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Abstract

:

The recent advancements achieved in the development of a fluid-to-fluid similarity theory for heat transfer with fluids at supercritical pressures are summarised. The prime mover for the development of the theory was the interest in the development of Supercritical Water nuclear Reactors (SCWRs) in the frame of research being developed worldwide; however, the theory is general and can be applied to any system involving fluids at a supercritical pressure. The steps involved in the development of the rationale at the basis of the theory are discussed and presented in a synthetic form, highlighting the relevance of the results achieved so far and separately published elsewhere, with the aim to provide a complete overview of the potential involved in the application of the theory. The adopted rationale, completely different from the ones in the previous literature on the subject, was based on a specific definition of similarity, aiming to achieve, as much as possible, similar distributions of enthalpies and fluid densities in a duct containing fluids at a supercritical pressure. This provides sufficient assurance that the complex phenomena governing heat transfer in the addressed conditions, which heavily depend on the changes in fluid density and in other thermophysical properties along and across the flow duct, are represented in sufficient similarity. The developed rationale can be used for planning possible counterpart experiments, with the aid of supporting computational fluid-dynamic (CFD) calculations, and it also clarifies the role of relevant dimensionless numbers in setting up semi-empirical correlations for heat transfer in these difficult conditions, experiencing normal, enhanced and deteriorated regimes. This paper is intended as a contribution to a common reflection on the results achieved so far in view of the assessment of a sufficient body of knowledge and understanding to base successful predictive capabilities for heat transfer with fluids at supercritical pressures.






Keywords:


supercritical water; nuclear reactors; heat transfer; SCWR; similarity












1. Introduction


Fluids at supercritical pressures exhibit a complex variety of convective heat transfer behaviours, ranging from “normal heat transfer”, similar to the one observed in fluids with little property changes, to “enhanced (or improved) heat transfer”, mainly caused by the larger specific heat occurring at a pressure-dependent temperature threshold defined as “pseudocritical”, to “deteriorated heat transfer”, occurring owing to a combination of factors mainly depending on the fluid property changes. These phenomena were observed in early experiments and were explained in classical and more recent works (see, e.g., [1,2]) on the basis of considerations related to the consequent fluid velocity and property distribution changes in the bulk fluid and close to the heating wall.



In this frame, the proposed design of nuclear reactors cooled and moderated by supercritical pressure water (SCWRs) had a propulsive effect on the knowledge and understanding, stimulating efforts to collect available information and propose it in a convenient form for adoption in an environment in which safety is an overriding priority (see references [3,4,5,6,7,8,9]). These efforts also take into account the experiences from applications in the field of fossil-fuelled plants, though the safety requirements typical of the nuclear field stimulated to a better accuracy and improved understanding of the underlying phenomena.



Similarity theories for comparing the observed experimental trends in a fluid-to-fluid perspective were proposed in several steps; some of them were summarised in recent papers [10,11] also mentioning the first proposals made by these authors in previous publications. In general terms, the existing similarity theories were not considered completely satisfactory [11], though they were often taken into account to provide first guesses in designing experiments with simulant fluids, hoping for some degree of similarity with respect to the conditions to be really experimented on with water in nuclear reactor operations.



The rationale adopted by the authors and summarised in this paper is based on ideas firstly applied in the analysis of the flow stability of heated channels with fluids at supercritical pressure [12], adapted to achieve first, embryonal choices about the main parameters playing a role in heat transfer [13]. At that time, the idea was introduced to support the theoretical considerations at the basis of the first proposed rationale by the use of CFD calculations as an advanced methodology to get information about the potential and challenges involved in the theory. In fact, using experimental data to support the theory would require finding in previous works occasionally matching boundary conditions for different fluids or to set up purposely developed experimental campaigns. The use of CFD models was, at that time, highly unreliable, since the deficiencies in two-equation turbulence models were well-known, with k-ε models showing a tendency to overestimate heat transfer deterioration, while, in many instances, k-ω models showed some degree of insensitivity to the onset of heat transfer deterioration [14,15]. This situation could not be considered satisfactory, and subsequent works concentrated on the assessment and the development of more reliable turbulence models; this effort was rewarded by better predictions at least in some operating ranges [16,17,18,19,20] owing to the use of an algebraic heat flux model (AHFM) and to its implementation in a low-Re turbulence model adopted in a commercial code [21].



Owing to these new capabilities and to the higher reliability of obtained predictions, a better confidence was assigned to the CFD models, so that their use in supporting the basis of a similarity theory was fully justified. This resulted in a thorough revision of the similarity principles and in their application to some exemplary cases having as reference experimental and DNS data obtained with water and carbon dioxide [22,23]. In these applications, the adopted methodology consisted of a first step in which experimental or DNS data were predicted by the RANS turbulence model, assuring a sufficient coherence in the prediction of phenomena, then evaluating the postulated behaviour of the other fluids (namely, water, carbon dioxide, ammonia and R23). The predicted phenomena were assessed both in dimensional and dimensionless forms, in order to assure that both qualitative and quantitative features of the bulk and wall temperature trends were sufficiently well-represented.



In brief, this rationale requests, firstly, a check of the RANS model in front of reliable experimental data and, then, the extrapolation to other fluids with “similar” boundary conditions. This methodology was used in the latest publications [24,25,26], which addressed both CO2 and water experimental data [27,28], as well as DNS data proposed by an independent group [29], aiming to check the early principles set forth in reference [13]. On the basis of the obtained success in reproducing similar trends with four different fluids, further developments were planned and partly already proposed to the scientific community in recently published and shortly forthcoming papers [30,31,32,33].



