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a b s t r a c t 

In this paper, the condensation induced by a sub-cooled water injection in a circular horizontal pipe with 

a two-phase stratified flow is investigated. The focus of the work is to review the physical models or cor- 

relations predicting the condensation heat transfer coefficient and assess them against an experimental 

database. 

Three experiments, namely COSI, TOPFLOW-PTS and UPTF, are consolidated in a substantial database. 

They have different configurations and complexity, covering a wide range of injection mass flowrate, tem- 

perature and pressure. A thermal-hydraulic analysis is performed, resulting in reliable and coherent ex- 

perimental data. 

The condensation models found in the literature are based on the modelling of the Nusselt number 

through several dimensionless numbers. The assessment of these correlations against the experimental 

database provides poor results. Thus, a new approach is proposed. 

The cold jet is modelled as a heat exchanger, which is described by a condensation potential. The 

analytical formula of the potential is found starting from an energy balance at the injection, showing 

that the condensation depends on the jet geometrical shape and a parameter η. 

A new correlation for the parameter η is calibrated against the COSI and TOPFLOW-PTS experiments, 

significantly reducing the average standard deviation between evaluations and experimental data. The 

new correlation is then applied to an independent database, i.e. the UPTF experiments. The results show 

good agreement between the calculated and experimental values, proving the capability of the new 

model to accurately predict the condensation at the injection. 

© 2022 Elsevier Ltd. All rights reserved. 
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. Introduction 

Direct Contact Condensation (DCC) phenomena between steam 

nd sub-cooled water are of great importance in various industrial 

elds such as nuclear [1] , chemical [2] and manufacturing [3] . 

In the literature, two main configurations for the occurrence of 

CC have been widely investigated: the injection of steam in large 

iquid pools (e.g. [4–8] ) and the injection of sub-cooled water in 

arge volumes of steam (e.g. [9–11] ). On the contrary, the DCC in- 

uced by a sub-cooled water injection in a circular horizontal pipe 

ith a two-phase stratified flow was studied in a limited number 

f articles. In Fig. 1 , the phenomenon is briefly illustrated. There, 

he cold water (in light blue) flows mainly from the left to the 

ight of the pipe. The gas phase (in yellow) consists of pure steam 
∗ Corresponding author. 
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ithout non-condensable gases that can flow in either a co-current 

r counter-current way. 

Two main condensation zones are identified: the jet and the 

tratified condensation. The former is due to the contact of the 

ylindrical jet with the steam and then its impact in the liquid 

ow, the latter to the contact of the steam and the liquid at the 

nterface in the stratified flow far away from the jet. In this article, 

e are interested on studying and modelling the condensation at 

he injection in the framework of system codes development. 

In Fig. 2 , the main local DCC phenomena in the injection re- 

ion are represented [12] . The cold water is injected in the pipe, 

lunging in a two-phase flow of hot water (in dark blue) and pure 

team. 

Different local condensation phenomena are identified. Before 

he impact with the hot water, the steam condensates over the 

ough cold jet surface. After the impact, the condensation is mostly 

riven by the steam entrainment in the liquid phase [13] and the 

nduced turbulence enhances the heat exchange mechanism. In the 

iquid phase, mixing phenomena take place between the cold wa- 

https://doi.org/10.1016/j.ijheatmasstransfer.2022.123162
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2022.123162&domain=pdf
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Nomenclature 

A area [ m 

2 ] 

c p specific heat capacity at constant pressure [ J / kg · K 

] 

d diameter [ m ] 

D test section diameter [ m ] 

Fr Froude number 

√ 

u 2 

g·l F r 
˙ G specific mass flowrate [ kg / s · m 

2 ] 

g gravity constant [ m / s 2 ] 

h heat transfer coefficient [ W / m 

2 · K 

] 

H liquid height in the test section [ m ] 

i specific enthalpy [ J / kg ] 

i lg latent heat of condensation [ J / kg ] 

k thermal conductivity [ W / m · K 

] 

l characteristic length [ m ] 

L jet length [ m ] 

˙ m mass flowrate [ kg / s ] 

Nu Nusselt number 
h ·l Nu 

k 

Pr Prandtl number 
μ·c p 

k 

˙ Q volumetric flowrate [ m 

3 
/ s ] 

˙ q heat flux [ W ] 

˙ q ′′ specific heat flux [ W / m 

2 ] 

Re Reynolds number 
ρ·u ·l Re 

μ

St Stanton number Nu / ( Re · P r ) 
T temperature [ K] 

u velocity [ m / s ] 

Greek symbols 

α void fraction 

μ dynamic viscosity [ Pa · s ] 

ρ density [ kg / m 

3 ] 

σ standard deviation 

Subscripts 

cond condensation 

ex exchange 

g gas 

inj injection 

l liquid 

pot potential 

ps pump simulator 

ref calculated at the reference temperature 

sat saturation 
Fig. 1. Main phenomena occurring at a sub-c

2 
er rebounding the walls and the hot water [14] . Moreover, the in- 

ection itself and the lateral rebounds create a wavy liquid-steam 

urface, enhancing the steam condensation [15] . 

In Bestion and Gros d’Aillon [16] described the DCC phe- 

omenology induced by a water jet in a circular horizontal pipe 

ased on the experimental results obtained in the facility COSI 

COndensation at Safety Injection). They found out that the biggest 

ontribution to the global condensation in the test section was as- 

ociated to the jet impact into the two-phase stratified flow and 

upposed that the main DCC mechanism was due to turbulence 

enerated by impact of the water jet into the stratified water. To 

redict the steam condensation in the injection zone, they devel- 

ped a correlation based on three experimental series of the COSI 

xperiments carried out with the Framatome configuration of the 

est section (see description of the test facility in Section 2.1 ). The 

imensionless numbers, Nusselt, Reynolds and Prandtl, were em- 

loyed. 

An improvement of this initial correlation was later proposed 

y Janicot and Bestion [17] in 1993. This model is based on the liq-

id height in the test section H as the turbulence length (e.g. the 

haracteristic length associated to the Nusselt and Reynolds num- 

ers) and the heat exchange area as function of the void fraction 

n the test section and the injection pipe diameter. 

