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Abstract 

The paper analyses experimental data exhibiting heat transfer deterioration phenomena at supercritical 

pressure resulting in quite different trends of wall temperature. The two considered modes of deteriorated 

heat transfer are both due to the laminarisation of flow, owing to lighter fluid appearing at the wall as a 

consequence of heating. However, in one of the two modes, mainly occurring in the liquid-like region, after 

a local deterioration heat transfer is restored almost at normal levels, while in the other, involving also the 

gas-like region, a jump of wall temperature to a stable deteriorated condition occurs. In the latter case, the 

wall temperature decreases only when the bulk fluid approaches the pseudocritical temperature, thus 

causing a smaller density difference between bulk and wall, whose increase was at the root of buoyancy 

effects leading to deterioration. 

The two heat transfer deterioration modes are investigated considering the measured trends of wall 

temperature in two relevant data sets exhibiting the two behaviours and by the use of a CFD model for 

predicting detailed data. It is shown that while the first mode of deterioration can be interpreted as an entry-

length problem, related to strong buoyancy effects, the second mode is complicated by an excursion to a 

different manifold of what can be defined as a pseudo-boiling curve, occurring when the imposed heat flux 

cannot be sustained by normal or enhanced heat transfer. In the latter case, an interesting analogy can be 

considered with phenomena related to the boiling crisis occurring at subcritical pressures, though the causes 

of such similar behaviours are obviously quite different. The CFD model, validated by comparison with 

experimental data of wall temperature, is used as a tool to generalise the observed trends and draw 

conclusions. 

The work is carried out in the frame of studies for assessing and possibly improving heat transfer correlations 

for supercritical pressure fluids, for the use in the future licensing of supercritical water reactors (SCWRs), in 

the aim to gain better understanding and to suggest possible modelling strategies. Conclusions are proposed 

in this regard. 
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1. INTRODUCTION 

The conception of Generation IV supercritical water nuclear reactors (SCWRs) is aiming at exploiting the well 

assessed light and heavy water reactor technologies for achieving more efficient and compact reactor designs 

(see GIF Portal for SCWR). Several reactor concepts based on water at supercritical pressure have been 

proposed in textbooks and in recent European and International activities (see e.g., Pioro and Duffey, 2007; 

Oka et al., 2010; Schulenberg and Starflinger, 2012; IAEA 2014, 2019, 2020). With respect to reactors 

operated at subcritical pressures, their design requires to upgrade knowledge about the behaviour of water 

at pressures higher than the critical one, overcoming challenges posed by the highly nonlinear trends that 

properties exhibit in such conditions. These trends result in a non-conventional behaviour of heat transfer 

and hydraulic resistance parameters with respect to what expected for a fluid condition that could be 

conceived as a single-phase one, though with quite large property changes; among these changes the ones 

affecting density have a dramatic impact on heat transfer regimes. 

Owing to these huge density changes, often occurring close to the heated or cooled surfaces, in past 

literature a strong similarity was postulated to exist with two-phase flow conditions. Though most of the 

existing correlations for heat transfer to supercritical pressure fluids in forced and mixed convection 

conditions are inherited from the well-known Dittus-Boelter one or other qualified correlations for single 

phase fluids in forced convection, corrected by the presence of wall-to-bulk fluid property ratios (see, e.g., 

Pioro and Duffey, 2007), the idea to explain the behaviour of supercritical pressure fluids as that of a pseudo-

two-phase ones is very intriguing and has driven to conceive interesting analogies (see, e.g., Hsu and Graham, 

1976, Chapter 15). Some of such analogies were indeed successfully exploited by different authors dealing 

with the evaluation of flow instabilities (see e.g., Zhao et al., 2005; Ortega-Gomez et al., 2006; Ambrosini and 

Sharabi, 2006; Ambrosini, 2007). 

One of the most important challenges in this frame, mostly still unsolved, is the prediction of heat transfer 

capabilities spanning different ranges of operating parameters at supercritical pressure. Normal, enhanced 

and deteriorated heat transfer conditions are in fact observed at such pressures depending on the specific 

value of parameters and, notwithstanding the considerable number of correlations proposed up to now, 

none of them can be considered universally applicable with acceptable accuracy. Deteriorated heat transfer, 

in particular, is a phenomenon that unfortunately decreases the advantage of avoiding the thermal crisis 

owing to the absence of two-phases above the critical pressure. Though it has generally milder consequences 

than departure from nucleate boiling and dry-out, deteriorated heat transfer leads anyway to an unwanted 

increase of wall temperature that, in some cases, can be traced back to flow laminarisation. This 

phenomenon occurs because of the distortion of the radial velocity profile of the fluid velocity along the pipe, 

caused by the occurrence of buoyancy effects due to the presence of a light fluid phase close to the wall. The 

consequent flattening of the velocity profiles reduces shearing and the related turbulence production, 
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leading to a reduced heat transfer effectiveness, as recognised in early papers by Manchester University 

researchers (see e.g., Jackson and Hall, 1979). Further explanations about the phenomena of enhancement 

and deterioration were also proposed considering the distance of the high specific heat fluid with respect to 

the heated wall (Licht et al., 2008). In fact, one of the distinctive characteristics of fluids at supercritical 

pressures is the presence of a peak in fluid specific heat at the so-called pseudo-critical temperature, whose 

locus can be considered the continuation at supercritical pressures of the saturation line. This feature is 

mainly responsible for heat transfer enhancement, occurring when the high heat capacity fluid is located 

close to the wall, thus decreasing the temperature difference needed to exchange a given heat flux. 

