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Abstract: Cryogenic turbopumps are used in high-performance, lightweight liquid rocket engines for
space applications. The development of bearings and shaft seals for cryogenic turbopumps requires
detailed characterization of the internal flow, taking into account the effects of boiling and multi-
component two-phase flow. Here, a flow network solver was developed to analyse the secondary flow
circuit of a cryogenic turbopump where the propellant is mixed with high-temperature helium after
bearing cooling. The network solver is based on an extension of a classic 1D homogeneous model,
originally developed for a pure substance, to the case of two-phase multi-component flow. The solver
is capable of predicting pressures, temperatures, flow rates, and species concentrations in a complex
two-phase flow in the presence of non-condensable gases. The unsteady mass, momentum, and
energy conservation equations are implemented in conjunction with the thermodynamic equations of
state using a general-purpose finite volume formulation, where the pressure drop and the heat transfer
are calculated using correlations. The numerical tool was validated by comparing its predictions with
experimental data obtained during tests on the secondary circuit of an oxygen turbopump developed
at Avio S.p.A. A number of engine operating conditions were considered (inlet helium temperature
in the range of 250-280 K, helium/liquid oxygen drain in the range of 165-230 K). The predicted
temperature values showed good agreement with the experimental data in most conditions.

Keywords: heat transfer; multi-phase flows; boiling; cryogenic propellants; non-condensable gas;
homogeneous model; flow network; turbopump; seal package; liquid rocket engine

1. Introduction

Cryogenic propellants are rocket propellants stored at very low temperatures. Typi-
cally, they are stored in a liquid state at their boiling point. Liquid oxygen (LOx, normal
boiling point of 90.2 K), liquid hydrogen (LH2, normal boiling point of 20.3 K), and liquid
methane (LCH4, normal boiling point of 111.5 K) are the most commonly used cryogenic
propellants [1,2]. Cryogenic solid propellants have also been proposed, but presently, no
application exists [3]. On the contrary, propellants such as LOx and LH2 are widely used
in space applications due to their excellent performance. High-performance liquid rocket
engines can be realized by feeding the engine with high-pressure cryogenic propellants
using turbopumps rotating at high shaft speeds. These turbopumps are usually driven by a
turbine that is fed by hot gases coming either from a dedicated combustor or from the thrust
chamber cooling system. The shaft connecting the turbine to the pump is supported by
bearings, which operate at high rotational speeds. The bearings dissipate a large amount of
power, thus requiring adequate cooling in order to avoid damage or failure. Due to the low
temperatures, conventional lubricants cannot be used, and the only available coolant is the
cryogenic propellant itself. Therefore, during engine operation, a small fraction of cryogenic
propellant mass flow is redirected towards the bearings using dedicated channels, also
called secondary flow systems. Given that the bearing housing is adjacent to the turbine, a
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seal system must be incorporated to restrain the leakage of high-pressure cryogenic fluid
toward the turbine.

Shaft seals are among the most critical components of a liquid rocket engine turbop-
ump, especially in the oxidizer turbopump, where direct contact between the oxidizer and
the hot fuel-rich gases flowing through the turbine must be avoided in all conditions. How-
ever, a small leakage of cryogenic fuel toward the fuel-rich turbine gases can be accepted in
fuel turbopumps; therefore, the seal system can be simplified in this latter case. In oxidizer
turbopumps, a seal package usually provides separation through mechanical barriers (seals,
rotating slingers) and by feeding an inert gas such as helium (He) at high pressure between
the two fluids. The seal package, therefore, consists of at least three elements: the oxidizer
seal, the He purge seal, and the turbine gas seal. The He purge seal is installed between the
oxidizer seal and the turbine gas seal and supplies He as a barrier gas. The low temperature
of the cryogenic propellants, in combination with the high temperature of the hot turbine
gases and the He purge, results in severe temperature gradients through the seal system
and across the seal assembly. These thermal gradients determine the thermal deformation
of the components, which must be considered when evaluating the seal’s clearance.

Several factors must be considered during turbopump design to achieve the required
system reliability. One of the main tasks is to accurately predict the pressure and tempera-
ture distribution in the secondary flow systems in order to correctly evaluate mass flows
through seals and bearings. Modelling the secondary flow paths of a turbopump implies
that complex phenomena must be considered. Such a network involves flow through
narrow passages between rotating and stationary surfaces, phase changes, fluid mixing,
and heat transfer; therefore, two-phase multi-component flows must be modelled. As can
also be seen in simpler cases [4-7], the development of appropriate methods is a really
challenging task.