In Liao et al. [12] developed a new DCC model based on the 

ame dimensionless numbers but an undefined function of the liq- 

id height f( H ) to define the turbulence length. This length was 

hen used to calculate the heat exchange area. They decided to 

t the correlation using another subset of COSI experiments: the 

estinghouse configuration, characterised by a vertical injection. 

ood results were also shown for the prediction of the condensa- 

ion in another test facility UPTF (Upper Plenum Test Facility) [18] . 

In the same year, Ren et al. [19] described the ECCS (Emergency 

ore Cooling System) facility, which has a test section similar to 

he COSI one. Once described the phenomenology in the test sec- 

ion, the authors proposed different models based on the same di- 

ensionless numbers and selected the best-fitting one. Ren et al. 

efined the same heat exchange area as Liao et al., even if the char- 

cteristic length is unknown. 

Gaillard and Rodio [20] , in 2018, proposed a stratification cri- 

erion for single and two-phase flows in presence of a sub-cooled 

njection. In their paper, a new condensation model at the jet is 

sed for the validation of the criterion. Nevertheless, the authors 

o not specify which experiments they used to fit the model. In 

his new correlation, the Froude number, the void fraction and the 

atio of the injection diameter over the test section diameter were 

dded to the historical three dimensionless numbers. According to 

he authors, these parameters take into account the free surface 
ooled injection into a two-phase flow. 
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Fig. 2. Main local DCC phenomena occurring at the injection. 

Table 1 

Jet condensation correlations found in the literature. 

Name Correlation 

Characteristic 

lengths T re f and �T 

Janicot et al. 

[17] 

Nu = 0 . 5 · Re l Nu = l Re = H

u Re = u in j 

A ex = d jet ·√ 

( 1 − α) · α · D 

T re f = unknown 

�T = T sat − T in j 

Liao et al. 

[12] 

Nu = 0 . 245 · Re 1 . 1 · Pr 0 . 6 l Nu = f (H) · D 

l Re = d in j 

u Re = u in j 

A ex = 

d in j · f (H) · D 

T re f = 

T sat + T in j 

2 

�T = T sat − T in j 

Ren et al. 

[19] 

Nu = 3 . 773 · Re l Nu = unknown 

l Re = d in j 

u Re = u in j 

A ex = d in j · l Nu 

T re f = unknown 

�T = T sat − T in j 

Gaillard et al. 

[20] 

Nu = Re · Pr · F r 0 . 5 · α · d jet 

D 
l Nu = l Re = l Fr = 

H

u Re = u Fr = u in j 

A ex = d 2 
in j 

T re f = unknown 

�T = T sat − T in j 
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isruption of the jet. Moreover, the heat exchange area is defined 

s the jet cross section. 

In Table 1 , the characteristic lengths, reference temperature and 

emperature difference are summarised for every cited correla- 

ion. The reference temperature is the temperature at which the 

hermodynamic properties of the liquid water are calculated. The 

emperature difference defines the condensation heat flux ˙ q cond = 

˙  cond · c p · �T . 

These models are mainly calibrated using different subset data 

rom the same experiment (e.g. COSI) or a very similar one (e.g. 

CCS). However, they do not seem consistent with each other. 

oreover, the experimental database can be improved and en- 

arged with other experiments. 

In order to better understand the DCC phenomenon induced by 

 water injection in a circular horizontal pipe and to improve its 

odelling, three experiments named COSI, TOPFLOW-PTS [ 21 , 22 ] 

nd UPTF are analysed in this work. These tests were carried out, 

espectively, at CEA-Grenoble, HZDR and BMFT-KWU. A reliable 

nd wide experimental database is prepared so that the correla- 
3 
ions from the literature can be properly assessed. Eventually, a 

ew correlation is developed and validated. 

The paper is organised as follows: in the following section, the 

xperimental databases and their thermal-hydraulic analysis are 

resented. In Section 3 , the experimental database is tested against 

he physical models from the literature. Section 4 is dedicated to 

he development and the validation of a new condensation corre- 

ation. In Section 5 conclusions are drawn. 

. Experimental database 

The correlations found in the literature and reviewed in the in- 

roduction must be assessed against experimental data. The assess- 

ent process is important to evaluate the predictive capabilities of 

he models to reproduce the experimental data. If the correlations 

o not show good results, a new model must be calibrated against 

he assessment database. The new best-estimate correlation is then 

ested against an independent database not used to tune the model 

23] . This validation phase quantifies the model accuracy in pre- 
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Fig. 3. Framatome (at the top) and Westinghouse (at the bottom) test sections in the COSI experiment. 

Table 2 

Main characteristics of the experiments. 

COSI TOPFLOW-PTS UPTF 

Number of tests 315 42 24 

Pressure [MPa] [2; 7] [3; 5] [0.3; 1.5] 

Injection temperature [ °C] 20, 80 [45; 210] [30; 40] 

Injection mass flowrate [kg/s] [0.1; 0.6] [0.7; 2.5] [10; 160] 
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icting the data when the experimental conditions differ from the 

alibration ones. 

In Table 2 , the main characteristics of the experiments are sum- 

arised. 

In the following three sections, the experiments are intro- 

uced. Section 2.4 . presents the experimental uncertainties. In 

ection 2.5 ., a detailed thermal-hydraulic analysis of the experi- 

ental database is performed. Finally, Section 2.6 illustrates the 

ethodology used for the quantification of the condensation rate. 

.1. The COSI experiments 

The COSI experiment was carried out at CEA Grenoble in the 

0 s. The goal was to obtain a reliable database to develop a con- 

ensation model at the injection [17] . 

Two test sections were built to simulate the cold leg of a French 

Framatome, from now on shortened Fra) and American (Westing- 

ouse, from now on shortened West) nuclear Pressurised Water 

eactor (PWR). In Fig. 3 , the two configurations consist of: 

• A horizontal pipe of 0.118 m in diameter and of 1.4 m in length

for Fra and 3.77 m for West; 
4 
• An inlet pipe for the steam coming from the boiler and an out- 

let pipe going to the condenser; 
• A vertical pipe to evacuate the water and keep the liquid level 

constant. This pipe is from now on called downcomer (DC); 
• Different injection pipes, welded to the horizontal pipe. 