In this paper, attention is devoted to two different types of deteriorated heat transfer phenomena, observed 

in experimental conditions involving different degrees of subcooling with respect to the pseudocritical 

temperature. These two types of deteriorated heat transfer differ because of their peculiar characteristics, 

occurring in both cases during the usual conditions of imposed heat flux at the wall: 

 at high inlet pseudo-subcooling, whenever the heat flux to mass flux ratio is large enough, it is possible 

to observe a localised peak in wall temperature, relatively close to the pipe inlet, followed by a phase of 

restoration to a more normal heat transfer regime; 

 at low inlet pseudo-subcooling, instead, the behaviour may result more complex, involving an excursion 

of the wall temperature to a higher level; in some cases, the observation of the experimental trends of 

wall temperature obtained in systematic experiments with varying inlet subcooling reveals the presence 

of an envelopment of trends to which the wall temperature settles after the excursion, suggesting a 

stable manifold of operating conditions in deteriorated heat transfer. 

It must be specified that the behaviours sketched above represent only two of the possible observed trends 

and that they can be made even more complex by the superposition of oscillations of wall temperature along 

the pipe axis, showing a clear dynamic behaviour whose prediction can be considered hardly possible by 

simple correlations based on local parameters, being sometimes simulated only by CFD models. Cases with 

two or multiple peaks of wall temperature due to deterioration were also observed (e.g., by Shitsman, 1963) 

and predicted by CFD models (Palko and Anglart, 2008). 

The reference experimental data considered in this work are drawn from the datasets collected by Watts 

(1980), with water at 25 MPa, and by Kline (2017), with carbon dioxide at 8.35 MPa, both referring to upward 

flow in bare tubes of different diameters. These two datasets have in common the fact to be rather 

systematic in spanning different ranges of inlet fluid temperatures and of heat and mass fluxes, so as to allow 

for drawing conclusions about the relevant parametric trends. As it is usual in these cases, the data obtained 

with water are generally referred to higher pseudo-subcooling conditions and experiments are terminated 

before the bulk fluid temperature reaches the pseudocritical threshold; viceversa, the data obtained with 
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CO2 relate to lower inlet subcooling and, owing to the lower risks involved in operating at substantially lower 

pressures and temperature, embrace a full range of phenomena, ranging from normal heat transfer at the 

inlet, to deterioration and to the final restoration of heat transfer efficiency, occurring when both wall and 

bulk temperature are close to or exceed the pseudocritical threshold. 

This is the reason why the reference cases for the first type of deterioration are drawn from the dataset by 

Watts (1980), while the ones for the second type are drawn from Kline’s (2017) data. However, it should not 

be inferred that the specific considered behaviour is related to the difference in the coolant fluids adopted 

in the two datasets; experimental evidence and recent applications of a fluid-to-fluid similarity theory 

showed that both behaviours can be observed in different fluids, provided corresponding boundary 

conditions are selected (Pucciarelli and Ambrosini, 2016; Pucciarelli and Ambrosini, 2020; Kassem et al., 2021; 

De Angelis et al 2021).  

As a final introductory remark, it is here anticipated that while the first kind of deteriorated heat transfer 

phenomenon can be interpreted as a duct thermal-entry effect, the second one allows to suggest a similarity 

between the behaviour observed in such cases for supercritical pressure fluids and the thermal crisis 

observed at subcritical pressures. This observation, already introduced in past work (Sharabi and Ambrosini, 

2009), while considering other experimental data (Kim et al., 2005), is now confirmed and extended also 

owing to the use of a more reliable CFD model than available at the time. 
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2. CONSIDERED WATER DATA AND LOCAL DETERIORATION 
 

Watts (1980), in his thesis work, presented a range of experimental data obtained at the Manchester 

University by an experimental apparatus featuring a 2 m long heated section constituted by a bare tube 

having an inner diameter of 2.54 cm. The experiments referred to herein were collected using water at 25 

MPa in upward flow, changing the boundary conditions in terms of heat flux, mass flux and inlet temperature 

in a very systematic way. The fact that the operating pressure matches the one of several proposed SCWR 

concepts makes these data particularly useful, though the pipe diameter is definitely large with respect to 

the hydraulic diameter of postulated fuel bundle configurations. So, the considerable worth of these data is 

very much related to the fact that they highlight phenomena of great relevance for general industrial 

applications, including nuclear reactors. Some tests, not considered in this paper, were also conducted for 

downward flow with similar boundary conditions as in upward direction and showed that deteriorated heat 

transfer is mostly suppressed in such conditions, in difference with upward flow motion. 

