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ABSTRACT:

Flow boiling in cooling channels is a complex phe-
nomenon due to the wide range of flow patterns that
can emerge during coolant vaporization, resulting in
various heat transfer regimes. To provide reliable
yet efficient simulations for accurate estimation of
coolant heat transfer capabilities in support of liquid
rocket engine design, a new model for two-phase
heat transfer has been implemented in the Ecosim-
Pro/European Space Propulsion System Simulation
(ESPSS) tool. The accuracy of this model has been
validated against experimental data for cryogenic
fluids, focusing on wall temperature prediction and
Critical Heat Flux (CHF) position. A comparison with
the built-in model available in the EcosimPro soft-
ware was also conducted. Results indicate that the
built-in model can lead to significant inaccuracies
in wall temperature predictions due to the lack of
proper CHF modeling. Conversely, the new model
shows substantial improvement in predictive capa-
bilities, especially in cases where CHF occurs at the
channel inlet.

1. Introduction

Given the challenges posed by a new era of space
exploration, the space propulsion community needs
to enhance engine design and analysis techniques,
particularly when exploring new concepts or pro-
pellants. It is particularly important to highlight the
role of reduced-order modeling techniques, partic-
ularly during the initial design stages. In this set-
ting, the presence of the ESPSS toolkit is rather ad-
vantageous. Itis a standardized European resource
that facilitates the design, analysis, and simulation
of space propulsion systems. It is based on the
EcosimPro framework and has been developed by
ESA since 2006 [1]. Thanks to the versatility of the
EcosimPro platform the component libraries can be
improved by the users for specific goals. This is
the case of the problem of two-phase heat transfer
which is faced in the present study. Indeed, even if
fluids exploited in cooling systems for liquid rocket
engines, typically operate under supercritical design
pressure conditions, in essential phases like those
of planetary landing or in reusable rocket systems
during transient phases such as chill-down, engine
start-up and shut-down, or controlled engine opera-
tions, two-phase flow conditions including flow boil-

ing are likely to occur. Predicting the heat trans-
fer coefficient under these conditions presents sig-
nificant challenges, because changes to any of the
system parameters - including mass flux, inlet qual-
ity, pressure, heat flux, tube diameter, or orienta-
tion - can significantly affect flow evolution and heat
transfer capabilities. The ESPSS toolkit currently in-
corporates models for simulating two-phase flows,
yet lacks appropriate models for film boiling in an-
nular regimes commonly encountered in cryogenic
flow boiling. However, existing models are limited in
either selecting proper correlations for flow boiling
or implementing suitable transitions between heat
transfer regimes. The consequence is that they yield
significant errors in wall temperature predictions.
For this reason, adopting a comparable approach
as suggested in [2], the present work focuses on
the implementation of two-phase heat transfer cor-
relations in EcosimPro/ESPSS environment, able to
improve the current heat transfer coefficient func-
tion in post-Critical Heat Flux (CHF) regimes. A cri-
terion to switch between the different heat transfer
regimes has been implemented, identifying the CHF
location through suitable correlations developed for
cryogenic fluids. Correlations available in the liter-
ature, derived from forced convection boiling data
and with cryogenic fluids, are tested in the film boil-
ing regime, while the correlation of Chen has been
kept for the nucleate boiling regime. Experimental
tests on heated pipes with hydrogen and nitrogen as
working fluids have been replicated [3-5], to test the
new component, as well as to perform an assess-
ment of correlations selected for CHF identification
and post-CHF heat transfer.

2. Flow boiling

Assuming a tube uniformly heated over its length,
fed with subcooled liquid at a mass flow such that
the fluid completely vaporizes, there can be different
flow evolution patterns within the pipe depending on
the flow rate, enforced heat flux, pipe geometry and
orientation. Multiple flow patterns can appear and
evolve as a consequence of the vapour quality vari-
ation in the pipe, each of which has a specific impact
on pressure drop and heat transfer [6].