Flow network solvers have proven to be the most appropriate tools for the preliminary
design and analysis of components and systems involving two-phase heat transfer phe-
nomena. This method simplifies the complex three-dimensional problem by relying on 1D
modelling, represented by a series of interconnected elements, which make up the equiv-
alent flow network (nodes linked by branches). The two-phase flow can be predicted by
different models, such as the two-fluid model, the drift—flux model, and the homogeneous
model [8]. The two-fluid model is the most rigorous approach since each phase is modelled
separately with interfacial interactions. Nevertheless, it is rarely applied [9,10] due to the
considerable difficulties linked to the uncertainties in predicting the interfacial interaction
terms between the two phases and the mathematical complexity of two sets of conservation
equations. The drift-flux model provides a simpler and more reliable alternative to the
two-fluid models. This model, employed by Wang et al. [11], simulates the behaviour of the
two-phase flow as a whole while considering the relative motion between the two phases.
In this way, the model uses one set of three conservation equations for the two-phase
mixture and a drift—flux equation. The most commonly used approach is the homogeneous
model. The model considers the fluid as a homogeneous mixture and employs a set of three
conservation equations [12-14]. As an example, this model was adopted by Van Hooser
et al. [13] to investigate complex problems such as the chill-down of the feed line with a
centrifugal turbopump. They adopted a novel finite-volume-based network flow analysis
procedure [14] and demonstrated that fluid networks could be used to simulate geometries
as complex as those of a turbopump. It should be noted that fluid network solvers use
bulk properties averaged over a cross-sectional area and require a set of correlations based
on experimental data [15-24] to accurately determine heat transfer and pressure losses.
Therefore, the accuracy of the chosen correlations for the specific application heavily influ-
ences the prediction accuracy of the model. Therefore, in order to choose the most suitable
correlations, a review of the performance of the different correlations for various fluids
and geometries is needed, such as those presented by Kim et al. [25] and Hartwig et al. [7].
Despite its limitations, the homogeneous model for fluid network solvers offers robustness,
fast calculations, and good accuracy for preliminary design studies.
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Although some research has been carried out on the modelling of the two-phase flow
of a pure cryogenic fluid, very little attention has been paid to the role of the mixing of
fluid in the presence of phase change.

In a previous work [26], the authors developed a thermo-fluid network solver and
used it to simulate a pure substance/two-phase flow in a spinning stator-rotor—stator
disk [26]. The purpose of this paper was to improve the aforementioned numerical model
by adding the capacity to describe the mixing of different fluids (e.g., oxygen and helium).
The numerical tool uses a one-dimensional general-purpose finite volume homogeneous
model to predict two-phase multi-component flows in cryogenic feeding systems. A
finite difference discretization was employed in the mass, the momentum, and the energy
conservation equations of fluids and solids in order to predict thermo-fluid transients
during the two-phase flow of cryogenic lines. The classical two-phase heat transfer and
pressure drop empirical correlations were adapted to multi-component flows using an
overall gas fraction. The numerical model was validated on experimental data collected by
Avio S.p.A. during the tests on the Dynamic Seal Package (DSP). A simplified cross-section
of the test bench is shown in Figure 1. Experimental data for a number of DSP operating
conditions were used as a reference in order to validate the tool and to make it available for
the design and analysis of new advanced components.

He feeding 4

GN2/He drain He/LOx drain
GN2 inlet
LOx inlet
L—)/ Labyrinth seal
Slinger
Bearing

Segmented seal

@

Figure 1. Partial cross-section of the Dynamic Seal Package test bench.

In Section 2, the model assumptions and equations are presented, including the
conservation equations, the thermodynamic properties, and the pressure drop and heat
transfer correlations. Section 3 presents the test setup and its modelling used in the
numerical solver. Section 4 shows the results of the model predictions, highlighting the most
relevant properties compared with the experimental data. Finally, Section 5 summarizes
the conclusions of the present work.

2. Model Description

Predicting the flow distribution in the flow network requires the solution of unsteady
mass, momentum, and energy conservation equations in conjunction with thermodynamic
equations of state. The Majumdar approach was adopted [14], involving a general-purpose
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finite volume formulation. This formulation was already described in [13,14,26]; therefore,
only its most essential features are hereby summarized, together with the new additional
equations and correlations needed to describe the mixing of different fluids and the pressure
losses through the flow network.

The approach requires a one-dimensional modelling of the analysed system using a
network of solid and fluid nodes. The network is characterized by nodes and branches,
which can be internal or boundary elements (see Figure 2). The fluid path was partitioned
into a discrete number of control volumes, and the conservation equations for each control
volume were solved. At the boundary branches, flow rates were imposed with the input
fluid’s temperature, pressure, and species concentration, while only pressure is defined
at the boundary nodes. Pressures, temperatures, flow rates, and species concentrations
were determined by solving the time-dependent mass and energy conservation equations
at the internal nodes, in conjunction with the thermodynamic equation of state and the
time-dependent momentum conservation equation, in all internal branches. The walls
were discretized in the same manner, creating a network of solid nodes. The temperatures
were computed by solving a solid time-dependent energy conservation equation for each
solid node together with the conduction and convective heat transfer determined in each
solid-to-solid and solid-to-fluid branch.

Boundary fluid node ®_’ Boundary fluid branch
Fluid node —®—> Fluid branch

@ Solid node 2> Fluid solid branch
-~ X__. Solid branch

Figure 2. Example of the schematization of a simple system into nodes and branches with indexing practice.