As it can be noted in Figure 1, the data often show an entrance wall temperature peak owing to deteriorated 

heat transfer followed by a subsequent phase of heat transfer restoration; this phenomenon occurs when 

the ratio of heat flux to mass flux is sufficiently large and has the tendency to disappear at low values of this 

parameter. These trends suggest that in such cases, all characterised by a considerable pseudo-subcooling at 

the inlet and in the bulk fluid all along the heated section, deterioration occurs locally and can be attributed 

to the phenomenon of laminarisation, occurring when the radial velocity profile of axial velocity is flattened 

by the presence of a lighter phase at the wall and the consequent local acceleration due to buoyancy, thus 

decreasing the turbulence production rate. This is coherent with the explanation by Jackson and Hall (1979) 

of the phenomenon and constitutes a well-known effect leading to deterioration.  

    

a) Tin =150 °C, q” = 400 kW/m2  b) Tin = 250 °C, q” = 400 kW/m2  

Figure 1. Sample experimental trends of Watts’ data obtained with water in upward flow at 25 MPa  
and different mass fluxes (G reported in [kg/(m2s)]) 
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Analyses performed with a Low-Reynolds number turbulence model set up on the basis of the Lien et al. 

(1996) k- model integrated by a specific development of the algebraic het flux model (AHFM) implemented 

in the STAR-CCM+ code (Pucciarelli and Ambrosini, 2017 and 2018) can show this behaviour. As it can be 

noted in Figure 2 and Figure 3, a 2D CFD model, whose features and methodology of use are the same already 

described in the above mentioned papers, is able to show the characteristics of this phenomenon, well 

predicted by the model in terms of wall temperature trend (Figure 2). In particular, the recovery of heat 

transfer efficiency shortly downstream the peak is related to the formation of an M-shaped profile that is 

evidently capable to sufficiently restore shear stresses and turbulence production at the wall (Figure 3). 

 

Figure 2. Experimental data ad prediction for Watts’ data at 25 MPa Tin = 250°C,  
G = 394 kg/(m2s), q'' = 400 kW/m2 

 

Figure 3. Predicted velocity and turbulence kinetic energy profiles along the pipe  
for the case reported in Figure 2 
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3. CONSIDERED CO2 DATA AND OBSERVED MECHANISMS OF DETERIORATION 

Kline, in his master thesis work (2017), collected data obtained with carbon dioxide at 8.35 MPa flowing in 

upward flow in a vertical test section with inner diameters of 4.6, 8.0 and 22.0 mm and heated lengths of 

1200, 1940, and 2000 mm. As in the case of Watt’s (1980) data, we are in front of a systematic coverage of 

entire ranges of boundary conditions that point out the effects of relevant parameters, as heat flux and mass 

flux as well as of inlet temperature. Owing to the lower operating temperature allowed by the use of carbon 

dioxide with respect to water data by Watts (1980), it was possible to embrace complete ranges of 

phenomena, from normal heat transfer, through deterioration up to heat transfer to gas-like conditions with 

a clear recovery of turbulence production. In this regard, Kline’s data offer the opportunity to witness 

phenomena that can occur during the complete evaporation (to say so) of a liquid-like fluid to a gas-like one, 

similar to what is envisaged to occur in conditions addressed in the design of nuclear SCWR. Of course, the 

features of a rod bundle geometry will change the details of flow dynamics and heat transfer, hopefully 

making less probable heat transfer deterioration or less severe its consequences. 

It can be first shown that a locally deteriorated heat transfer phenomenon similar to the one highlighted 

above in the case of Watts’ (1980) data is observed also in Kline’s (2017) ones, when pseudo-subcooling is 

large enough and for sufficiently large diameters. This can be observed in Figure 4, showing the already 

pointed out peaks at duct entrance, promptly terminated by a heat transfer recovery.  

 

Figure 4. Sample experimental trends of Kline’s data obtained with CO2 in upward flow at 8.35 MPa  
at q”=15 kW/m2, G=300 kg/(m2s) with an ID of 22 mm 

This clearly shows that, as anticipated in the Introduction, this phenomenon is not specific of water per se, 

but can be expected in different fluids as an entry-length effect, when subcooling is sufficiently large. 

However, in different operating conditions the previously anticipated behaviour involving excursions to an 

envelopment of higher values of wall temperature is observed in series of data obtained with different inlet 

fluid temperatures. Such a behaviour is shown in Figure 5, where both experimental data and CFD model 

predictions have been reported, clearly showing that, after trends recalling a behaviour typical of normal or 

enhanced heat transfer, excursions are observed in wall temperature, also including repeated oscillations. 