Following the map of heat transfer regimes re-
ported in Fig. 1 (curve I) when the wall tempera-
ture reaches the value that allows the formation of
the first vapour bubble in the nucleation site, the nu-
cleate boiling heat transfer mechanism begins. This
condition is defined as Onset of Nucleate Boiling
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Figure 1: Flow boiling heat transfer map.

(ONB). As the bulk vapour fraction increases, the
collision and coalescence between bubbles results
in larger bubbles that eventually fill the tube diam-
eter until at some point the transition between nu-
cleate boiling and two-phase force convection takes
place. In this case there is the suppression of boil-
ing at wall and heat is removed by forced convection
of the liquid film and then transferred to the vapour
core by evaporation of the liquid-vapour interface.
At some point the complete evaporation of the lig-
uid film occurs and the dryout condition takes place,
which is a form of CHF. This condition yields a sharp
rise of wall temperature as no more liquid is in con-
tact with the wall, leading to a sudden decrease of
heat transfer capabilities. After this point there is the
so called liquid deficient region where there are only
fine dispersed liquid droplets and this region extents
until the liquid is fully vaporized. Here, the process
of heat transfer is the single phase forced convec-
tion to the vapour phase.

The above comments hold to the case when a rel-
ative low heat flux is supplied to the wall. When
increasing heat flux, the ONB occurs sooner, as
well as dryout (curve Il). However, as the quality
increases, before the two-phase convection region
initiates and while bubble nucleation is still occur-
ring, another mechanism of CHF takes place, which
is similar to the boiling crisis in pool boiling and
is termed Departure from Nucleate Boiling (DNB),
curves (IlI-VIl). At DNB the critical conditions are
reached at the wall because of localized coales-
cence of vapour bubbles into a vapour film, even
at axial locations with subcooled liquid flow in the
core, curves (VI,VII). The larger the heat flux the ear-
lier the DNB will occur. The vapour precludes lig-
uid access from the core to the wall and, because
of high wall heat flux, causes the wall temperature
to rapidly rise. Downstream the DNB, film boiling
region is present until 100% of vapour is formed.
For DNB-type CHF, the pre-CHF region is character-
ized just by a bubbly flow with small vapour bubbles
present in neighborhood of the wall, while, down-
stream the CHF point, an inverted annular flow is ob-
served first, which is comprised of a liquid core sur-
rounded by a vapour film covering the pipe wall, then

the liquid core breaks up and only fine dispersed
liquid droplets survive until a complete vaporization
is reached. A schematic of flow patterns and heat
transfer regimes during flow boiling can be observed
in Fig. 2.

ONB Dryout
) Bubbly | Slug Dispersed Droplet
Single-phase Liquid \_ i J Foe | Annular Flow \_ B J Single-phase Vapor
T~ > e
[ ]
—
[ ]
. e . e
Forced Convection Nucleate Two-phase Dispersed Flow Forced Convection
Boiling Forced Convection|  Film Boiling
ONB Dryout
(a) Dryout-type CHF.
DNB
Single-phase Ligua | BUPDLY .| Dispersed Droplet
Single-phase Liquid Tl [Inverted Anmular Flow Tow Single-phase Va
T il 0 e
[ ]
—
[ 1
Forced Convect Forced Convect

DNB

(b) DNB-type CHF.

Figure 2: Schematic of CHF mechanisms during
flow boiling.

3. Built-in model

The ESPSS libraries present in EcosimPro provide
the capability of simulating cryogenic two phase
flows, employing the Homogeneous Equilibrium
Model (HEM). The two-phase flow is modeled as a
mixture of vapour and liquid, which are assumed to
have the same temperature, pressure and velocity.
As a result, the same equations (mass, momentum
and energy conservation) that are used for a single-
phase flow are employed. The vapour mass fraction
(quality) is computed from thermodynamic consider-
ations as reported in Eq. 1.

h— hf
hg — hy

where h is the enthalpy of the mixture, and h; and
hgy are respectively the enthalpy of saturated liquid
and vapour at the mixture pressure.