2.1. Mass Conservation Equations

For the transient formulation, the mass conservation equation requires that the net
mass flow rates entering a given node be equal to the rate of change of mass in that
control volume. In the presence of a mixture, the species mass fraction must be computed
to determine the fluid properties accurately. Here, a modified formulation of the mass
conservation proposed by Majumdar [14] was used. For the k' species at fluid node 7, the
equation adopted is:

Ny

(mi,k)t+At - (mi,k)t O

At = Z (51'/k i — Bik mij) 1)
j

where 7i1; and 1i1;; are the inlet and outlet mass flow rates from the i node. By is the species
mass fraction and can be expressed as a function of the resident mass in the control volume,

B = (i) / (Lpeq my)-

2.2. Momentum Conservation Equations

The mass flow rate in a fluid branch was calculated from the balance of fluid forces on
a given branch, involving the momentum conservation equation [14]:

(mij uij) e — (mijuij)e
At
(pi — pj) Aij + p8Vij c0s 6 — Aps + pKipw” A

+itgj (i — 1a) =

@
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where the velocity is determined from the mass flow rate and the branch density, u = pLA
ij 2ij

The fluid’s inertia is represented by the two terms on the left side of the equation. The
first term is the time-dependent term required for the transient formulation. The second
term is relevant only for significant variations in area or density from branch to branch.
On the right side of the equation, the forces linked to the pressure gradient in the branch
and the effect of gravity, friction, and the centrifugal force (present only when the branch is
rotating) are considered, respectively. Regarding the test case used to validate the model,
the fluid density and the differences in height are relatively low. Therefore, it is possible
to assume that the gravitational force term in the momentum conservation equation can
be neglected.

2.3. Energy Conservation Equations of Fluid

The energy conservation equation at fluid node i can be expressed in terms of enthalpy

as [14]:
mi( i—%) —mi(hi—%) My . .
t+AAtt - = ;Ulf ritji — hi i) — Qfs,i 3)

where Qs is the heat transfer from the connected solid nodes and can be expressed for the
Msn

j ] Qﬁfs'

i node as Qy; =

2.4. Energy Conservation Equations of Solid

When considering heat transfer with the wall, it is also necessary to adopt an additional
energy conservation equation formulated for the solid elements of the network to estimate
the wall temperature. For the ih solid node, the rate of change in the temperature of the
node must equal the power exchanged with the adjacent solid and fluid nodes. Therefore,
the equation can be expressed as:

m; Cp,i ((Ts,i)t - (Tsri>t+At)
At

= st,i + Qfs,i (4)

. Ny, - . Nsn: - . . — . .
where Qg,; = ) " Qi and Qi = o ™ Qjiy,- In this equation, ¢, ; is the mean specific
. . . _ Cp,i), T (cpi
heat of the i solid node and is computed as ¢p ; = M.

2.5. Heat Transfer Model

The fluid—solid and solid—solid heat transfer coefficients are necessary to calculate the
heat transfer terms involved in the energy conservation equations. For a generic fluid-to-
solid and solid-to-solid branch, the power exchanged between nodes can be expressed as:

Qfs = hfs ATfs Afs (5)
st = hss ATss Ass (6)

2.5.1. Fluid-Solid Heat Transfer

The cryogenic fluid encounters a wide range of flow conditions during a cooling
process. The resulting complex heat transfer regimes imply that the modelling of the
convective heat transfer requires multiple correlations for each flow regime. Reference
is made to the classical subdivision of two-phase flow regimes: single-phase gas flow,
dispersed flow, annular flow, transition flow, bubbly flow, and single-phase liquid flow; see
Figure 3.



Appl. Sci. 2022,12,10776

6 of 23

q;‘s

Figure 3. Heat flux variation vs. temperature and overall gas fraction.

The popular Dittus—Boelter correlation [27,28] was used in this model to calculate the
heat transfer coefficient for single-phase liquid or gas flows:

k
hep = 0.023 N Re%8 pro4 (7)

with Re = %, Pr = %, and G = %.

In the case of film boiling, the fluid can present two different flow regimes: dispersed flow
and annular flow. In the dispersed flow regime, the gas fraction is relatively high. The gas
flows as a continuous phase in the pipe, and the liquid phase is present as dispersed droplets
in the gas core. As the gas fraction reduces, a liquid film appears on the pipe walls, while the
core of the pipe is still occupied by gas and liquid droplets. Several correlations are available in
the literature to calculate the heat transfer coefficient in these regimes. For the liquid-deficient
dispersed film boiling regime, we adopted the approach of Dougall-Rohsenow et al. [29],
modifying it to take into account the presence of an incondensable phase:

haisp = 0023 L Re, [ 4 2% (1 - ) " pros ®)
disp . Dy, v ) v

In contrast with the original correlation, here, 1 is the overall gas fraction, expressed
as i = Y ;° | Py Py for the generic case of a mixture. The gas fraction for the component kth,
Pr, is P = 1 in the case of inert gas (He), while oy = x; = (h — hsat) / Iy, for the two-phase
fluid (oxygen). For the annular film boiling, the Bromley-type relation [30,31] modified by
Li et al. [12] was applied:

05 —025 ; 137025

4 8ov (o1 — pv) Iy, kg u 05
hannutar = 0.673 P 2 9
: {[(PIPV)g} T[} l Hv (T*Tsat) (0076) ( )
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where k], the equivalent latent heat including the effect of vapour superheat, is expressed
as hy, = hyy, 4 0.4 (T — Tsat) cpv-

Finally, at an even lower gas fraction, bubbly flow and transition flow occur: bubbles flow
through a continuous liquid phase. For these two flow regimes, the heat flux is estimated
by interpolating between the liquid single-phase and the critical and the annular heat flux
as a function of the wall temperature. For the critical heat flux, the Jin et al. correlation [20]
was adopted to give encouraging results:

’ I oo\ 028
qCHF = 6.08 - 10 hlv G (Gzl)h) (10)

This correlation was derived from the Katto and Kurata relation and was obtained
from experimental data of chill-down processes on LNj, LAr and LO; conducted by Jin. It
returned a prediction of good accuracy, with a mean absolute error of 20%.

As shown by Figures 3 and 4, the correlations for the heat transfer coefficient, i, were
selected according to the flow regimes. The flow regimes in two-phase conditions were
determined by comparing the fluid temperature, T, with the critical and minimum heat
flux temperatures, Tcyyr and Ty, and as a function of the overall gas fraction, . The
minimum heat flux temperature, or rewet temperature, is the temperature that signals the
end of film boiling and is determined by the correlation proposed by Darr et al. [32]. On
the other hand, the critical heat flux temperature is the temperature associated with the
maximum heat flux and is evaluated by adopting Kalinin’s correlation [33], adapted with

the new formulation for Tyjyg.
Fluid flows

Yes No
a <04

Bubbly flow

Figure 4. Flow regimes’ identification chart.

2.5.2. Solid-Solid Heat Transfer

Unlike fluid—solid heat transfer, heat transfer within a solid can be accurately estimated
from the thermal conductivity of the wall material without the use of correlations:

k
hss = 2? (11)

where ks can be estimated from the the solid temperature.

2.6. Pressure Losses Model

The pressure losses are the most relevant terms to consider in the momentum conser-
vation equation. These terms can be modelled as the sum of two contributions: one related
to the friction along the conduit (alias line pressure drops) and the other related to the local
pressure losses due to pipe fittings and changes in stream direction.

Aps = Apr + Apx (12)
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To estimate the contributions in the friction term, empirical correlations are required.

2.6.1. Line Pressure Drop

The present model considers different relations for the line pressure drop depending
on the fluid flow regime. The line pressure drop is evaluated as

d
Ap = UTZ L (13)

For the single-phase regime, the Colebrook correlation was adopted [34]:
2
1 e 251 14
Vi =2 log(”Dh Re\/?)

Like the Blasius and the von Karman-Nikuradse relations, this correlation is commonly
used for fluids at high saturation temperatures. However, later studies conducted by
Zhang et al. [35,36] and Zhong et al. [37] verified that these equations predict pressure
losses with single-phase cryogenic fluids with good accuracy. The advantage of using the
Colebrook correlation lies in its accuracy, even for small-diameter ducts.

For the two-phase regime, numerous correlations have been formulated in the literature
to estimate the pressure drop of straight ducts. Several studies, such as those of Kim and
Mudawar [25], Yun and Jeong [38], Zhang et al. [39], and Chen et al. [40,41], compared the
many available relationships with data for different cryogenic fluids and duct diameters.
Analyses of these reviews showed that the Friedel [42] and the Miiller-Steinhagen and
Hack [43] correlations have the highest overall accuracy and appear to be the most suitable

for use within a computational code, at least for larger pipelines. Therefore, in this context,
the Miiller-Steinhagen and Hack correlation was adopted:

dp\ _ ) (dp dp\  _(4p o3 (9P 3
(dz>tp_{<dz>sp,l+2 (dz)sp,v (dz)sp,llw}(l 4))1 <|>(dz>sp,vi’[’7 (15)

where (%) X and (Z—’Z’) are the pressure gradients, determined by the single-phase
sp, sp,v

correlation assuming the saturated liquid and saturated vapour properties.

2.6.2. Local Pressure Drop

Finally, for all those networks involving an articulated geometry, the pressure drop
across fittings and valves must be calculated to accurately estimate the friction term in the
momentum conservation equation. In this model, the local pressure drop was formulated
following the experimental correlations defined by Idelchik [44], which allow the calcula-
tions of the pressure drop for different fittings and values as a function of mass flow and
geometry. For a complete discussion on the topic, the reader is recommended to read the
reference.

2.7. Thermodynamic Properties and Equation of State

The thermodynamic and thermo-physical properties of the fluid need to be calculated
when solving the conservation equations. The properties of the fluid in a given node
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were computed from its pressure and enthalpy using available libraries that calculate the
properties of the most common pure fluid.