8 
 

These trends suggest the occurrence of deterioration as a sudden migration to a different level of wall 

temperature that identifies the mentioned envelopment as a relatively stable manifold of conditions reached 

by the system, though starting from different inlet temperatures.  

 

Figure 5. Experimental trends and CFD model predictions obtained for Kline’s data with CO2 in upward flow 
at 8.35 MPa at q”=20 kW/m2, G=300 kg/(m2s) with an ID = 4.6 mm 

 

Similar envelopments are highlighted by black markers in Figure 6, reporting only experimental data for other 

operating conditions. The markers highlight a common trend reached by all the data related to different inlet 

conditions after the extinction of the oscillations occurring at the sharp transition to deteriorated heat 

transfer, whose presence suggests a pretty dynamic excursive phenomenon.  

 

a) q”=18 kW/m2, G=300 kg/(m2s), ID = 8 mm b) q”=35 kW/m2, G=400 kg/(m2s), ID = 22 mm 

Figure 6. Experimental trends obtained for Kline’s data with CO2 in upward flow at 8.35 MPa  
at q”=20 kW/m2, G=300 kg/(m2s) with an ID of 4.6 mm 

An observation of the trends suggested by the black markers shows that wall temperature is migrating from 

normal-like heat transfer conditions to new operating ones, characterised by lower heat transfer efficiency, 

up to the point at which the bulk fluid enthalpy will be close enough to the pseudocritical threshold that the 

fluid density difference with the wall will be insufficient to sustain buoyancy driven laminarisation. After that 
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threshold the wall temperature decreases again, even if the fluid is becoming mostly gas-like, with a much 

lower molecular thermal conductivity, owing to a restoration of turbulence production. These phenomena 

have been already described in previous papers (Pucciarelli and Ambrosini, 2018; Buzzi et al., 2019) though 

a full explanation of the complete mechanism was not provided; this explanation is the subject of the next 

section, recalling concepts typical of two-phase heat transfer. The consequent analogy between these 

different phenomena, suggesting a similar behaviour, seems to be rewarding in providing a clear rationale to 

understand the observed wall temperature excursions at the onset of deterioration. 
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4. EXPLAINING THE OBSERVED DETERIORATION MECHANISMS 
 

4.1 Pseudo-Nukiyama curves for the CO2 case 

Sharabi and Ambrosini (2009) already identified the reason for the sharp jumps observed in wall temperature 

measured in experiments by Kim et al. (2005), suggesting a rationale for explaining their origin. According to 

that argument, when operating at an imposed wall heat flux, the possibility of obtaining heat transfer in 

normal or enhanced regimes is limited by the maximum reached temperature at the wall: after some upper 

limit, conditioned by heat transfer deterioration due to a combination of effects (e.g., laminarisation and 

change in fluid properties at the pseudocritical threshold), normal heat transfer cannot be anymore sustained 

and a transition to a different operating condition suddenly occurs. The oscillations that are sometimes 

observed at that transition can be ascribed to the dynamics of the sudden changes in fluid velocity profiles, 

evidently including some degree of inertia.  

This explanation by Sharabi and Ambrosini (2009) was clearly reminding of the thermal crisis phenomena 

occurring in pool boiling and in flow boiling. This led to represent wall heat flux as a function of wall 

temperature in a sort of “pseudo-Nukiyama” curve, inspired to the boiling curves used as a precious tool to 

represent the critical heat flux phenomena and firstly introduced by Nukiyama (1934). Such curve was 

obtained with the aid of a CFD model, basing on the boundary conditions of the experimental data by Kim et 

al. (2005), by imposing a linear increase of CO2 enthalpy at the wall. This allowed to describe a non-monotonic 

trend of heat flux as a function of wall temperature, as it is in classical Nukiyama curves, examples of which 

are reported in Figure 7, in textbook-like qualitative format, in order to compare them with those that will 

be shown later based on CFD computations for supercritical pressure phenomena.  

It is anticipated that the reasons for the temperature excursions observed at the deterioration to a higher 

envelopment of wall temperature trends can be explained in analogy with the jump of temperature observed 

at imposed heat flux when CHF is reached (see Figure 7b), though the causes for the occurrence of these 

phenomena at subcritical and supercritical pressures are obviously quite different. In fact, while CHF is due 

to a hydrodynamic instability owing to vapour crowding close to the surface heater, at supercritical pressure 

the phenomenon is due to buoyancy effects and to the related flow laminarisation. As a further difference, 

so far no evidence is available of supercritical phenomena similar to the one at MFB related to the reaching 

of a sort of Leidenfrost temperature and to the subsequent rewetting. 