The heat transfer from the flow to the wall is com-
puted according to Eq. 2.

X, = (1)

q=he (Tw - Tb) (2)

where g is the heat flux, h. is the heat transfer co-
efficient, T, the fluid bulk temperature and T, the
wall temperature. Tube components offer multiple
options to compute k.. Specifically two formulations
can deal with two-phase flows: namely ht_tube and
ht_boiling. However, since the ht_boiling func-
tion is based on pool boiling correlations, it is unable
to model forced convection regimes. Therefore, it
has not been evaluated in this study. Consequently,
the results labeled as Built-in have been generated
using the ht_tube option.



3.1.  ht_tube option

A schematic representation of the ht_tube option is
reported in Fig. 3 for both flow boiling and conden-
sation.
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Figure 3: ht_tube heat transfer model.

Specifically, for flow boiling conditions, the spe-
cific regime and the corresponding correlation for the
evaluation of the heat transfer coefficient is selected
according to the value of the bulk vapor mass frac-
tion. It can be noted that the nucleate boiling regime
is selected as long as X, < 0.7 and the heat trans-
fer coefficient is calculated through the correlation of
Chen [7]. Conversely, when X,, > 0.9, the film boil-
ing regime is chosen and the heat transfer coefficient
is calculated based on the correlation developed by
Dougall-Rohsenow [8]. For 0.7 < X, < 0.9, the tran-
sition boiling regime is selected, and the heat trans-
fer coefficient is determined through spline interpola-
tion between the nucleate boiling and film boiling co-
efficients. It is worth to point out that in the ht_tube
option, no appropriate model is available for the CHF
prediction. As a matter of fact, the use of the vapour
mass fraction as a discriminant to switch between
models may lead to significant errors, since X, is not
a parameter which clearly identifies a heat transfer
regime. This can yield significant errors in the pre-
diction of the wall temperature.

4. New Model

From an analysis of the correlations available in the
ESPSS libraries and of the literature, appropriate
correlations are needed. Such correlations need to
be derived/fitted from forced convection boiling data
(and not pool boiling) and possibly with cryogenic flu-
ids, in order to correctly simulate flow boiling with a
reduced order numerical model. To avoid possible
numerical issues arising from the sudden change of
heat transfer coefficients in a transient simulation, a
steady component will be derived as a modification
of the conventional steady 1D pipe [1].

A first step is to implement a more realistic cri-
terion to switch between the different heat transfer
regimes rather than employing the bulk vapour fac-
tion. For this purpose, the location of the CHF can
be either manually provided by the user or calculated
by suitable correlations. Two correlations have been
selected and tested for the calculation of the CHF
position. They are reported in Tab. 1 and results will
be discussed in Section 7.3.

The universal correlation of Ganesan [9] has been
developed after the compilation of a database made
from experimental data about CHF in uniformly
heated pipes with cryogenic fluids like hydrogen, ni-
trogen, helium and methane. For the given enforced
heat flux, the channel axial location where CHF oc-
curs zoyr is directly calculated according to rela-
tions reported in Tab. 1. On the other hand, the cor-
relation of Shah [10] does not directly provide the
location of CHF for a given heat flux, but rather the
critical heat flux for a given axial location. Hence the
CHF position is selected as the position where the
calculated critical heat flux becomes lower than the
enforced heat flux. Once the location where the boil-
ing crisis occurs, if any, there is a switch between the
nucleate boiling regime and the film boiling regime.

For the new heat transfer model, the correlation of
Chen has been kept for the nucleate boiling regime
while different correlations have been tested and
compared for the film boiling regime, which are es-
sentially suitable modifications of the Dittus-Boelter
correlation for turbulent single-phase forced convec-
tion. These correlations are reported in Tab. 2.