Ty = f(hi, p)
o = f(hi, p)
cpk = f(he, p) (16)
k= f(he, p)
ki = f(hg, p)

In this context, we adopted CoolProp [45], a C++ library that implements pure and
pseudo-pure fluid equations of state and transport properties for 122 components. The
equations of state used in CoolProp are based on Helmholtz energy formulations and can
predict the fluid’s properties in the different states in which it can exist: subcooled liquid,
saturated liquid, vapour, saturated vapour, and superheated vapour.

In the presence of a mixture, additional equations must be considered to evaluate the
enthalpy associated with each species and then estimate the thermodynamic properties of
the fluid. Following the assumptions of a homogeneous model, the distribution of enthalpy
in the species can be determined iteratively from the enthalpy and mass fraction of the
mixture by performing an energy balance and imposing an equal temperature between the
components of the mixture in the control volume:

Tije(hije pi) = Tijesr (i, pi) - with k=1,2,...,ns -1 a7)
Yo Bihix = hy

The properties of a homogeneous mixture of multiple species can be modelled from
the properties of the component species. As shown in Equation (18), the density was
estimated in this context using Amagat’s Law of Partial Volumes, while the other properties
were calculated as the molar averages of the component properties.

1 _ yvk=ns Br
o Zkkzl Pk
_ =MNs
Cp = Lg—1 XkCpk (18)

=5 Xy
k=Y xik

Finally, the state equation was adopted to compute the pressure in the control volume
implicitly. For the ith fluid node, the mass can be expressed as:

mi = p; Vi (19)

where the fluid density, p, is a function of the fluid’s enthalpy, mass fraction, and pressure in
the control volume and the resident mass is calculated from the mass conservation equations.

2.8. Nonlinear Solver

The equations described in the previous sections are necessary to compute the variables
of interest of a given thermo-fluid network. The governing equations can be written as
F(x) = 0, where x is the n-dimensional state array containing the unknown resident masses,
wall temperature, pressure, flow rate, and species enthalpies. The function F : R" — R"
represents the discrete governing equations. The mathematical closure is shown in Table 1,
which lists each variable and the designed governing equation to solve that variable.
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Table 1. Mathematical closure of the model formulation, where each state variable and the designed
governing equation to solve that variable are listed.

State Variable Governing Equation

Species masses Mass conservation equations (Equation (1))

Flow rate Momentum conservation equations (Equation (2))
Fluid enthalpy Energy conservation equations of fluid (Equation (3))
Species enthalpies Energy equations of fluid (Equation (17))

Wall temperature Energy conservation equations of solid (Equation (4))
Pressure Thermodynamic state (Equation (19))

The simplest iterative procedures for solving a nonlinear algebraic system of equations
use the successive substitution method and Newton’s method [46]. One of the drawbacks
of using Newton’s method is the CPU computational cost related to the evaluation of
the Jacobian matrix each iteration. Therefore, Broyden’s method was employed to solve
the discrete nonlinear system [47]. This method was chosen because it is a powerful
alternative to Newton’s, capable of reducing the amount of calculation at each iteration
without significantly degrading the convergence speed. The idea behind the Newton
method for solving nonlinear equations, f(x) = 0, is to start from an initial guess, x,, and
then approximate the function by its tangent line. The root of this line, x,,;1, is the new
approximation of the solution and is typically a better estimation of the previous guess.
Therefore, by iterating the procedure, it is possible to find a good estimation of the solution.
In multiple dimensions, the approach can be summarized as follows:

X1 =X —J 1 (%) F(xn) (20)

where J(x,) is the Jacobian matrix evaluated in x,,. Broyden’s method generalizes the idea
behind the secant method to approximate the derivative by a finite difference and gives a
systems generalization of this approach:

F(xp11) — F(xn)

21
Xp+1 — Xn @

J(Xut1) ~
The idea behind this method is to compute the whole Jacobian only at the first iteration
and to perform rank-one updates at all other iterations.

AF, — J(xn) Axy

Ax,! 22
Ax,] Axy Xn (22)

J(xn1) = J(xn) +

with Ax, = x,,+1 — X, and AF, = F(x,,+1) — F(x;). In this way, the approximate Jacobian
matrix’s inverse is directly determined at each iteration, reducing the arithmetic operation
from O(n3) to O(n?).

For complex networks, the application of this method may be much more convenient
in terms of CPU computational cost, as the dimension of the system, 7, is proportional to
the number of elements and species in the network, n = n;g, ns + 21y, + (1 — 1) nygy +
Ny + Nsn.

3. Dynamic Seal Package

As previously stated, the test bench for the DSP components developed by Avio was
taken as a reference application. A redesigned and more compact DSP dedicated to a new
oxygen turbopump was tested to verify the separation between the hot gases feeding the
turbine (+600 °C) and the LOx on the pump side (—180 °C). A dedicated test bench was
therefore developed to simulate the oxidizer turbopump’s secondary flow paths and test
the DSP’s operation.