The arrows show the direction of the liquid (blue) and of the 

team (orange). In Fig. 3 , the steam is depicted co-current with the 

iquid. Nevertheless, for both configurations, there are tests with 

team in co-current and counter-current flow. 

The test sections are equipped with the following instrumenta- 

ion: 

• Thermocouple rakes, assemblies of thermocouples used to mea- 

sure the temperature in precise points in space. The geometry 

of a rake can be found below the Fra test section in Fig. 3 . There

are 8 rakes for Fra and 5 for West, of 16 thermocouples each. 

One injection pipe in the West configuration is also equipped 

with 3 rakes; 
• A thermocouple in the downcomer; 
• A weir of adjustable height (0, 0.3, 0.5 times the diameter D for 

Fra and 0, 0.5 times for West) to keep the liquid level constant 

in the horizontal pipe. 

In Fig. 4 and Table 3 , the different injection pipe configurations 

re shown. The first one being the Fra injection and the two on the 

ight, respectively, the West injections of type Accumulator (Acc) 

nd High Pressure (HP). Only the HP injection is equipped with 

hermocouple rakes. 

In Fig. 5 , a representation of the phenomenology in the COSI 

xperiment is shown. The steam is sent from a boiler into the test 
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Fig. 4. Geometrical configurations of the injection pipe in the COSI experiments. 

Table 3 

COSI injection pipe angles and diameters. 

COSI-Fra COSI-West Acc COSI-West HP 

Inclination in the vertical plane θin j 30 90 90 

Inclination in the horizontal plane ϕ in j 0 0 45 

Diameter d in j [ mm ] 22 5.6, 23 38 

Fig. 5. Phenomenology in the COSI test section. 
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ection and the phenomenology due to the jet injection is high- 

ighted. 

Four different zones can be identified. The injection zone, 

here the jet impacts the liquid and the steam bubbles may be 

ntrained in the liquid phase. Upstream the jet, large temperature 

radients and strong interfacial shears lead to a recirculation zone. 

ownstream the jet, thermal stratification is observed. The pres- 

nce of the weir may produce a “standing water” effect, creating 

 small recirculation zone in the surroundings. After the weir, the 

ater falls in the downcomer generating a cascade. 

The COSI database consists of 219 Fra tests and 96 West tests. 

.2. The TOPFLOW-PTS experiments 

The TOPFLOW-PTS (Pressurised Thermal Shock) experiment was 

arried out in Helmholtz-Zentrum of Dresden-Rossendorf (HZDR) 

n 2010–2012. The goal was to study and better understand the 

henomena behind the Pressurised Thermal Shock (PTS), namely 

he thermal shock phenomena possibly occurring in nuclear re- 

ctors due to cold-water injection at high pressure. Data were 
5 
btained, mainly to validate Computational Fluid Dynamics (CFD) 

odes [24] . 

In Fig. 6 , the test section is composed by: 

• A pump simulator (PS) with two pipes for water injection and 

extraction; 
• A horizontal pipe of 0.2792 m in diameter and 2.95 m in 

length; 
• An annular space to simulate the DC; 
• An injection pipe of 0.0531 m in diameter and welded at 30 ° in 

the vertical plane, as shown in Fig. 7 . 

The test section is equipped with: 

• 4 thermocouple rakes of 25 thermocouples each; 
• Several thermocouple rakes in the downcomer. 

The phenomenology during the experiments is the same as 

OSI, with the exception of the cascade zone. In TOPFLOW-PTS, the 

iquid free level is kept constant thanks to a feed & bleed (F&B) 

ystem placed at the bottom of the DC. This system extracts a 
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Fig. 6. TOPFLOW-PTS test section. 

Fig. 7. TOPFLOW-PTS injection pipe geometrical configuration. 
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uantity of water equal to the injection and condensed steam mass 

owrates, holding always a constant level in the DC. 

Two typologies of tests have been realised during the experi- 

ental campaign: 

Steady-state: after a stabilisation transient, the steady-state 

onditions are reached inside the test section and the jet conden- 

ation can be evaluated. Only the final steady-state conditions are 

egistered for 60 s. Tests with and without injection/extraction of 

ater in the PS are performed. These tests are indicated as sssw 

Steady State Steam Water). 

Transient state: in this typology, the whole transient is regis- 

ered from the start of the water injection until the steady-state 

onditions are obtained. The last 100 s of each transient are used 

o evaluate the jet condensation after a time-averaging. In that pe- 

iod, all the thermal-hydraulic parameters are approximately con- 

tant, so that they can be considered as steady-state. The PS is al- 

ays disabled (i.e. no injection/extraction of water). These tests are 

ndicated as tsw (Transient Steam Water). 
Fig. 8. UPTF loop II

6 
The test conditions vary according to different parameters: 

ressure, steam mass flowrate, free liquid level, jet mass flowrate 

nd temperature. 

The TOPFLOW-PTS database consists of 28 sssw tests with PS 

nabled, 9 sssw tests with PS disabled and 3 tsw tests. 

.3. The UPTF experiments 

The UPTF (Upper Plenum Test Facility) experiment has been car- 

ied out by Siemens/KWU in the 80 s in Germany. It is composed 

f all the thermal-hydraulic components of a PWR, as described in 

18] . 

Only the tests with a stratified flow in the test section are re- 

ained for this analysis, namely UPTF 8, UPTF 25, UPTF 27 and UPTF 

RAM C2 6a. 

• In Fig. 8 , the test section is schematised. For the selected tests, 

it is composed by: 
• A PS with no water injection; 
• A horizontal pipe of 0.75 m in diameter and 9.48 m in length; 
• An annular space to simulate the DC; 
• An injection pipe of 0.2225 m in diameter and welded at 60 ° in 

the horizontal plane, as shown in Fig. 9 . 

The test section is equipped with: 

4 thermocouple rakes of 6 thermocouples each (8 in TRAM con- 

guration); 

The phenomenology during the experiments is slightly different 

ith respect to COSI and TOPFLOW-PTS. In UPTF, the liquid flow 

s directed towards the DC thanks to the injection angle, thus no 

ecirculation zone is present. Moreover, the free level is not main- 

ained constant. 
 test section. 
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Fig. 9. UPTF injection pipe geometrical configuration (from the left to the right: perpendicular, side and top view of the test section). 

