM, pressure is affected by the initial temperature and initial
void fraction. It is important to note that the values of « from the two
models cannot be directly compared, due to differences in modelling. In
the SNE model, a represents the total volumetric share of vapour within
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the tank, while for PIM, a — as one of model unknowns — describes the
volumetric share of the upper part. This difference is a direct result of
differences in the models’ assumptions. For SNE, there is no division into
two elements, only one node with possibility of vapour content. For PIM,
each of two separate elements can exist in non-saturated state; the upper,
initially vapour element may contain liquid, and the bottom, initially liquid
element may contain vapour. The volumetric share of vapour within the
bottom element is shown by a dotted line. The volume of vapour within
the bottom element is seen to rise steadily up to approx. 0.5 (or 50% by
volume) when all of the bottom mass is drained.
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Figure 4: Comparison of volumetric void fraction a between PIM and SNE
models for the Zilliac test case.

Figure 5 presents temperature results for both models. No experimental
results were available for comparison for this particular case. Nonetheless,
temperatures in self-pressurising systems tend to follow a pressure curve
as observed in the experiments [12]. It can be inferred that temperature
should decrease steadily during the first 5 s of the flow, and inflection point
of the curve should be observed after this initial steady decline. After this
point, the rate of temperature drop is expected to increase and follow an
exponential trend.

Finally, Fig. 6 shows a comparison of nitrous oxide mass within the tank
during emptying for both models and for the experiment. During most of
the simulation, PIM overestimates mass, and therefore the mass outflow is
being underestimated. The SNE model achieves good accuracy within the
first four seconds of the process, but this is lost in the transition region,
from the first phase of the flow in which mostly liquid is flowing, to the
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Figure 5: Temperature comparison between PIM and SNE models for Zilliac
test data.

second phase with flow mostly consisting of vapour. Similarly as in the
previous plots, SNE predicts a smoother process with less rapid changes.

e m_exp =——m_ox_PIM = =m_ox_SNE ‘

10

Oxidiser mass [kg]

Figure 6: Nitrous oxide mass within the tank for Zilliac experimental data and
for PIM and SNE models.

The key parameters used to calculate the second test case are given in Ta-
ble 2. The overall characteristics of the numerical results in the Zimmerman
test case are similar to those of the previous test case. Figure 7 shows the
pressure values. For PIM, it is seen that the initial pressure drop is signifi-
cantly smaller than in the previous case. Pressure values in the first phase
of the process have good accuracy, although the duration of that phase is
overestimated, with the inflection point calculated at around 13 s, while in
the experiment the transition occurred after around 8.5 s. The SNE model,
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Table 2: Summary of the key parameters used for calculations of the Zimmerman test

case.
Test case Parameter name SNE PIM
Initial temperature 280.5 K 2829 K
Initial void fraction 0.113 0.120
Zimmerman Limit void fraction 1.0 0.99
CdA 1.9-1077 1.9-1077
Time step 1 ms 0.15 ms
4.0
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Figure 7: Pressure comparison between Zimmerman experimental data and
PIM and SNE models.

as previously, predicts a smooth and featureless pressure drop across the
whole simulation time.

Figure 8 shows results for the volumetric void fraction. Similarly to the
previous case, the global void fraction rises steadily for SNE model, while for
PIM the increase is slower initially and accelerates significantly during the
process. Additionally, the volumetric share of vapour within the bottom
element is shown by a dotted line labelled o PIM bottom. This value
increases steadily over time and reaches approx. 0.6 when all of the bottom
mass is drained.

Temperatures calculated by the models compared with the experiment
are shown in Fig. 9. The temperature results the resemble pressure results,
apart from a rise in temperature starting at 15 s. The authors of the origi-
nal study did not comment on the rise in temperature unaligned with the
pressure results. Since the rise is observed only in the temperature mea-
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Figure 8: Comparison of the volumetric void fraction a between PIM and SNE
models for the Zimmerman test case.

surement, it is most likely linked to either sensor malfunction or a sudden
increase in heat flow to the tank. Such an increase in heat flow might have
been caused by an increased flow of warm air around the tank. Due to
the low mass of nitrous oxide within the tank at the final stage of the ex-
periment and the relatively low heat capacity of the polycarbonate tank,
even moderate heat influx might have affected the results. No concrete data
supporting these possibilities are available, and therefore the phenomenon
could not be recreated using the numerical models.
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Figure 9: Temperature comparison between Zimmerman experimental data

and PIM and SNE models.

Finally, the simulated mass of nitrous oxide within the tank calculated
by both models is shown in Figure 10. The trend is similar to the first
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comparison case, although accuracy cannot be assessed as the oxidiser mass
from this experiment is not available.

Mass [kg]

—m_ox_PIM = =m_ox_SNE

0.00
0 5 10 15 20 25
Time [s]

Figure 10: Nitrous oxide mass within the tank for PIM and SNE models for
the Zimmerman test case.

4 Discussion

In general, both pressure and temperature results follow the same pattern:
an initial sudden drop, followed by an increase and a steady decrease un-
til the curve inflection point, or the transition from liquid-dominated to
vapour-dominated outflow [12]. The same pattern has been observed in
other experiments featuring self-pressurising tanks, such as those reported
in [11] or [12].