Figure 4 shows a simplified cross-section of the DSP test bench. The assembly was
characterized by the oxidizer turbopump’s shaft, the bearings, the seal package, and a
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series of inlet and drainage ducts used to simulate the inlets and outlets of fluids within
the secondary flow paths. The DSP uses He as a buffer fluid and keeps the internal fuel
and oxidizer seal leakage flows separated. The gaseous nitrogen (GN2) and LOx inlets
are two conduits that simulate the hot gas from the turbine and the oxidizer flow used
to cool the bearings, respectively. He is injected between the two fluids through the He
inlet at a pressure high enough to guarantee no flow return across the segmented seal,
avoiding mixing between the two propellants. Both GN2 and LOx mix with He in two
separate drainage ducts and exit the assembly. Finally, the slinger and the labyrinth seal
were designed to lower the pressure and density of the oxygen flowing from the bearing’s
chamber to the drainage, thus limiting the oxygen leakage.

The validation of the numerical tool was carried out considering the portion of the
Dynamic Seal Package dedicated to He/LOx. The DSP test bench is instrumented with sev-
eral probes to check the operation of the DSP under various conditions. Four temperature
probes were selected to carry out the validation of the tool, two of which are located in
the drain conduit, while the other two are in the He inlet. Both pairs of probes are placed
radially opposite each other in the outer crown, aligned with the drainage conduit.

3.1. DSP Model

The geometry of interest was divided into control volumes linked to the network
nodes and branches. In Figure 5, a transversal cross-section of the He/LOx drain and He
inlet of the DSP test bench is reported in order to show the nodes and branches’ locations
and subdivision adopted in this study. The overall configuration of the model structure
and the nodes-branches relation is shown in Figure 6. The model consists of 2 boundary
nodes, 3 boundary branches, 37 internal nodes, and 46 branches.

The He/LOx drain was modelled by Nodes 1 to 23 and is representative of the duct
used to discharge the mixture outside of the turbopump. The liquid oxygen comes from
the LOx inlet conduit, the duct adopted in this test bench to simulate the injection of the
oxidizer used as a coolant for the bearings. After passing through a kinetic slinger and
a labyrinth seal, which aim to vapourize the cryogenic fluid to reduce the fluid pressure
upstream of the seal drainage, the oxidizer flows into the He/LOx drain. The He is the
buffer fluid and comes from the He inlet through a segmented seal. This duct is concentric
to the drainage conduit, but is shifted by 90° and is modelled from Node 24 to Node
39. The necessity to simulate the He inlet duct arises from the need to estimate the wall
temperature (from solid Nodes 1 to 8) to account for the influence of the heat exchanges
between the mixture in the drain and the wall. The model included fluid-to-solid and solid-
to-solid branches to take into account these heat fluxes. Moreover, as shown in Figure 6,
to accurately estimate the pressure drops across branches (thus, the redistribution of flow
rates), the relative local pressure drop was estimated for each branch, which is part of a
junction.

3.2. Boundary Conditions

The boundary conditions for this model were derived from measured pressure and
temperature data gathered during the test campaign of the DSP.

At each boundary branch, both the mass flow rate and the temperature (or quality) of
the fluid entering the network were imposed. In the case of the oxygen boundary branch,
the quality was not measured directly, but was calculated from the power supplied by the
slinger to the fluid. Fluid Branches 1 and 2 represent the oxygen and He input to the drain,
respectively, while Fluid Branch 3 depicts the He inlet input.

The outlet boundary conditions were imposed at the boundary nodes, where the
pressure was defined. The two boundary nodes, 23 and 39, represent the output of the
drain and the He duct.
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Figure 5. Node (top) and branch (bottom) subdivision of the He/LOx drain and He inlet of the
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Figure 6. Model of the He/LOx drain and He inlet of the Dynamic Seal Package test bench.
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Table 2 summarizes the boundary conditions for the different test cases under analysis.
The difference between each test case is mainly the flow rate at the He inlet duct, which was
progressively increased. A similar increase in the He flow rate also occurs in the drain duct,
as half of the fluid flows through the segmented seal to the He/LOx drain and the other
half to the GN2/He drain. Therefore, the analysis of these test cases made it possible to
validate the numerical tool for a mixture characterized by a gradually increasing percentage
of He.

Table 2. Boundary conditions for the different test cases under analysis, where B1, B2, and B3 are the
boundary branches and N23 and N39 are the boundary nodes of the DSP model.

Boundary Conditions

Test Case1  Test Case2  Test Case3  Test Case4  Test Case 5

x (=) 0.150 0.150 0.150 0.150 0.150
B1 p (MPa) 0.197 0.209 0.213 0.212 0.221
1 (g/s) 9.890 9.890 9.890 9.890 9.890

Fluid Oxygen
T (K) 270.95 274.930 276.83 278.27 279.60
B2 p (MPa) 1.151 1.291 1.393 1.504 1.600
1 (g/s) 1.590 1.850 2.060 2.250 2.460

Fluid Helium
T (K) 288.10 288.500 288.75 288.98 289.43
B3 p (MPa) 1.137 1.276 1.377 1.486 1.582
1 (g/s) 3.190 3.710 4.110 4.510 4.920

Fluid Helium
N23 p (MPa) 0.197 0.209 0.213 0.212 0.221
N39 p (MPa) 1.151 1.291 1.393 1.504 1.600

4. Results

The steady-state results of modelling the He/LOx drain and He inlet of the Dynamic
Seal Package test bench are presented in Figures 7-14. The boundary conditions used for
this model are reported in the first test case of Table 2.
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Figure 7. Pressure prediction at He/LOx drain conduit nodes.
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4.1. Discussion

The fluids involved in the analysis, LOx and He, mix in the drain conduit, generating
a bi-component mixture, which is ejected from the turbopump, while pure He flows in the
He inlet. A first check was performed comparing the He mass fraction (Byy) at the drainage
outlet with the ratio of the inlet flow rates of the two fluids, f1;e = 0.14. This parameter is
fundamental since it is used to determine the properties of the mixture on the basis of the
ones of the pure oxygen and He.