In addition to well-known film boiling correlations,
recently developed universal correlations specifi-
cally tailored for cryogenic fluids [11], have also been
tested. However, it is crucial to note that the corre-
lations selected for the post-CHF regime may have
limitations, particularly when CHF occurs at small
values of X,. In such conditions, the heat trans-
fer coefficient tends to zero and thus the resulting
wall temperature could approach infinity. Addition-
ally, these correlations are not applicable in cases of
subcooled film boiling conditions (i.e. X, < 0). As
a result, due to the absence of suitable correlations
for subcooled film boiling conditions, a lower limit of
Xv,min = 0.01 has been arbitrarily set for the vapour
fraction used in evaluating the heat transfer coeffi-
cient within the film boiling regime. Eventually, to
provide a smooth transitions between heat transfer
regimes, smoothing functions have been employed.

5. Reference data

To test the new component, as well as to perform an
assessment of the film boiling correlations selected,
experimental tests on post-CHF flow boiling in uni-
formly heated pipes have been selected from the
open literature. Special attention has been devoted
to experimental data concerning cryogenic propel-
lants, which are fluids of interest in the present re-



Table 1: CHF correlations.
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search activity. Although the literature is quite poor
given the difficulties needed to deal with this cate-
gory of fluids, the experimental works of Hendricks
et al [3], Lewis et al [4] and Forslund et al [5]. have
been deemed suitable for the present study. In their
work, they performed studies on film boiling involv-
ing hydrogen and nitrogen in a vertical upflow config-
uration. The experimental setups are quite similar,
consisting of a pipe uniformly heated by an electri-
cal power supply. The pipes are characterized by
a diameter of 7.95 mm, 14.1 mm and 8.2 mm and
a length of about 0.3 m, 0.4 m and 1.2 m, respec-
tively, for [3], [4] and [5]. Different types of sensors
are mounted on the test section providing measure-
ments of mass flow rate, static pressure, fluid tem-
perature, and wall temperature distribution. Multi-
ple runs have been chosen from the experimental
works. Specifically 15 test cases have been simu-
lated from [3], 28 from [4] and 12 from [5]. A sum-
mary of the operative conditions for each test case
is reported in Tab. A1.

6. EcosimPro Schematic

The schematic which has been used for the present
analysis is reported in Fig. 4 and is characterized
by the new component, where the user can set the
correlations for each heat transfer regime, a heater
that enforces the the desired power to the tube walls,
inlet and outlet components to enforce the desired
boundary conditions in terms of pressure and tem-
perature and a junction component which essentially
represents an orifice with imposed mass flow.

o
>—@ o> S =l o—{: >
WorkingFluid Tube massflow

inflow outflow

Figure 4: EcosimPro schematic adopted for the sim-
ulations.



Table 2: Film boiling correlations.
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7. Results make the overall heat transfer coefficient less sen-

7.1. Smoothing

To obtain more realistic heat transfer coefficients
around the CHF region, particularly in subcooled
flows where film boiling correlations are used with a
minimum vapour fraction, a smoothing function has
been implemented.

Following the methodology outlined in [2], where
a hyperbolic tangent function is used to smooth the
heat transfer coefficient in the vicinity of the CHF,
this study similarly employs a hyperbolic tangent ap-
proach. However, whereas [2] applies the smooth-
ing to the thermal resistance (i.e., the inverse of
the heat transfer coefficient), this study smooths
the heat transfer coefficient itself. This modification
aims to give more weight to the nucleate boiling coef-
ficient, which typically has a much larger magnitude.
In contrast, utilizing the thermal resistance would

sitive to the nucleate boiling coefficient, especially
when the film boiling coefficient approaches zero.
The equation used for the heat transfer coefficient
is reported in Eq. 3.