None of the models described, either from the literature or the newly
developed models, is able to recreate experimental pressure and tempera-
ture curves in full. The SNE model is able to predict just a general trend,
represented by steady decline of both pressure and temperature. PIM of-
fers more detail, showing the initial drop and change of slope when flow
regime changes, but is unable to predict the rise of both pressure and tem-
perature occurring after the initial drop. Furthermore, accurate prediction
of the timing of the inflection point (change of slope point) proves to be
difficult. For the first presented test case (Zilliac) the PIM model was able
to pinpoint this transition in flow behaviour with an accuracy better than
0.2 s, with a total flow time of 11 s. For the second test case (Zimmerman)
the timing of the predicted inflection point differs from the experimental
value by more than 3 s, out of a total 25 s of the process.
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4.1 Accuracy assessment

By comparing the numerical results with the experiments, the qualitative
accuracy of the models can be assessed, based on whether general trends
or features such as the change of slope of the pressure curve are accurately
predicted. Additionally, it is beneficial to use a quantitative measure, espe-
cially useful for comparing the performance of various models. To achieve
that, the results of the newly developed PIM and SNE models as well as the
models developed by Zilliac and Karabeyoglu [11] were compared against
experimental data, shown previously as the Zilliac test case. Two variants
of the ZK model are shown, with or without evaporation between nodes,
denoted here as ZKeyap and ZK,; evap- Due to lack of access to the original
experimental and numerical data, the values needed were approximated
from graphs provided in the original paper. Pressure plots are shown in
Fig. 11. PIM and ZK with evaporation models are performing significantly
better than ZK without evaporation and SNE models. SNE is the only
model that does not predict a change in behaviour during tank emptying,

which is to be expected, since it has only one computational node for the
fluid.

S~ao
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Pressure [MPa]
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Figure 11: Pressure plot for the investigated models compared with Zilliac’s
experimental data.

Absolute and relative errors of pressure prediction were calculated for the
whole duration of the experiment, as well as one aggregated measure, mean
absolute error (MAE), which was calculated using the formula

N
> |error;|

1
MAE = (24)
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where the error at a given time step ¢ is
error; = Pexp(t = 1) — Pmodel(t = 1), (25)

where Poyp and Ppdel are pressure values from the experiment and the
model, and N is the number of measurement points for the given model.

Calculated values of MAE are shown in Table 3. It is clear that the
PIM and ZKevap models offer the highest accuracy, both being much more
accurate than ZK without evaporation modelled and SNE. Overall, PIM
has the lowest mean error, lower by 0.071 MPa than the value for ZK with
evaporation.

Table 3: Comparison of mean absolute errors for the investigated models.

’ Model ‘ PIM ‘ SNE ‘ ZKevap ‘ ZKno evap ‘

| Mean absolute error [MPa] | 0136 | 0930 [ 0207 | oars |

4.2 Parameter sensitivity

The impact of selected model parameters on the behaviour of the PIM
was investigated based on the Zilliac test case. All other model parameters
and initial values remained constant. First, Fig. 12 shows pressure values
obtained from simulations with two different variants of the initial vapour
fraction. The first version, with ag = 0.41, corresponds to fully saturated
liquid in the bottom element. The second version with g = 0.38 represents
a case where the bottom element has enthalpy lower than that of saturated
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Figure 12: Pressure plots for two variants of initial void fraction.
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liquid. It is clearly visible that reducing the initial bottom enthalpy causes
a decrease in the initial void fraction and an increase in initial pressure.
There is a rapid decrease in pressure during the very beginning of the
process. Using saturation conditions in the bottom element results in
a smoother process with a minor delay in the transition to mostly vapour
flow. Adjustment of this parameter was used here as a means to recreate the
experiment as closely as possible. Whether the approach used has a basis
in the real process is a matter for future experimental investigation.

To determine the influence of the choice of the limit void fraction «, that
is, the total volumetric void fraction value at which it is assumed that all of
the bottom part of the nitrous oxide is drained, simulations were performed
in two versions. The results are shown on the pressure plot in Fig. 13. The
only difference here is the location of the inflection point, meaning that the
transition from the first flow regime to the second occurs earlier. It can
be observed that o = 0.8 is reached after around 4.1 s, while o = 0.99 is
reached after around 5.1 s.
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Figure 13: Pressure plot for two different values of limit void fraction.

Furthermore, the importance of mass transported by bubbles rising from
the bottom to the upper node was investigated. For this purpose, the same
simulation was run twice, once using mass transfer according to Eq. (9), and
a second time with the mass source term artificially set to zero. The results
are shown in Fig. 14. It is seen that the impact of bubble rising is minor.
The pressure plot remains mostly unaffected, with some degree of pressure
increase due to this source term. The minor impact might be explained by
the value of the rising mass stream, shown in Fig. 15. At maximum, the
stream of bubbles for the initial value of the average bubble size of 0.2 mm
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reaches 0.021 kg/s. The average mass outflow from the system is equal to
1.71 kg/s, or almost two orders of magnitude higher. Furthermore, after all
of the bottom element mass is drained, the rising mass stream is set to zero,
as there is no source of vapour bubbles. It can be seen that the rising mass
term produced a minor impact on the whole process.