Figures 7 and 8 show the pressure predictions in the two conduits. By analysing the
trends, it is possible to assess a progressive pressure drop from the inlet of the ducts to the
end. This loss is relatively small and is more significant in the drain conduit because of the
higher flow rate and gravitational force.

The leading causes of these pressure losses are line and local losses due to junctions.
Taking into account the pressure losses due to the junctions is necessary for modelling: the
losses they generate, despite being relatively small, influence the redistribution of flows
within radial ducts and, thus, the heat flux and fluid temperature in each duct. The flow
rate governs the rate of energy transport into the control volume and, in addition, the
forced convection heat transfer.

The results regarding the mass flow rates for the different branches are shown in
Figures 9 and 10. Figure 9 shows that the flow coming from the labyrinth seal and the
segmented seal is redistributed symmetrically with respect to the outlet duct. As expected,
the ducts characterized by a longer flow path present a lower mass flow rate since they
are less convenient because their paths have higher hydraulic resistance. All the fluid
eventually flows through Branches 27-29. The same applies to the He duct, with the
difference that there are fewer radial ducts and mass flow rates. In this case, the fluid flows
from the inlet to the segmented seal.
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Figures 11 and 12 show the predicted fluid temperature in the two conduits analysed.
As seen from the two trends, the temperature of the He inlet is higher than the He/LOx
drain temperature. Indeed, the He is injected at 288.1 K, while the temperature is signif-
icantly lower in the drain due to the two-phase oxygen at cryogenic temperatures from
the labyrinth seal. By analysing the He inlet trend, it is possible to assess a temperature
decrease from the inlet of the ducts to the end. This effect is due to heat exchange with
the wall, which draws heat from the fluid. Indeed, the wall is at a lower temperature
due to its proximity to the drain. In contrast, the He/LOx drain increases in temperature
from the labyrinth seal to the outlet as it draws heat from the wall. Observing Figure 11,
it can be assessed that the first node of the drainage has a temperature of 97.5 K, which
corresponds to the saturation temperature at the pressure of Node 1; this implies that the
oxygen is still in a two-phase condition at the segmented seal. However, the He injection
at a high temperature caused the oxygen to rise in quality from xox = 0.15 to xox = 0.86.
Furthermore, the presence of He, which has the characteristics of an inert gas, causes the
mixture to have an overall gas fraction of ¢ = 0.88. From the second node onward, oxygen
is wholly vapourized (superheated steam).

In radial ducts, the temperature assumes different values. In particular, in the He
inlet, the temperature decreases from the ducts radially opposite from the inlet. In contrast,
the ducts radially farther from the outlet assume higher temperatures in the drain. The
cause is attributed to the different redistributions in the different branches. Considering, for
example, the drain, the long residence time of the fluid in the nodes farther from the outlet
determines higher temperatures, despite the low values of the heat transfer coefficient
due to the low mass flow rate. Similar reasoning can be applied to the He conduit. It
is noted that, unlike in the distribution of flow rates, in this case, temperatures are not
distributed symmetrically with respect to the central duct. This is due to the offset of 90°
between the He inlet duct and the drain outlet duct. To confirm the previous phenomena,
Figures 13 and 14 show the results of the heat flux and temperature of the solid nodes.

4.2. Model Validation

In order to validate the numerical tool, the fluid temperatures predicted by the numeri-
cal tool were compared with those measured in the He/LOx drainage and He inlet. Table 3
presents the comparison of the numerical predictions with the measured temperature data
used for the validation.

Table 3. Temperatures of the He/LOx drain and He inlet from the computed (numerical tool) and
experimental data.

Results
Test Case 1 Test Case 2 Test Case 3 Test Case4  Test Case 5
He/LOx Drain Ty (K) 187.01 205.06 215.12 223.00 229.36
- Ty1 (K) 191.04 199.61 205.14 209.62 213.97
Probe A E;, (%) —2.15 2.65 4.63 5.99 6.70
He/LOx Drain Tg (K) 165.58 181.12 188.81 194.13 198.59
- Tis (K) 166 178.18 185.18 191.03 196.83
Probe B E., (%) —0.81 1.61 1.92 1.59 0.88
He Inlet Tc (K) 270.95 274.93 276.83 278.27 279.60
- Ty (K) 265.71 268.90 270.86 272.49 274.21
Probe C E., (%) 1.93 2.19 2.15 2.07 1.92
He Inlet Tp (K) 250.53 257.52 260.62 263.06 265.31
- T30 (K) 245.14 250.89 254.36 257.25 260.15
Probe D Er, (%) 2.14 2.57 2.40 2.20 1.94

As previously mentioned, both pairs of probes used for validation are placed radially
opposite in the outer crown, aligned with the drainage conduit. Therefore, the examined



Appl. Sci. 2022,12,10776

20 of 23

nodes are 11 and 18 for the He/LOx drain and 29 and 30 for the He inlet. The validation of
the tool was carried out by analysing the percentage error between the measurements and
the prediction:
Tpredict — Tmeas
E,, = ———100 (23)
Tmeas
As shown in Table 3, a good agreement of the predicted values with the experimental
data (within 7%) can be observed.