Fig. 10. Experimental image of a typical TOPFLOW-PTS sssw test injection [25] . 

c

D

2

p

t

m

Fig. 11. Representation of a stratified flow in the injection pipe at 30 °

Table 4 

Experimental uncertainties. 

COSI TOPFLOW-PTS UPTF 

Diameter ±0.5 mm ±0.5 mm ±0.5 mm 

Fluid temperature ±0.5 °C ±1 °C ±2.9 °C 
Flowrate ±0.005 kg/s ±0.5% ±1.5% 

Pressure ±0.5% ±0.5% ±0.146 bar 

2

t

p

i

In UPTF 8, 25 and 27, the steam comes from the PS. In TRAM 

onfiguration, the PS is full of water and the steam comes from the 

C in counter-current direction with respect to the liquid flow. 

The UPTF database consists of 24 tests. 

.4. Experimental uncertainties 

The experimental uncertainties on the measurements are re- 

orted in Table 4 . These uncertainties are associated to the geome- 

ries of the pipes (both the test section and the injection) and the 

easurements of temperature, mass flowrate and pressure. 
Fig. 12. Stratified flow in th

7 
.5. Experimental analysis 

The experimental data must be reliable and coherent. A 

hermal-hydraulic analysis is then performed. 

During the experimental campaigns, several tests presented 

roblems such as: no available data, defective instrumentations, 

ncoherent measurements, no sub-cooled injections, no stabilised 
e UPTF injection pipe. 
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Fig. 13. Assumed behaviour of COSI tests with a 0.6 weir. 

Fig. 14. Typical temperature profiles in time in a TOPFLOW-PTS test. 

Fig. 15. Typical time-averaged temperature profile of a rake in a TOPFLOW-PTS test. 
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j  
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ests, presence of overheated steam, repeated tests, tests without 

ondensation and calibration tests. Suppressed those tests from the 

atabases, an experimental analysis is carried out on the 198 tests 

eft. 
t

8

.5.1. Visualisation and analysis of the jet dynamics 

In the TOPFLOW-PTS experiment, a camera is pointing over the 

et [ 22 , 25 ]. The experimental image of a typical sssw test is shown

n Fig. 10 , in which pressure and temperature are representative to 
hose in a reactor. 
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Fig. 16. Thermocouple associated surfaces estimation for a COSI rake. 

Fig. 17. Control volume between the injection and a thermocouple rake. 
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The same main local phenomena described in Fig. 2 can be 

ound. The jet seems regular and has a quasi-cylindrical shape. At 

he impact, steam bubbles are entrained in the liquid phase and 

eflect the light coming from the top of the test section. The lat- 

ral rebound is small and the liquid-steam interface does not seem 

ery wavy. 

.5.2. Stratified flow in the injection pipe 

In all three experiments (COSI, TOPFLOW-PTS and UPTF), a 

tratification in the injection pipe was sometimes observed, as 

hown in Fig. 11 . This occurred at low injection mass flowrates. 

This phenomenon affects the injection surface, thus the heat 

xchange area A ex and the jet velocity u in j . Therefore, these quan- 

ities strongly impacting the condensation are either impossible to 

alculate or, with our simple modelling approach, affected by great 

ncertainty. It was then decided to exclude the tests with stratified 

njection from the assessment and validation databases. 

In the TOPFLOW-PTS experiment, the experimenters [26] dis- 

overed the presence of a stratified flow in the injection pipe for 

ass flowrates below 1.7 kg/s. Thus, 2 sssw and 1 tsw tests are not 

onsidered in our database. 

Also in the COSI experiment, a stratification is observed in the 

P injection of the West configuration. In this experiment there is 

o camera, however the thermocouple rake 8 shows a stratified 

ow. This phenomenon occurs at every injection mass flowrate. 
9 
his is probably explained by the injection diameter d in j being the 

iggest one among the possible injection pipe configurations. 

The UPTF experimenters wrote in technical reports [27] that a 

tratified flow may occur in the injection pipe, as shown in Fig. 12 .

In the experiment, there is no camera nor thermocouple rakes 

n the injection pipe. However, the experimenters proposed the 

chröder formula [28] . It calculates the liquid height of a two- 

hase flow inside a low inclined pipe and reads: 

 

( ψ inj −sin ( ψ inj ) ) 
3 

sin ( ψ inj /2 ) 
= 

512 · ˙ Q 2 
inj 

·ρinj 

g·d 5 
inj 

·( ρinj −ρg ) 
H inj = d inj · si n 

2 
(
ψ inj /4 

) (1) 

This formula predicts the occurrence of the stratification phe- 

omenon in all the COSI and TOPFLOW-PTS tests where stratifi- 

ation was experimentally observed. Since Eq. (1) is validated, it 

an be used as a stratification criterion. It is applied to the whole 

atabase, showing that stratification occurs in 13 UPTF tests and 

6 COSI tests. Thus, these 59 tests are not considered in the fol- 

owing analyses. The application range of this study is then limited 

o fully filled injection pipes. In future works, it would be interest- 

ng to take into account the stratification inside the injection pipe 

nd its impact on the modelling of the condensation. 
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Table 5 

Reduced database after the experimental analysis. 

Test p [MPa] T in j [ °C] ˙ m in j [ kg / s ] Tests in the assessment database Tests in the validation database 

COSI-Fra 2, 7 20, 80 [0.2; 0.6] 73 0 

COSI-West 4.2, 5.6, 7 20 [0.06; 0.4] 29 0 

TOPFLOW-PTS sssw 3, 5 [110; 220] [0.7; 2.5] 6 11 

TOPFLOW-PTS tsw 5 [110; 220] [0.7; 2.5] 2 0 

UPTF [0.3; 1.5] [29; 39] [10; 161] 0 7 

Total number of tests 110 18 
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.5.3. Injection in the liquid 

In TOPFLOW-PTS, the camera shows that when the free level is 

oo high the jet enters directly into the liquid. 

This phenomenon may occur also in COSI. The tests with the 

ighest weir ( 0 . 6 ·D) are assumed to behave like in Fig. 13 . 