Pressure [MPa]

0 1 2 3 4 5 6 7 8 9 10 11
Time [s]

| =P exp —Bubble 0.2 mm Bubble 1 mm —Bubble 2mm ——Bubble3 mm No rising mass ‘

Figure 14: Comparison of pressure plots with and without source term for mass
transfer due to rising vapour bubbles.
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Figure 15: Rising vapour bubbles mass stream for different bubble sizes.

Impact of bubble size on the model was found to be a significant factor and
was investigated further. Based on the images available in [12] from test
run with valve setting 5, size of some of the bubbles can be estimated due
to a known diameter of the transparent tank. Based on the bubbles that
could be distinguished, size varied from 1.4 mm to 2.6 mm. Of course only
a small fraction of all the bubbles could be properly identified, therefore
accurate average size is impossible to determine. Furthermore, it is safe to
assume that the bigger bubbles are more visible. Nonetheless, this estimate



www.czasopisma.pan.pl P N www.journals.pan.pl
I/—\

170 J. Szymborski and D. Kardas

allows to identify order of magnitude of the bubble sizes. To investigate
impact of this parameter on the model, three trials were conducted, using
average bubble size of 1 mm, 2 mm, and 3 mm, respectively. Results of
increasing the average bubble size are shown in Fig. 15. Increasing size of
the average bubble significantly increases the mass flow due to rising mass.
For example, change of size from 0.2 mm to 2 mm changes the maximum
flow from 0.02 kg/s, to approx. 0.065 kg/s, or more than threefold. Impact
of this change is visible in Fig. 14, showing pressure plots for different bubble
sizes and in Fig. 16, also showing pressure, but centred around transition
from one flow regime to the other.
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Figure 16: Pressure plots for varying values of the average bubble size, centred
around process inflection point.

Changes introduced by the increase of rising mass stream are best visible
near transition point, or point where all of the bottom element mass is
drained. As expected, increased mass transfer from the bottom to the upper
part causes bottom mass to be drained quicker, with difference of approx.
0.2 s between the case with the average bubble size of 0.2 mm and the one
with the average bubble size of 3 mm.

Unfortunately, the materials provided in [12] do not permit estimation
of the mass or volume of bubbles present. While they seem to be present
in most of the volume of the liquid part of medium, the low resolution
and lighting of the experimental setup make it unusable for accurate as-
sessment, therefore it is difficult to assess which size of bubble is the most
appropriate. Nonetheless, introduction of a parameter with physical mean-
ing to the source term allow for more control of the simulation and better
understanding of the physics involved.
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5 Conclusions

A major advantage of numerical methods is the possibility of investigation
of parameters which are often not possible or not practical to measure. One
such parameter is mass transfer between elements of the fluid, represented
here as model nodes. A novel source term for rising mass was proposed,
using a known relation for bubble velocity within a liquid.

The numerical results show that the proposed term has a minor, but
noticeable impact on the global behaviour of the investigated system. At
the same time, addition of this mass flow term adds flexibility to the model
and may stabilise the modelled system. The rising mass term thus acts sim-
ilarly to the F parameter used in the ZK model. This parameter enhanced
heat flow to boost the evaporative mass stream, while here, direct mass
transfer without evaporation at the boundary between nodes can occur,
but is taken into account within the bulk of the bottom node. Nonethe-
less, an experimental investigation would be required to assess the actual
impact of both rising and evaporation mass streams, as no assessment of
mass transfer between the bottom and upper parts of the self-pressurised
tank is currently available.

The SNE model offers a relatively simple and quick tool for predicting
the dynamics of a self-pressurised tank with limited accuracy. The PIM
model provides a better resolution of the results, enabling the prediction of
rapid changes during the process, and usually has better accuracy, at the
cost of increased complexity and computational cost.

A characteristic point in the outflow from a self-pressurised tank is the
inflection point, determining the transition from liquid-dominated flow to
vapour-dominated flow. The SNE model, due to its simplicity, is not able to
divide the flow into two parts, while mode detailed models such as PIM or
ZK can do this. Accurate prediction of the transition from one flow regime
to the other is difficult and depends on selection of model parameters. A
crucial parameter is the cut-off point for the vapour fraction within the
bottom part, at which it is decided that all of the liquid is drained. The
ability to predict the transition is important for the practical utilisation
of models, as liquid-dominated flow delivers significantly higher mass flow
to the combustion chamber, which translates directly into higher engine
thrust.

As for modelling tank mass outflow, a relatively simple Dyer model is
used here. For precise determination of flow, both feed line and injector
size parameters are needed as well as the state of the fluid within the tank.
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Outflow size parameters were adjusted to match experimental data, due to
absence of relevant information regarding experimental setups. While the
PIM or ZK model can provide a good estimate of fluid parameters within
the tank, prediction of the investigated process requires more accurate,
detailed knowledge of the outlet elements.
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