1 T — TOHF
hc hc,nb 9 |: + tan < ksth ):| (hcmb hc,fb)
3)

The coefficient k,,, regulates the width of the re-
gion in the neighborhood of the CHF where the
smoothing is applied. Through analyses conducted
using experimental data from the reference works,
it has been found that a correlation exists between
the optimal k,,, that reduces the error with respect
to the experimental data and the rate at which the
vapor fraction increases. As a result, an investiga-
tion has been undertaken to establish a correlation
with the Boiling number Bo = ¢/(Ghy,).



The findings are presented in Fig. 5, showing the
results of a linear fit. This fit takes the form detailed in
Eq. 4, accompanied by its corresponding R? value.

ksm = 781.2Bo + 1.552

R*=0.79 (4)

Figure 5: Linear fit for smoothing parameter k., as
a function of Bo.

Eventually, to show the limitations of the correla-
tions in case of CHF occurring at small bulk vapour
fractions and to prove the efficacy of the present
smoothing technique, in Fig. 6 are reported the wall
temperature predictions with respect to reference
data with and without smoothing for Run 204 from
[3] and Run 210 from [5].

Results have been obtained with the correlation of
Ganesan (eq) for the film boiling heat transfer coef-
ficient. It is evident that significant discrepancies in
wall temperature prediction arise especially in sub-
cooled regions or areas characterized by low bulk
vapour quality, leading to very large values of wall
temperature. Conversely, employing the smooth-
ing technique notably enhances predictions in the
vicinity of the CHF condition, yielding substantial im-
provements.

7.2. Post-CHF heat transfer correlations

In this section, the new model is tested employing
multiple correlations for film boiling heat transfer re-
ported in Tab. 2. A comparison is also made with
respect to the built-in ht_tube option.

Prior to delving into the examination of the CHF
correlations utilized to determine the CHF location,
it should be noted that the CHF position itself in the
new component can be manually specified as an in-
put by the user. Thus, focusing the study towards
the predictive capabilities of the chosen correlations
within their respective two-phase regimes of appli-
cation, the current analysis has been conducted with
the CHF position provided as input.

To assess the accuracy of the selected correla-
tions, a comparison is made with respect to the ref-
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Figure 6: Smoothing technique.

erence data [3-5] by evaluating the Mean Absolute
Error (MAE) as shown in Eq. 5.

N,

Z |¢p1 ¢m z| % 100 (5)

m,

MAE =

where N, is the number of measurements ¢, is
the predicted value of the generic quantity ¢ and ¢,,
is the measured value of ¢. The comparison has
been carried out in terms of wall temperature (¢ =
T.,) for each run.

Results of MAE are reported in Figs. 7-9, respec-
tively for all the test cases of the reference works of
[3], [4] and [5].

It can be noted that the worst result is the one ob-
tained with built-in model, which adopts the Chen
correlation for nucleate boiling until X, < 0.7. As
a matter of fact, the reference works are mainly de-
voted to the study of post-CHF scenarios. More pre-
cisely, CHF takes place essentially at the beginning
of the pipe, where X, is very small or even negative,
meaning that CHF occurs when the fluid is still sub-
cooled. Hence, the rationale behind the transition
from nucleate boiling to film boiling regime adopted
in the built-in model is clearly inappropriate for such
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Figure 7: MAE calculated on test cases from [3].

class of applications. Comparing the different corre-
lations it can be noted that all of them yield a great
improvement in the prediction of heat transfer. Both
correlations of Ganesan et al. [11], the correlation of
Dougall-Rohsenow [8] and the correlation of Groen-
eveld [13] show good predictive capabilities for many
test cases of both fluids, the correlation of Hendricks
[3] performs well mainly with hydrogen data of [3] but
on the contrary shows errors larger than 60% for all
the test cases. Eventually the correlation of Miropol-
skii [12] shows good prediction only concerning few
hydrogen cases.

To give a further insight about the predictive capa-
bilities of the different correlations, the comparison
between wall temperature prediction and reference
data is reported in Figs. 10-12, respectively for all
the test case of the reference works [3], [4] and [5].