The confirmation of the explanation of phenomena by Ambrosini and Sharabi (2009) could be only qualitative 

at the time, owing to the limitations of the adopted CFD model that had the tendency to strongly 

overestimate the wall temperature reached after the onset of deterioration. In the present case, the 

improvement occurred in the ability to quantitatively and qualitatively represent phenomena by the adopted 

CFD model allows a better match of predicted vs. experimental wall temperature values, allowing for even 

more meaningful conclusions.  
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a) description of phenomena  b) temperature excursions at imposed heat flux  

Figure 7. Classical examples of Nukiyama curves for pool boiling with indication of heat transfer regimes 

 

Figure 8 summarises the experimental data and CFD model predictions obtained for three series of Kline’s 

data at different values of heat flux and contrasts them with a pseudo-Nukiyama curve obtained for the same 

duct and at the same value of mass flux by imposing a linear increase of fluid enthalpy at the wall, with a 

selected slope along the duct axis starting at a wall temperature value of about 23 °C. As it can be noted, the 

obtained pseudo-Nukiyama curve shows the classical non-monotonic trend of heat flux as a function of wall 

temperature, suggesting that the negative slope branch cannot be a locus of working points when imposing 

a constant heat flux. It can be also noted that the value of 15 kW/m2, where experimental data show no 

deterioration (confirmed by CFD calculations with the local exception of the case at Tin = 16 °C owing to 

limited accuracy of the model), correspond to a working point on the first rising branch of the pseudo-

Nukiyama curve, characterised by relatively low wall temperatures.  

On the other hand, the two cases at 18 kW/m2 and 20 kW/m2 correspond to operating conditions being 

located in the second rising branch of the pseudo-Nukiyama curve, where the wall temperature reaches 

higher values, denoting heat transfer deterioration. It can be noted that the values of wall temperature 

intercepted on the pseudo-Nukiyama curves by the working conditions at the two values of heat flux are 

comparable with the ranges of maximum wall temperature predicted for these two fluxes in Figure 8b and 

Figure 8c in deteriorated heat transfer conditions.  

The above results support the conclusion that the reason of the temperature excursions exhibited by wall 

temperature at deterioration is strictly connected with the impossibility to keep a relatively high heat transfer 

efficiency beyond the maximum of the pseudo-Nukiyama curve, owing to the effects of laminarisation 

occurring when the wall temperature is close or exceeds the pseudocritical value. Therefore, the “critical” 

value of heat flux in this regard is determined by the occurrence of laminarisation, when buoyancy becomes 

sufficiently large to reduce turbulence production.  
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a) q”= 15 kW/m2     b) q”= 18 kW/m2  

   

c) q”= 20 kW/m2     d) pseudo-Nukiyama curve  

Figure 8. Experimental and predicted trends of wall temperature for Kline’s data with CO2 for upward flow 
at 8.35 MPa, ID=4.6 mm and G = 300 kg/(m2s) and corresponding pseudo-Nukiyama curve 

 

The pseudo-Nukiyama curve reported in Figure 8 is compared in Figure 9 with similar ones obtained by the 

CFD model imposing the same linear increase in wall fluid specific enthalpy and using different values of mass 

flux. As it can be noted, the effect of increasing mass flux is to make milder and milder the non-monotonic 

trend of heat flux as a function of wall temperature, up to a point at which the negative slope branch 

disappears. This is coherent with the common observation that the increase of mass flux at a given thermal 

boundary condition at the wall has the effect to decrease the probability of occurrence of deterioration. This 

effect was already observed by Sharabi and Ambrosini (2009), though for different reference experimental 

apparatus system and operating conditions; again, in that case the limitations of the adopted turbulence 

model could provide only qualitative information. In the present case, it can be noted that in general terms 

the non-monotonic trends in the pseudo-Nukiyama curves giving rise to wall temperature jumps at constant 

heat flux are quite evident at low flow rates, i.e. in cases in which mixed convection is strongly affected by 

buoyancy. 
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Figure 9. Pseudo-Nukiyama curves obtained by the CFD model for Kline’s experimental apparatus with CO2 
for upward flow at 8.35 MPa, ID=4.6 mm and different values of G, expressed in kg/(m2s) 

Figure 10, reporting the radial distributions of axial velocity and turbulent kinetic energy (TKE) from the 

calculation leading to the pseudo-Nukiyama curve in Figure 8d, using as axial coordinate the wall 

temperature, reveals that laminarisation due to the flattening of the velocity profile is at the root of 

deterioration when the maximum of heat flux is reached (compare with Figure 8d). The large value of 

turbulence kinetic energy at the pipe entrance is in fact suddenly decreased by buoyancy effects, causing a 

decrease of turbulence kinetic energy. So, as anticipated, though the pseudo-Nukiyama curve closely 

resembles a Nukiyama curve, phenomena leading to the maximum in heat flux are quite different at 

supercritical pressure.  