5. Conclusions

This work described a 1D flow network solver developed to simulate two-phase multi-
component flows inside cryogenic turbopumps used for liquid rocket engines. The flow
network solver provides the capability to analyse very complex geometries, involving very
narrow passages and fittings with mixing of different fluids. In particular:

1. A general-purpose finite volume procedure was implemented for solving the mass,
momentum, and energy conservation equations of fluids and solids. The pressure
drop and the convective single- and two-phase heat transfer, involved in the momen-
tum and energy conservation equations, were calculated using empirical correlations.

2. The network solver was based on an extension of a classic 1D homogeneous model,
originally developed for a pure substance, to the case of two-phase multi-component
flow. Classical two-phase heat transfer and pressure drop models were adapted to
multi-component flows by using an overall gas fraction.

3. The validation of the numerical tool was conducted by means of experimental data
obtained for the secondary circuit of an oxidizer turbopump developed at Avio S.p.A;
the Dynamic Seal Package was considered, which includes leakage flow from the
oxidizer pump discharge and mixing of the propellant with He.

4. The numerical predictions of fluid temperatures were compared with the measured
data. In most cases, a very good agreement was observed between the measurements
and predictions, with a maximum error lower than 7%, observed at the He/LOx drain.

5. The temperature discrepancies may be due to several factors. The assumed ho-
mogeneous model and the adopted correlations may be inadequate to capture the
two-phase phenomena of a bi-component mixture. However, the use of a more sophis-
ticated model, such as the drift—flux model or two-fluid model, would imply a larger
computational cost without guaranteeing a considerable accuracy improvement due
to the implicit uncertainties in predicting the interfacial interaction terms between the
two phases.
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Nomenclature

Symbols

A Branch area (m?)

cp Specific heat (J/ (kg K))

Dy Hydraulic diameter (m)



Appl. Sci. 2022,12,10776 21 0f 23

E, Percentage error (%)

f Darcy friction factor

g Gravity acceleration (m/s)

G Mass flux (kg/(m?s))

h Enthalpy (J/kg), heat transfer coefficient (W/(m?K))
hyy Enthalpy of evaporation (J/kg)

hy,, Equivalent enthalpy of evaporation (J/kg)

k Thermal conductibility (W/(mK))

Kot Rotation factor between fluid and surrounding surface (-)
L Branch length (m)

m Mass (kg)

1t Mass flow rate (kg/s)

n Number of elements in the network (-)

N Number of fluid-to-fluid branches in the network (-)
. Number of fluid nodes in the network (-)

T, Fluid nodes adjacent to node i (-)

Mesp Number of fluid-to-solid branches in the network (-)
Mifn Number of internal fluid nodes in the network (-)

g Number of species in the network (-)

gp Number of solid-to-solid branches in the network (-)
Nsn Number of solid nodes in the network (-)

Tgn, Solid nodes adjacent to node i (-)

p Pressure (Pa)

Pr Prandtl number (-)

Q Heat flux (W)

g Heat flux (W/m?)

Re Reynolds number (-)

T Temperature (K)

t Time (s)

u Velocity (m/s)

v Volume (m?)

X Quality (-)

Greeks

B Mass fraction (-)

é Solid node distance (m)

At Time interval between time steps (s)

€ Absolute roughness (m)

0 Branch inclination angle respect to gravity (rad)

i Viscosity (Pa - s)

0 Density (kg/m3)

o Surface tension (N/m)

X Molar fraction (-)

P Overall gas fraction (-)

w Angular velocity (rad/s)

Subscripts and superscripts
annular  Annular flow
CHF Critical heat flux

disp Dispersed flow

f Friction, fluid node variable (or unspecified)
ff Fluid-to-fluid branch variable (or unspecified)
fs Fluid-to-solid branch variable

i Node index

ij Branch index from node i to node j

i Node index adjacent to cell i

ji Branch index from node j to node i

k Specie, Local

1 Saturated liquid, line

MHF Minimum heat flux
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S Solid node variable
sat Saturation condition
sp Single-phase flow
sf Solid-to-fluid branch variable
ss solid-to-solid branch variable
tp Two-phase flow
t Time step
t+ At New time step
u Upstream branch
\% Saturated vapour
Acronyms
DspP Dynamic Seal Package
He Helium
LOx Liquid oxygen
GN2 Gaseous nitrogen
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