The same conclusions drawn in the discussion of
Figs. 7-9 can be observed here. Moreover it can be
noted the large overprediction that is obtained with
the built-in ht_tube model, that yields heat transfer
coefficients between 1 and 2 orders of magnitude
larger than the reference case. There are few points
of the built-in model that are somehow in agreement
with the reference data and those are the ones of
test cases belonging to [4] and [5] where the bulk
vapour fraction exceeds 0.7. Indeed, in such condi-
tions the model selects the Dougall and Rohsenow
correlation, which is suited for the film boiling regime.
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Figure 8: MAE calculated on test cases from [4].

Figs. 10-12 provide also valuable insights regard-
ing the dispersion of predicted data points. It can
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Figure 9: MAE calculated on test cases from [5].

be noted that the correlations of Ganesan et al. [11],
especially the one based on the equilibrium assump-
tion, Ganesan (eq), globally show predictions which
are rather concentrated around the reference data
points. In contrast, the other correlations produce
more dispersed results. In order to give a more pre-
cise quantification about how much predictions are
spread for each test case the Root Mean Square Er-
ror (RMSE) is evaluated as reported in Eq. 6, using
the same nomenclature adopted for the definition of
MAE:

1 A ((pi — i\
RMSE:JNTQZ(I’%M> x 100  (6)

=1

RMSE is shown for all test cases in Figs. 13-15.

Eventually, the overall MAE and RMSE are re-
ported for each correlation in Tab. 3 and Tab. 4,
respectively.

From the analysis performed it has been observed
that the correlation which has shown to be more ac-
curate in terms of MAE and RMSE is the Ganesan
(eq). Also the correlation Ganesan (nheq) has shown
overall good predictive capabilities but since has a
more complex structure and thus it is more prone to
numerical errors, the former correlation is preferred
and eventually selected has a default option for film
boiling heat transfer in the new developed compo-
nent.
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Figure 10: Test cases from [3].

Table 3: MAE calculated on the simulated run for
each test case.

MAE [%)] Hy [3] H2[4] N:2[9]
Built-in 78.15 58.24 71.18
Ganesan (eq) [9] 20.79 15.03 7.51

Ganesan (neq) [9] 22.73 2296 17.95
Dougall-Rohsenow [8] 23.19 29.49 24.78
Groeneveld [13] 33.59 2510 16.46
Hendricks [3] 21.63 2494 40.15
Miropolskii [12] 35.02 48.45 138.2

7.3. CHF position

In the previous section, predictive capabilities of
multiple film boiling correlations have been as-
sessed by fixing the experimental location of the
CHF, in such a way a proper comparison is made
against experimental data. However, CHF location
is not usually known a priori, hence it has to be prop-
erly calculated by the present component. For this
purpose, suitable correlations have to be selected.
Specifically, the universal correlation of Ganesan [9]
and the correlation of Shah [10] have been tested,
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Figure 11: Test cases from [4].

Table 4: RMSE calculated on the all simulated runs
for each test case.

RMSE [%)] Hy [3] H2[4] N:2[9]
Built-in 78.57 67.93 72.50
Ganesan (eq) [9] 28.97 3010 942
Ganesan (neq) [9] 2768 3496 20.66
Dougall-Rohsenow [8] 26.84 4241 27.75
Groeneveld [13] 4770 4165 21.68
Hendricks [3] 29.82 38.73 41.29
Miropolskii [12] 51.20 87.78 164.6

whose relations are reported in Tab. 1.

The error on the calculation of the CHF position is
evaluated through Eq. 7 and results reported in Tab.
5 for each correlation and reference work.

‘xCHF,m - mCHF,p|
L

ECHF = min 1007 x 100 (7)

It can be noted that 100% error is obtained with
the built-in model for the data of Hendricks et al. In
this case, the vapor quality never exceeds 0.7, so
CHF is never reached even if it actually occurs al-
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Figure 12: Test cases from [5].