    

Figure 10. Radial distribution of the axial velocity and of the turbulent kinetic energy obtained in the 
calculation leading to the pseudo-Nukiyama curve in Figure 8d 

4.2 3D representation of CO2 and water operating conditions 

Though the above discussed results obtained at constant heat flux (Figure 8a, to c) look pretty coherent with 

the pseudo-Nukiyama curve (Figure 8d), it must be recognised that the two operating conditions (i.e., 

constant heat flux and linear increase of fluid enthalpy at the wall) lead to different values of some 

parameters of relevance, as the bulk specific enthalpy along the duct. In order to investigate this effect in a 

broader context, multiple CFD analyses were run making use of a further boundary condition, i.e. imposing 

different constant values of wall temperature and evaluating the heat flux obtained along the channel with 
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the consequent variation of bulk specific enthalpy. By an accurate scanning by discrete values of the constant 

wall temperature it was thus possible to set up surfaces of heat flux as a function of wall temperature and 

bulk enthalpy, summarising a considerable wealth of information. This development is aiming to obtain 

phenomenological information similar to the one provided by a very meaningful figure, introduced long ago 

by Collier (see e.g., Collier and Thome, 1999) for discussing CHF phenomena and reproduced in a modified 

form in Figure 11.  

 

Figure 11. 3D representation of subcritical pressure critical heat flux phenomena  
inspired to a well-known description appearing in Collier and Thome (1999) 

Multiple cases were then run at constant wall temperature for selected values of the inlet fluid temperature. 

The heat flux calculated by the CFD model was firstly represented as shown in Figure 12, in terms of separated 

lines, crowded in specific regions to improve accuracy. 

 

 

Figure 12. 3D representation of supercritical pressure heat transfer deterioration phenomena  
obtained processing results obtained for Kline’s experimental apparatus with CO2 at 8.35 MPa 

for G = 300 kg/(m2s) and Tin= 0 °C: separated line form 

Wall Heat Flux 
[kW/m2] 
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Processing these curves, it was possible to obtain continuous surface plot, shown in Figure 13, on which 

several interesting features are highlighted, as reported below. 

 The dimensionless bulk enthalpy coordinate is conveniently defined according to the formulation 

 *

,

pc

bulk bulk pc

p pc

h h h
C


        (1) 

adopted as a fundamental variable in the fluid-to-fluid similarity theory developed by the authors (see, 

e.g., Pucciarelli and Ambrosini, 2020; Kassem et al., 2021); it must be noted that this variable has at 

supercritical pressures a similar role as the one played by quality in subcritical ones. 

 The ridge related to the onset of heat transfer deterioration (HTD) represents the region of the maxima 

reached by heat flux before laminarisation takes place thus decreasing the heat flux. Three of the four 

lines at constant *

bulkh  pointed out on the surface (having red, orange and green colours) clearly show 

the presence of a negative slope branch that cannot be reached while operating at constant heat flux 

and help in identifying the presence and the extension of the ridge. 

 

 

 

 

Figure 13. 3D representation of supercritical pressure heat transfer deterioration phenomena  
obtained processing results obtained for Kline’s experimental apparatus with CO2 at 8.35 MPa 

for G = 300 kg/(m2s) and Tin= 0 °C: continuous surface form 

 

 A fourth line at constant *

bulkh , identified by magenta colour, does not show any negative slope branch, 

owing to its closeness to the other relevant ridge appearing on the surface, being the one at the transition 

to gas-like conditions in the bulk fluid ( * 0bulkh  ): deteriorated heat transfer cannot occur in this case, 

Wall Heat Flux 
[kW/m2] 

Pseudo Nukiyama 
Curves at 

constant 
*

bulkh  

Locus at constant 
heat flux = 20 kW/m2 

Ridge of the 
onset of HTD 

Ridge of final heat transfer restoration 
at the transition to gas-like fluid 

Inlet thermal-entry-length  
HT deterioration 
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because the fluid density has definitely more uniform values in bulk and at the wall and therefore 

buoyancy is no more strong enough to induce laminarisation. 

 So, the ridge at the transition to gas-like fluids represents the locus where the final heat transfer 

restoration occurs. Beyond this value of *

bulkh , the difference in wall and bulk density, as mentioned at 

the previous dotted item, is not sufficient to induce laminarisation and, as seen in Figure 8a to c, 

notwithstanding the transition to fluid properties characterised by much lower fluid conductivity, the 

restoration of turbulence causes the decrease of wall temperature, putting an end to deterioration and 

entering a region of normal heat transfer to gas-like fluid. 

 At the lowest values of *

bulkh , the surface suggests effects related to fluid entrance in the duct. In 

particular, initially the heat flux is high, as in any thermal entry-length effect occurring also with constant 

property fluids, due to usual mechanism of formation of the thermal boundary layer. Shortly after, the 

same phenomenon of distortion of the velocity profile owing to the lightening of the fluid at the wall, 

already observed in previous sections in the case of Watts data, results in a local decrease of heat flux, 

which has the usual short range effect. 