Those tests are characterised by a short jet, which may lead 

o small or no condensation rate. Thus, the condensation mass 

owrate computation is not reliable in this configuration. 2 tests 

OPFLOW-PTS and 6 COSI are then eliminated from the assessment 

atabase. 

.5.4. Hot injections in TOPFLOW-PTS 

Several TOPFLOW-PTS tests, namely the ones with enabled PS, 

ave a hot water injection. The sub-cooling ( T sat − T in j ) is low, be- 

ween 27 and 80 °C. In these conditions, the calculated conden- 

ation mass flowrate is extremely low and its computation is not 

eliable due to the strong impact of the experimental uncertainties. 

In order to avoid any bias in the assessment of the model, these 

ests are moved to the validation database. 

.5.5. Reduced database 

On the basis of the experimental analysis, it was decided to 

nclude the COSI and TOPFLOW experiments in the assessment 

atabase. These two experiments are simpler and easier to inter- 

ret, so that they are more suitable to assess and develop the con- 

ensation model. On the contrary, the UPTF tests are more com- 

lex, so that they are used exclusively in the validation phase. As 

lready explained in Section 2.5.3 , the TOPFLOW tests with hot in- 

ection are also moved to the validation database. 

In Table 5 , the revised database is shown. 

At the end of the thermal-hydraulic analysis, the assessment 

atabase is composed of 110 tests and the validation database of 18 

ests. The experimental conditions range between 0.3 and 7 MPa 

or the pressure, 0.2–161 kg/s for the injection flowrate and be- 

ween 20 and 220 °C for the injection temperature. 

.6. Methodology for the quantification of the condensation rate 

As already seen in the literature, the condensation in the jet 

egion is modelled through dimensionless numbers. In order to 

alculate these numbers and properly assess the correlations in 

able 1 , the following physical quantities must be evaluated from 

he experimental data: 

The liquid level height in the test section; 

The mean liquid temperature T̄ r, i from the rake of thermocou- 

les; 

The condensation mass flowrate at the injection ˙ m cond . 

A methodology for each of these quantities is here below pre- 

ented. 

.6.1. Evaluation of the liquid level height and of the mean liquid 

emperature 

For the calculation of the condensation mass flowrate and the 

eat exchange area, respectively, the mean liquid temperature of 

ach rake and the liquid level height in the test section must be 
10 
stimated (e.g. the interface between the two phases must be iden- 

ified). 

The impact of the jet in the circular test section creates waves 

t the interface between the gas and liquid phases. 

In the TOPFLOW-PTS experiment, the thermocouple tempera- 

ure profiles in time are recorded and plotted in Fig. 14 . There, the

ormalised temperature (with respect to the saturation tempera- 

ure plus a random small constant ξ ) is plotted against the time. 

hree thermocouples are shown: one in the steam (in yellow) at 

he saturation temperature, one in the liquid (in light blue) and 

ne at the interface (in grey). 

The thermocouple at the interface is in the steam and it is wet- 

ed regularly by the waves. Thus, it is not representative of the liq- 

id temperature. 

A typical rake time-averaged temperature profile is shown in 

ig. 15 . There, the normalised temperature is plotted against the 

imensionless height of the thermocouple in the test section. The 

lack line marks the saturation temperature T sat , the red one T sat –

 °C. 

Three different zones can be identified. All the thermocouples 

elow z/ D = 0.4 are most likely in the liquid. The other thermo- 

ouples are either positioned at the liquid-steam interface (e.g. the 

one in the middle, 0.4 < z /D < 0.5 and T < T sat - 5 °C) or in the

team (e.g. the right zone, where the temperature is higher than 

 sat - 5 °C). In particular, three thermocouples are identified at the 

iquid-steam interface (black crosses in Fig. 15 ) since they are char- 

cterised by significant temperature fluctuations in the experiment. 

Based on these experimental observations on the TOPFLOW- 

TS tests, a criterion to identify the thermocouples in the liquid 

nd the liquid-steam interface has been developed and validated. 

tarting from the bottom of the rake, the first thermocouple is 

lways supposed in the liquid. Proceeding up the rake, the in- 

rease of temperature between two successive thermocouples is 

ompared to the sub-cooling of the thermocouple (i.e. the differ- 

nce between the saturation and the thermocouple temperature). 

f the temperature increase is larger than 80% of the sub-cooling, 

hen the thermocouple is considered at the liquid-steam interface. 

ll other thermocouples at higher z/D are then supposed in the 

team and neglected when evaluating the average liquid tempera- 

ure of the rake. 

The free level in the test section is computed as the halfway 

istance between the last thermocouple in the liquid and the first 

ne detected at the interface. 

The COSI and the UPTF experiments have very similar time- 

veraged temperature profiles to the TOPFLOW-PTS one in Fig. 15 . 

owever, the time evolution of the temperatures are not available. 

he new developed criterion is then applied and the thermocou- 

les in the liquid are identified. 

In the end, for all the experiments, the rake mean liquid tem- 

erature is calculated. Assuming a uniform liquid velocity field, the 

eighted mean of those temperatures with the associated surfaces 

shown in Fig. 16 ) gives the mean liquid temperature: 

 r = 

∑ k = last TC in the liqu id 

k =1 
T k · S k ∑ k = last TC in the liqu id S k 

(2) 
k =1 
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Fig. 18. Percentage of the condensation due to the cascade over the global condensation for the COSI experiments. 

Fig. 19. Visualisation of the jet as a heat exchanger. 

Fig 20. Heat exchange areas for a vertical injection. 
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Several experimental uncertainties (see Table 4 ) may influence 

he calculation of the mean liquid temperature. A Monte-Carlo 

ropagation of these uncertainties is performed to estimate the ex- 

erimental uncertainty on the mean liquid temperature. Two main 

ypothesis are made. First, no uncertainty on which is the last TC 
11 
n the liquid is considered. Second, the uncertainty on the liquid 

eight in the test section H is equal to the half space between the 

ast thermocouple in the liquid and the first in the steam. 

The rake mean liquid temperature is then estimated to have 

n uncertainty up to ±6 °C for COSI, ±4 °C for TOPFLOW-PTS 

nd ±3.5 °C for UPTF experiments. 