Table 5: Error in the calculation of the CHF position.

ecur [%] Hy[3] H>[4] N2 I[5]

Built-in 100 50.2 94.8
Ganesan[9] 18.85 23.1 35.6
Shah [10] 0 22.4 81.6

ways at the inlet section of the channel. A bad per-
formance is also observed concerning the nitrogen
test cases, while a better agreement is obtained for
hydrogen test cases of Lewis et al. The correlation
of Ganesan shows rather good predictive capabil-
ities, with an average accuracy of about 20% with
respect to hydrogen reference works. A larger error
is observed for the nitrogen test cases, which exhibit
CHF always at the inlet section of channel. The cor-
relation of Shah correctly predicts all the test cases
of Hendricks et al, since for all the test cases the cal-
culated critical heat flux is lower than the enforced
value. A good performance is observed for the hy-
drogen cases of Lewis et al, while it exhibits a large
error in the prediction of the nitrogen cases.
Eventually, Tab. 6 presents the Mean Absolute
Error (MAE) calculated on wall temperature, com-
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Figure 13: RMSE calculated on test cases from [3].

paring the Built-in model with the new model. The
correlations used for the new model are those which
have demonstrated the best overall accuracy across
all test cases, encompassing both CHF position and
post-CHF heat transfer. These correlations are the
universal ones proposed by Ganesan et al [9, 11].

Table 6: Comparison of MAE calculated with the
built-in model and the new model.

MAE [%]  H»[3] Hz[4] N [9]
Built-in 78.15 5824 71.18
New model 35.38 4243 22.65

It is evident that the error in the CHF position
clearly deteriorates the accuracy reported in Tab.
3 concerning the Ganesan (eq) correlation. How-
ever, a substantial enhancement is obtained com-
pared to the built-in model, particularly in the hydro-
gen test cases of Hendricks and the nitrogen test
cases. Although there is an improvement also ob-
served for the Lewis test cases, it seems to be less
pronounced. It is important to stress out again that
the built-in model determines the CHF position solely
based on the bulk vapor fraction, which is not a suit-
able discriminant for the CHF phenomenon.
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Figure 14: RMSE calculated on test cases from [4].



60

Ganesan (eq)
Ganesan (neq)

Dougall-Rohsenow
Groeneveld
Hendricks
Miropolskii

S
o Built-in
230
=
&
20 -
10
0 201 206
Run ID
60
Ganesan (eq)
0 Ganesan (neq)
Dougall-Rohsenow
Groeneveld
40 Hendricks
< Miropolskii
= Built-in
% 30
20 -
10
0
211 212 213 214 215 227
Run ID

Figure 15: RMSE calculated on test cases from [5].

8. Conclusions

The present work introduces a new model, imple-
mented within the EcosimPro/ESPSS framework,
for analyzing two-phase heat transfer during flow
boiling in cooling channels, with special attention to
CHF and post-CHF regimes. Large limitations of the
built-in heat transfer model have been observed in
the prediction of post-CHF boiling flows. Hence, an
improved model has been developed following a ra-
tionale where CHF is calculated rather that arbitrarily
set to a fixed bulk vapour quality. Different correla-
tions for film boiling heat transfer have been com-
pared in terms of a MAE and RMSE, showing how
heat transfer prediction can be greatly improved with
respect to the original model. However, it must be
pointed out that some steps are still needed to get
a full characterization of the present model, testing
the developed model on more realistic cases in the
framework of flow boiling in liquid rocket propulsion
components. Moreover, an extension to study two-
phase transient operations is still missing. Particular
attention must be devoted to the selection of suitable
correlations. This further step will allow to extend the
validity of the present component to interesting ap-
plications like chill-down operations. Eventually, an
additional step involves a comprehensive evaluation
of two-phase pressure drop models to enhance the
predictive accuracy of the current model, aiming for
less conservative designs.
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Appendix

Table A1: Operating conditions of reference test cases. Hs [3, 4] and Ny [5].