 The dotted yellow locus at constant heat flux (20 kW/m2) helps in understanding the relation of the 

surface with the wall temperature curves obtained by CFD predictions with imposed wall heat flux. Its 

shape in the plane *

w bulkT h  is clearly reminding the trends of the envelopments of experimental and 

calculated data for wall temperatures reported in Figure 5 and Figure 6 and in Figure 8a to Figure 8c. In 

particular, the trends in Figure 5 and Figure 8c obtained at 20 kW/m2 are the ones to be directly compared 

with the dotted yellow line identified on the surface. A closer look at other loci obtained at constant heat 

flux, not reported herein, reveals in some cases branches with decreasing dimensionless bulk enthalpy 

that are not possible to be obtained along a heated pipe, where it can always be increasing; moreover, 

branches that cannot be reached with imposed heat flux because on the negative slope part of the HTD 

surface may also appear. These aspects represent the results of the differences obtained by the use of 

different boundary conditions adopted in the constant heat flux calculations vs. the corresponding paths 

obtained by the elaborations of data obtained with imposed constant wall temperature.  

In summary, the surface in Figure 13 represents the counterpart at supercritical pressure of the qualitative 

description of critical heat flux phenomena sketched by the well-known picture in Figure 11. However, the 

surface in Figure 13 is the result of a quantitative analysis by a CFD model of specific operating conditions for 

a reference experimental apparatus. Repeating the same construction for other apparatuses and conditions 

is a further interesting exercise. 
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a) basic view 

 

b) rotated view 

Figure 14. 3D representation of supercritical pressure heat transfer phenomena  
obtained processing results obtained for Watts’ experimental apparatus with water at 25 MPa 

for G = 394 kg/(m2s), Tin = 250 °C 

The two views reported in Figure 14 of the surface constructed for the Watts’ experimental apparatus 

represent the counterpart of the information presented for the Kline’s case in Figure 13. It can be noted that: 

 in this case, the curves at constant *

bulkh do not show any “pseudo-Nukiyama” curve appearance, i.e., they 

have no negative slope branch as a function of wall temperature: deterioration is therefore not possible 
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for mechanisms of laminarisation leading to a higher temperature manifold, in difference with the above 

considered cases of Kline’s data; 

 as discussed in the previous section, deterioration does anyway occur as a thermal entry-length problem 

at the very inlet of the pipe, as it can be observed by the “canyon” appearing at low *

bulkh  values just close 

to the start of the related axis in both views: so, the difference of the nature of deterioration in this case 

with respect to the one observed for Kline’s conditions is confirmed; 

 the trend of the locus at constant heat flux equal to 400 kW/m2 is very similar to the one observed in the 

prediction reported in Figure 2: despite of the differences in obtaining these two curves, the nature of 

underlying phenomena seems fully confirmed.  

 

4.3 Use of the similarity theory for extrapolating to water conditions at 25 MPa 

In previous work, the similarity theory recently developed by the Authors (see, e.g., Pucciarelli and Ambrosini, 

2020; Kassem et al., 2021) allowed to predict by CFD calculations the operating conditions corresponding to 

selected Kline’s data that would give similar heat transfer deterioration phenomena with water. These 

results, initially extrapolated to a water pressure of 24.5 MPa (Kassem et al., 2021), were then extended to 

the more interesting case of 25 MPa, the rated pressure of many SCWR designs (Kassem et al., 2022). Figure 

15 reports the corresponding wall temperature trends obtained for water at 25 MPa in full similarity with the 

CO2 cases described in the caption and in the legend; as it can be noted comparing with Figure 8c the 

phenomenological similarity is striking. The resulting “similar” reference heat flux for water is around 80 

kW/m2. 

 

Figure 15. CFD model prediction of similar behaviour of water at 25 MPa, corresponding to the Kline’s cases 
at 8.35 MPa, q” = 20 kW/m2 and G = 300 kg/(m2s) and to the CO2 inlet temperatures in the legend.  

Corresponding pseudo-Nukiyama curves for these cases are reported in Figure 16, obtained with different 

sloping in the imposed specific enthalpy curves at the wall, while Figure 17 reports a 3D representation similar 

to the one in Figure 13, showing essentially the same features transposed for water at the pressure of 25 
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MPa and corresponding operating parameters. It can be noted that the different slopes adopted for the wall 

specific enthalpy results in slightly different shapes of the pseudo-Nukiyama curves, with more or less 

coherent values of temperatures in the deteriorated branch at about 80 kW/m2 with respect to the 

envelopments at deterioration shows in Figure 15. This less accurate match is ascribed to the different values 

of the bulk specific enthalpy obtained by the different boundary conditions (i.e., imposed heat flux or 

increasing specific enthalpy at the wall). In this respect, the surfaces obtained by processing data at constant 

wall temperature offer an additional interpretation of the phenomena: indeed, imposing wall heat flux or 

wall temperature is generating different values of wall and bulk temperatures and the related phenomena 

cannot be exactly the same.  