.6.2. Quantification of the condensation mass flowrate 

Historically, the correlations based on the COSI experiments 

ere obtained calculating the condensation mass flowrate apply- 

ng an energy balance over the whole COSI test section (from the 

et to the thermocouple in the DC). Defining the control volume 

n this way, the condensation due to the cascade and to the strat- 

fication is accounted as due to the jet. To separate the effects, a 

ew methodology for the quantification of the jet condensation 

as been developed. The condensation mass flowrate is quantified 

efining a control volume (shown in Fig. 17 ) between the injection 

nd a thermocouple rake whose mean liquid temperature is calcu- 

ated according to the previous section. 

Applying an energy balance to the control volume in terms of 

nthalpy, the steam mass flowrate condensing in the liquid phase 
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Fig. 21. Application of the Clausnitzer & Hager formula to compute the lower nappe 

of the jet and its centred trajectory in a TOPFLOW-PTS test. 
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s computed as: 

˙ 
 cond = 

˙ m inj ·
i r,i − i inj 

i g, sat − i r,i 
(3) 

Assuming that the condensation in the stratification zone is 

egligible, due to the reduced test section length between the in- 

ection and the DC, Eq. (3) can be applied: 

Between the jet and the rake 8 for COSI-Fra (5 for COSI-West), 

o quantify the condensation occurring at the jet. 
Fig. 22. Condensation potential R plotted against the jet length over diameter ra

12 
Between the rake 8 for COSI-Fra (5 for COSI-West) and the ther- 

ocouple in the DC, to quantify the condensation at the cascade. 

In this way, the condensation term at the cascade can be com- 

ared to the jet one ( Fig. 18 ). 

The condensation at the cascade can go up to 60% of the to- 

al condensation for low injection mass flowrates. This proves that 

he choice of the control volume, to compute the jet condensation 

ass flowrate, is of great importance. 

The same local energy balance is applied to TOPFLOW-PTS and 

PTF. In these experiments, the stratified condensation is not neg- 

igible anymore. Thus, the condensation mass flowrate is calculated 

etween the jet and rake 4 for TOPFLOW-PTS and rake 5 for UPTF. 

. Assessment of selected correlations from the literature 

The accuracy associated to a thermal-hydraulic correlation must 

e quantified in a rigorous manner. It can be estimated through 

ome statistical indicators which assess the model ability to calcu- 

ate the output physical quantity. In this work, the indicators pro- 

osed in [29] are adopted. 

.1. Statistical indicators 

From the comparison between experimental and calculated 

ata, a relative and absolute residual can be defined. For an out- 

ut quantity z , they read respectively: 
 

ε z, rel = 

1 
n 

· ∑ n 
i =1 

z calc ,i −z exp ,i 

z exp ,i 
· 100 

| ε z, rel | = 

1 
n 

· ∑ n 
i =1 

∣∣∣ z calc ,i −z exp ,i 

z exp ,i 

∣∣∣ · 100 

(4) 

ε z, abs = 

1 
n 

· ∑ n 
i =1 z calc ,i − z exp ,i 

| ε z, abs | = 

1 
n 

· ∑ n 
i =1 

∣∣z calc ,i − z exp ,i 

∣∣ (5) 

here n is the number of tests. 

In Eqs. (4) and (5) , the mean and standard deviation of the first 

ndicator (without absolute value) give, respectively, the accuracy 
tio. The triangles are the validation tests (also marked as ∗ in the legend). 
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Fig. 23. Fitting of the new condensation correlation over the assessment database. 

Table 6 

Correlation errors against the new revised database. 

Name | ε T,abs | COSI [ °C] | ε T,abs | TOP FLOW−P T S [ °C] 

Janicot et al. 53 87 

Liao et al. 48 86 

Gaillard et al. 72 20 

Ren et al. 71 89 
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nd the precision of the model while the mean of the second one 

with modulus) measures the average error of the prediction. 

To measure the goodness of fit, the coefficient of determination 

 

2 defined in [30] is selected. The higher the prediction quality of 

he model is, the closer the coefficient is to one. 

.2. Results of the assessment 

In Table 1 , the physical models are shown together with their 

haracteristic lengths. 

In order to quantify their performances, these correlations are 

ested against the new revised assessment database. When the ref- 

rence temperature T re f is unknown, it is supposed to be equal to 

he Liao et al. one. In Table 6 , the residuals are quantified with

q. (5) . 

The models do not show good results. 

The Janicot and Liao correlations overestimate the condensation 

ass flowrate in both the COSI and TOPFLOW-PTS experiments, 

esulting in hotter calculated mean liquid temperatures T̄ r . This 

ay be due to the wrong control volume (e.g. from the jet to the 

C) used to quantify the experimental condensation mass flowrate 

n the two articles. These flowrates were overestimated since the 

ondensation due to the cascade and to the stratification was ac- 

ounted to the jet. 

The Ren et al. model behaves similarly, overestimating the jet 

ondensation. This may be due to the same reason (e.g. the wrong 

efinition of the control volume over the ECCS test section). 

These three models show the worst results when applied to 

he TOPFLOW-PTS database, showing on average an absolute resid- 
13 
al of ∼90 °C. These poor predictions may be due to the model 

ot scaling well with bigger jet dimensions, which characterise the 

OPFLOW-PTS injection. 

The Gaillard et al. correlation systematically underestimates the 

ondensation. However, this model performs the best against the 

OPFLOW-PTS tests. This may be due to the shape factor 
d jet 

D , 

hich takes into account the bigger jet dimension with respect to 

he COSI one. 

. Development and validation of a new jet condensation 

odel 

In Section 3 , the correlations found in the literature have 

een assessed against our experimental database. The condensa- 

ion modelling through the Nusselt number, as often suggested in 

he literature, is not satisfactory. Thus, a new approach is presented 

n this section. 

.1. Modelling of the jet as an heat exchanger 

The jet can be seen as a concentric heat exchanger. The heat 

xchange between the liquid and the steam varies with the posi- 

ion along the jet length. In Fig. 19 , the primary side consists of 

he cold liquid that enters at T in j and leaves at T̄ r (as already seen 

n Fig. 17 ). The secondary side is represented by the steam, at sat- 

ration temperature. 