RunID  Fluid pou[bar] T [K] Glkg/(sm?)] q[kW/m?] zcur [m]

182  H.[3] 26 25.0 1617.4 384.3 0.0
18-6  H.[3] 2.8 25.0 1653.9 630.6 0.0
18-8  H.[3] 1.9 24.0 804.1 641.1 0.0
201  H.[3] 29 24.0 1553.3 977.1 0.0
202 H.[3] 26 24.0 1242.7 986.8 0.0
20-3 H.[3 1.9 24.5 858.9 990.9 0.0
2044 H.[3] 16 24.0 721.9 994.3 0.0
20-5 H.[3] 33 235 1626.5 1354.0 0.0
206 Hy[3] 26 24.0 1206.1 1376.2 0.0
207  H.[3] 1.9 24.5 849.8 1376.2 0.0
208 H.[3] 16 245 712.7 1370.7 0.0
209  Hy[3] 3.2 24.0 1516.8 1650.6 0.0
221 H.[3] 34 25.0 1297.5 1514.8 0.0
222  H.[3] 26 255 922.9 1517.6 0.0
224  H.[3] 32 25.5 1379.7 1140.6 0.0
127 H.[4] 207 220 4.028 38.6 0.0423
137 H.[4] 345 246 5.479 32.5 0.1692
140  H.[4] 344 246 5.561 29.3 0.2227
146 H,[4] 352  24.1 14.78 59.0 0.0
147  H.[4] 503 259 17.36 70.7 0.0
148  H,[4] 503 258 13.14 67.5 0.0
149  H,[4] 489 265 14.58 79.2 0.0
150  H.[4] 4.89  26.9 14.58 76.7 0.0
158 H.[4] 352  23.6 10.97 66.6 0.0
159  H.[4] 358  23.8 17.77 69.7 0.0
160  H.[4] 372  24.1 7.093 49.8 0.0
161 H,[4] 352  21.8 8.707 55.5 0.0
162 H.[4] 207 217 18.31 60.9 0.0
163 H.[4] 214 217 18.31 77.6 0.0
164  H.[4] 358 237 8.219 57.1 0.0
165 H.[4] 358  23.8 11.77 66.2 0.0
166 Hy[4] 345 217 11.38 66.2 0.0
167  H.[4] 358 217 7.825 57.1 0.0
168 H.[4] 489 217 10.01 74.8 0.0
169  H.[4] 489 217 11.05 73.5 0.0
170 H.[4] 476 245 20.61 74.7 0.0
171 H.[4] 448 252 9.521 59.0 0.0
172 H.[4] 483 253 11.45 68.5 0.0
306 H,[4]  3.31 23.9 10.84 51.7 0.1915
311 H.[4] 356 235 18.15 56.3 0.1057
313 Hy[4]  3.51 22.9 21.97 49.4 0.0705
317 H,[4] 359 242 5.181 40.8 0.1226
322 Hy[4] 355 253 11.80 57.3 0.0352
201 N, [5] 1.63 79.4 173.5 63.9 0.0
206 N,[5] 1.63 80.6 92.7 62.9 0.0
207 N, [5] 1.68 81.7 94.5 32.0 0.0
208  Ny[5]  1.67 80.2 96.5 16.1 0.0
209 N, [5] 1.66 80.0 94.8 47.9 0.0
210 N, [5] 1.56 78.9 257.8 78.0 0.0
211 No[5]  1.60 78.9 259.0 62.9 0.0
212 Ny [5] 1.62 79.4 260.4 46.9 0.0
213 N [5]  1.69 80.6 176.7 314 0.0
214 Ny [5] 1.71 80.6 170.3 24.1 0.0
215 N, [5] 1.65 80.0 260.1 31.2 0.0
227 N, [5] 1.65 78.9 178.3 47.9 0.0
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