 

Figure 16. Pseudo-Nukiyama curves applicable to the cases in Figure 15 obtained with different slopes in 
the linear increase of specific enthalpy at the wall 

 

 

Figure 17. 3D representation of supercritical pressure heat transfer phenomena  
obtained processing results obtained for Kline’s experimental apparatus and boundary conditions 

extrapolated to water at 25 MPa 
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As it can be noted, also in Figure 17, the ridges for the onset of deterioration because of laminarisation and 

for the final restoration at the transition to gas-like fluid can be distinguished; moreover, the line at constant 

heat flux (yellow dotted) shows a similar trend as predicted by computations at constant heat flux reported 

in Figure 15. This is even more evident in Figure 18, where a top view of the surface in Figure 17 is reported: 

in that view, the quantitative details of the yellow curve (whose heat flux value, q”= 80 kW/m2, was suggested 

by the developed scaling theory) representing the locus of the deteriorated “envelopment” can be 

appreciated, showing the mentioned striking similarity with series of curves at different inlet enthalpy 

presented in Figure 15.  

These considerations suggest that in “similar” operating conditions the phenomena observed for CO2 and 

discussed on the basis of the pseudo-Nukiyama curves are applicable also in the cases of water at 25 MPa, a 

really valuable conclusion in view of the use of experimental data obtained with different fluids in setting up 

correlations valid for the reference case of water. 

 

 

 

Figure 18. Top view of the 3D representation shown in Figure 17 

As a final step, the comparison in dimensionless form of the water and carbon dioxide trends for the selected 

heat flux values is reported in Figure 19; the adopted parameters are the ones introduced in the frame of the 

mentioned fluid-to-fluid scaling theory, with a value of heat flux equal to 80 kW/m2. The trends obtained by 

simulating imposed heat flux conditions (solid lines) are compared with points obtained by intersecting the 

above described 3D surfaces at the corresponding heat flux values (markers): the additional points that would 

constitute unphysical conditions for the imposed heat flux cases (decreasing enthalpy) were removed by the 

marker trends.  
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Despite the assumed differences in the imposed boundary conditions the similarities are striking: both the 

techniques report similar behaviours, thus suggesting that the phenomena at the basis of the observed wall 

temperature distributions are essentially the same for the two fluids. As a consequence, developing such 

surfaces for several operating conditions could be useful to determine the ranges of the observed 

deterioration phenomena, thus suggesting which correlations should be adopted on a case by case 

perspective, in order to provide suitable predictions. 

 

Figure 19 Comparison of the results obtained by simulations considering an imposed heat flux conditions 
and intersections of the 3D surfaces at the same heat flux value.  
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5. CONCLUSIONS 

The results presented in this paper explain a striking analogy observed in experiments related to the 

temperature excursions witnessed at the onset of the critical heat flux at subcritical pressure and those 

sometimes occurring at the onset of heat transfer deterioration at supercritical pressure. The involved 

phenomena are definitely different in the two cases, being related to the crowding of a lighter phase on the 

surface of a heater in the case of CHF, with the related hydrodynamic instabilities, and to flow laminarision 

and decrease of turbulence production in the case of heat transfer deterioration; however, as it was clearly 

shown, similar descriptions apply under specific operating conditions.  

The introduction of the pseudo-Nukiyama curves already envisaged in past work by Sharabi and Ambrosini 

(2009), in addition to be considered a very suggestive way for explaining experimental observations, may be 

useful in setting up methodologies to predict heat transfer at supercritical pressures. Together with the use 

of shape function approaches, presently suggested for the other observed “thermal-entry type” heat transfer 

deterioration mode considered in this paper (see Pucciarelli and Ambrosini, 2022), pseudo-Nukiyama curves 

may be useful in predicting a kind of deteriorated heat transfer that can be considered dominating in those 

heated channels where the fluid enters in the liquid-like phase and is evaporated completely to the gas-like 

one, as it is in SCWR subchannels. In this regard, the data by Kline (2017) offer the opportunity to observe a 

complete range of phenomena, triggering interesting reflections that are at the basis of some of the recent 

developments proposed by the present Authors in the field of fluid-to-fluid similarity and deteriorated heat 

transfer prediction.  

Boiling curves are since decades the basis for the prediction of the thermal crisis in models and system codes 

for boiling heat transfer problems; similar techniques can be developed by establishing reliable formulations 

for the onset of deteriorated heat transfer basing on the understanding gained by the considerations 

presented in this work. Indeed, the present panorama of the several tens of heat transfer correlations 

developed by different Authors in past decades for supercritical pressure fluids needs a rationale to be better 

organised and assessed. It is the purpose of the repeated efforts spent in providing a greater understanding 

of the involved phenomena to set the bases for finally establishing an efficient methodology for predicting 

heat transfer phenomena at supercritical pressure. 
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NOMENCLATURE 

pc  isobaric fluid expansion coefficient at the pseudocritical threshold [1/K] 

,p pcC  specific heat at constant pressure at the pseudocritical threshold [J/(kgK)] 

bulkh  bulk fluid specific enthalpy [J/kg] 

pch  fluid specific enthalpy at the pseudocritical threshold [J/kg] 

wT  wall temperature [°C] 
*

bulkh  dimensionless bulk fluid specific enthalpy 