Thus, the temperature difference representative of the heat ex- 

hange at the jet is the logarithmic mean temperature difference 

hat reads: 

T ln = 

�T in − �T out 

ln ( �T in /�T out ) 
= 

T r − T inj 

ln 

((
T sat − T inj 

)
/ 
(
T sat − T r 

)) (6) 

The condensation heat flux can be then written as: 

˙ 
 cond = 

˙ m cond · i lg = h · A ex · �T ln (7) 
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Table 7 

Characteristic lengths for the new correlation. 

Scales Definition 

Reynolds velocity u in j 

Characteristic lengths l Nu,pot = l Re = d in j 

Reference temperature T re f = 

T sat + T in j 
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.2. Modelling of the heat transfer area 

The heat transfer area is difficult to model due to the turbulent 

nd chaotic nature of the physical phenomenon. In Fig. 20 , differ- 

nt heat exchange areas are illustrated for a vertical injection. 

As already observed in Fig. 10 , three different zones can be 

ound: 

A cylindrical zone, from the injection pipe outlet to the liquid 

hase; 

An entrainment zone, due to the impact of the jet in the liquid; 

A rebound zone, where the liquid is above the free level and 

he kinetic energy is transformed in potential energy. 

As suggested in [31] , we suppose that most of the condensation 

ccurs in the first zone. Due to this hypothesis, the heat transfer 

rea can be approximated as: 

 ex = π · d inj · L (8) 

For injection angles lower than 90 °, the jet length L can be es- 

imated using the Clausnitzer & Hager [32] that allows to compute 

he lower trajectory (or lower nappe) of the jet. The lower nappe is 

hen described by the following equation in the reference system 

x’, y’) in Fig. 21: 

 

’ = 

1 

3 

· x ’ · F r −0 . 8 + 

1 

4 · d inj 

· x ’ 
2 · F r −1 . 6 (9) 

The Froude number is defined by the velocity u in j and the di- 

meter d in j of the jet. Thus, the trajectory is dependent on the jet 

eometry and kinetic energy. A faster and thinner jet (high Froude) 

escribes a longer nappe. 

The Clausnitzer & Hager correlation was originally developed 

or horizontal injection pipes at atmospheric pressure. Its applica- 

ion for inclined pipes at high pressure is validated thanks to the 

OPFLOW-PTS tests images. In Fig. 21 , the dimensionless experi- 

ental nappes (in light blue) of a TOPFLOW-PTS test are plotted. 

he lower nappe (in green) is computed applying Eq. (9) and rotat- 

ng it counter clockwise of the injection angle θin j , showing really 

ood results. The centred trajectory of the jet (in black) is then ob- 

ained translating the parabola of d in j / 2 towards the jet centre of 

ymmetry and adding the segment between the injection pipe exit 

nd the parabola first point (the thin black segment). 

This rotated Clausnitzer & Hager formula is validated for all 

he TOPFLOW-PTS test images and is then applied to the whole 

atabase. 

The jet length is finally obtained integrating the centred trajec- 

ory of the jet. 

.3. Modelling of the condensation potential 

The heat exchanger condensation potential R is defined as: 

 = 

T r − T inj 

T sat − T inj 

(10) 

It measures how much the cold jet is exploited to condense the 

team. If R = 1, the cold jet condenses all the steam possible so 

hat it reaches the saturation temperature. If R = 0, the jet con- 

enses no steam. 

The condensation potential in Eq. (10) can be analytically mod- 

lled adapting the approach proposed for boiling in [33] and 
14 
34] to the condensation [35] . Combining Eq. (7) with Eq. (3) and 

sing the ratio between the heat exchange and the jet cross sec- 

ional areas: 

A ex 

A inj 

= 

π · d inj · L 

π/4 · d 2 
inj 

= 4 · L 

d inj 

(11) 

The liquid temperature difference in the heat exchanger can be 

ritten as: 

 r − T inj = 

q ’ ’ cond 

˙ G inj · c p, ref 

· 4 · L 

d inj 

· i g, sat − i r,i 
i lg 

(12) 

Supposing the characteristic lengths of Nusselt and Reynolds 

umbers to be equal, the Stanton number can be defined using 

he heat flux in Eq. (7) as: 

t = 

q ’ ’ cond 

˙ G inj · c p, ref 

· ρinj 

ρref 

· 1 

�T ln 
(13) 

Thus, combining Eqs. (12) and (1) : 

 r − T inj = St · ρref 

ρinj 

· �T ln · 4 · L 

d inj 

· i g, sat − i r,i 
i lg 

(14) 

Eq. (14) can be put in the definition of the condensation poten- 

ial. Considering that the argument of the logarithm in Eq. (6) can 

e rewritten as 1 / ( 1 − R ) , it follows: 

 = 1 − exp 

(
−4 · St · ρref 

ρinj 

· i g, sat − i r 

i lg 
· L 

d inj 

)
(15) 

For simplicity, Eq. (15) can be rewritten as: 
 

 

 

R = 1 − exp 

(
−4 · η · L 

d inj 

)
η = St · ρref 

ρinj 
· i g, sat −i r 

i lg 

(16) 

From Eq. (16) , the condensation potential is then a function of 

he geometrical feature of the jet L 
d in j 

(also called shape parame- 

er) and a coefficient η. In Fig. 22 , R is plotted against the shape

arameter for both the assessment and the validation databases. 

It can be observed that the condensation potential R seems to 

epend exponentially to the shape parameter. The longer and thin- 

er the jet is, the closer the condensation potential is to one. 

The exponential dependence analytically derived in Eq. (15) is 

uitable to fit the experimental data. Properly assessing a model 

or η allows us to interpolate the data through Eq. (16) . 

.4. Modelling of η

The η can be modelled through different dimensionless param- 

ters. After a long work of analysis, the best-suited ones were iden- 

ified as: the steam potential Nusselt, the injection Reynolds and 

he reference Prandtl dimensionless numbers. The correlation is in- 

roduced here below: 

= θ0 · Nu 

θ1 

pot · Re θ2 

inj 
· P r θ3 

ref 
(17) 

here the steam potential Nusselt number is defined as: 

u pot = 

˙ m vap · i lg · l c, Nupot 

A ex · k ref ·
(
T sat − T inj 

) (18) 

It is defined as potential since it is calculated as if all the steam 

owrate reaching the jet condensed, with the maximum temper- 

ture difference possible (i.e. T sat − T inj ). It is important to model 

he effect of the steam flowrate on the condensation, as observed 

or the DCC in other configurations (e.g. [ 36 , 37 ]). 

The characteristic lengths are summarised in Table 7 . 
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Table 8 

Relative error prediction on η for the new correlation. 

Mean [%] Standard deviation σ [%] Min [%] Max [%] 

ε η,rel 1.2 15.4 −30.3 40 

| ε η,rel | 12.3 – – –

| ε η,rel | COSI 
12 – – –

| ε η,rel | TOP FLOW−P T S 
16.3 – – –

Table 9 

Absolute errors on the temperature with respect to the assessment database. 

Mean [ °C] Standard deviation σ [ °C] Min [ °C] Max [ °C] 

ε T −1 13 −32 31 

| ε T | 10 – – –

| ε T | COSI 10 – – –

| ε T | TOP FLOW−P T S 5 – – –

Fig. 24. Prediction of the mean liquid temperature against the assessment database. 
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.5. Development of the correlation 

The coefficients θ , introduced in Eq. (17) , are simultaneously 

ptimised using the calibration methodology proposed in [29] . This 

rocedure is applied to the assessment database. 

The correlation then reads: 

= 0 . 014 · Nu 

0 . 58 
pot · Re −0 . 33 

inj 
· P r −1 . 2 

ref 
(19) 

The coefficient of determination R 2 (see Section 3.1 .) associated 

o this model is equal to 0.82. Thus, the correlation ability to re- 

roduce the experimental data is good. 

Eq. (19) leads to good predictions, as shown in Fig. 23 and 

able 8 where the errors are quantified and summarised. 

The prediction of η is centred with a dispersion of 2 σ = 30.8%. 

he relative error values show good results. The experiment-model 

iscrepancy is on average equal to 12.3%. 

Once calculated the η with the model in Eq. (19) , Eqs. (16) and 

10) can be applied to derive the mean liquid temperature T̄ r . 

In Fig. 24 , the experimental temperatures are plotted against 

he calculated temperatures. Two error bands in red show an er- 

or of ±30 °C. 
15 
The indicators in Eq. (5) are computed with respect to the as- 

essment database and presented in Table 9 . 

The model gives centred predictions with a dispersion of 2 σ = 

6 °C. The min and max are almost the same, not showing a trend 

f the model to systematically under- or over-predict the con- 

ensation. Moreover, the mean absolute errors (both for COSI and 

OPFLOW-PTS) are comparable to the measurement errors quanti- 

ed in Section 2.6.1 ., emphasising the model capability to repro- 

uce the experimental data. 

.5. Validation of the correlation 

The mean liquid temperature T̄ r is calculated for the validation 

atabase, composed by 7 UPTF tests and 11 TOPFLOW-PTS tests 

ith a hot injection. In Fig. 25 , the experimental temperatures are 

lotted against the calculated temperatures. 

In Table 10 , the indicators in Eq. (5) are computed. 

The discrepancies have the same order of magnitude with re- 

pect to the results in Table 9 , showing a good capability of the 

odel to predict the jet condensation when applied to the vali- 

ation database and, in particular, to the UPTF tests (not used to 

evelop the new correlation). 
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Fig. 25. Prediction of the mean liquid temperature against the validation database. 

Table 10 

Absolute errors on the temperature with re- 

spect to the validation database. 

Mean 

| ε T | UPTF 10 °C 
| ε T | TOP FLOW−P T S 2 °C 
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The authors do not have permission to share data. 
Thus, the model can be considered validated. 

. Conclusions 

Three experiments with different geometrical configurations, 

amely COSI, TOPFLOW-PTS and UPTF, are studied to better under- 

tand the condensation phenomena occurring during the injection 

f a sub-cooled water jet in a circular pipe with a two-phase strat- 

fied flow. 

After a thermal-hydraulic analysis, a total number of 110 tests 

re retained for the assessment of a new jet condensation model 

nd 18 tests for its validation. The experimental conditions range 

etween 0.3 and 7 MPa for the pressure, 0.06–161 kg/s for the in- 

ection flowrate and between 20 and 220 °C for the injection tem- 

erature. During the analysis of the experiments, it was found that 

 stratification can occur in the injection pipe which can have a 

trong impact on the calculation of the jet condensation. Thus, this 

tudy is limited to fully filled injection pipes. 

New methodologies to average the mean liquid temperature of 

 thermocouple rake and for the estimation of the jet condensation 

ass flowrate were developed. The former identifies the last ther- 

ocouple in the liquid and averages the temperatures under the 

ypothesis of a uniform velocity field. The latter is based on the 

alculation of local heat balances between different thermocouple 

akes and allows to determine the distribution of the condensation 

n the different zones of the test sections. It is then proven that 

ost of the condensation occurs in the jet region, as usually as- 

umed in the literature. The estimation of the heat exchange area 

s improved with respect to the other models found in the litera- 

ure. 
16 
The correlations found in the literature modelled the conden- 

ation heat transfer coefficient through the Nusselt number. They 

ere tested against the new revised assessment database, showing 

oor results. Thus, a new jet condensation model was developed 

ith a different approach. 

The jet is modelled as a heat exchanger and the condensation 

otential is defined. Its equation is analytically derived. It is shown 

hat the condensation potential should follow an exponential func- 

ion of a parameter η and of the shape factor L / d in j 
, which is pro- 

ortional to the ratio between the heat exchange and jet cross sec- 

ion areas. 

A correlation for η is assessed as function of a steam potential 

usselt, an injection Reynolds and a Prandtl number. The steam 

otential Nusselt number takes into account the effect of the steam 

owrate on the condensation. 

The newly developed correlation shows good results. The mean 

iquid temperature is predicted with a mean error of 10 °C on the 

ssessment database. Good predictions are also obtained on the 18 

alidation tests not used for the development of the model. 
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