The present paper has the purpose of summarising the achieved results in a comprehensive way, starting from the first motivations for the work performed up to now, and to discuss the achievements obtained in its steps. Since the theory may be considered for planning confirmatory experiments, independent checks are expected to be made by other research groups in order to possibly confirm and refine the similarity principles at the basis of the present rationale.




2. Heat Transfer to Supercritical Pressure Fluids and Its Challenges


The trends of the fluid properties at supercritical pressures for the two relevant fluids shown in Figure 1 and Figure 2, water at 25 MPa as the coolant proposed for most SCWR concepts and used in the experimental data by Watts [27] and CO2 at 8.35 MPa, adopted in some of the experiments taken into account in a recent work [28], justify the complexities exhibited by the observed heat transfer phenomena.



Indeed, for the operating conditions spanning from the liquid-like to the gas-like region, i.e., through the pseudocritical temperature, at which a specific heat experiences a peak, the changes in the fluid properties appear quite dramatic. Acceleration and buoyancy phenomena do occur inside a vertical flow duct, owing to the huge density changes along and across the channel, caused by the variation of the temperature.



Figure 3 describes one such case previously analysed by the authors in reference [20] making use of CFD, based on experimental data by Kline [28] obtained with carbon dioxide. In agreement with the experiment (comparisons are shown in reference [20]), the code predicts the occurrence of deteriorated heat transfer (DHT) soon after the entrance of the heated length in the test section (some 30 cm from the pipe inlet). In the downstream part of the pipe, the conditions are encountered for heat transfer restoration, with a subsequent increase of the turbulence.



A few interesting features shown in Figure 3 are worth commenting on. Downstream the inlet section, at which a flat velocity distribution is assumed, the radial velocity profile (Figure 3b) adjusts on a typically turbulent shape until the heated section is entered, causing the fluid density to decrease close to the wall (Figure 3d). This decrease generates a flow redistribution that results in flattening the velocity profile close to the wall, reducing the shear stress and the production of turbulent kinetic energy (Figure 3a). The oscillations observed in the wall temperature (Figure 3c), clearly explained in reference [34] in their general features, have their root in the corresponding waves observed on the surface representing the turbulent kinetic energy (Figure 3a), caused by tiny oscillations in the slope of the radial velocity distribution, which affect the turbulence production by shearing. Though they are difficult to detect in Figure 3b, they can be observed in detailed views and have counterparts in the corresponding waves in the turbulent kinetic energy (Figure 3a).



The black curves appearing on the surfaces in Figure 3c,d represent the loci of the pseudocritical conditions in both the fluid temperature and density. They show the reason for the occurrence of the final restoration of heat transfer, which happens when the density difference at the wall and in bulk becomes low enough, owing to the transition to a gas-like phase beyond the pseudocritical threshold, so that mixed convection effects cannot further decrease the turbulence production. As a consequence, the velocity profile is shown to recover a classical turbulent shape (see the last part of Figure 3b), and turbulent kinetic energy restarts its growth close to the wall (Figure 3a).



As can be noted, in the considered case the trend of density close to the wall and in the bulk fluid fully governs the heat transfer behaviour, determining the heat transfer deterioration, the damped temperature oscillations at the wall after deterioration and the final restoration of heat transfer. Other effects occurring simultaneously with the transition through the pseudocritical temperature introduce additional phenomena; in particular, the huge changes in the fluid thermal conductivity and viscosity definitely add additional features in the above description, which is in full agreement with the previous explanations about the mechanism causing heat transfer deterioration [1].



Since density is so relevant in determining the observed phenomena, the first considerations in view of the establishment of a fluid-to-fluid similarity theory directly addressed its behaviour [13], though with limited success. Actually, better fortune since the very beginning provided the description of flow instability phenomena by a single trend of dimensionless density as a function of dimensionless enthalpy [12,35,36,37]. This is because in the 1D flow dynamic equations with imposed heat flux at the wall the one for density represents the only requested state equation. By virtue of finding a nearly unique trend between the dimensionless density and dimensionless enthalpy, defined as


    ρ ∗  =  ρ /   ρ  p c         and    h ∗  =   h −  h  p c        β  p c    /   C  p , p c       



(1)




for a broad range of supercritical pressures and, at a lower extent, for four different fluids (water, carbon dioxide, ammonia and R23), it was possible to set up relatively universal stability maps as a function of the dimensionless parameters. This unique trend found to hold approximately for the four addressed fluids is reported in Figure 4. As it can be noted, this trend shows some deviations in the liquid-like region depending on the nature of the fluid; these deviations were recently observed to be larger for some other fluids of interest for experimental facilities (namely, R134a), though the similarity theory developed herein was recently shown to also apply with sufficient accuracy in that case [33]. It can be recognised then that this link between density and enthalpy at supercritical pressures is very appealing for establishing fluid-to-fluid similarity theories: indeed, this has been the basis for the rationale here in this discussion.




3. Adopted Fluid-to-Fluid Similarity Rationale


Owing to the overwhelming importance of the density distribution within the flow duct in view of the establishment of different heat transfer regimes, it is considered of primary importance to preserve in similarity the density distribution along and across the flow duct. In particular, the capability of the fluid to expand under heating is considered as an aspect to be strictly preserved in view of a sufficiently accurate similarity. Considering the above-mentioned results about the dependence of dimensionless density with respect to dimensionless enthalpy, a direct consequence of this choice is the requirement of preserving the distribution of dimensionless enthalpy, again along and across the channel. The latter was therefore the leading consideration that guided the establishment of the rationale; some straightforward consequences of this choice are suggested in the following sections.



In order to preserve similar capabilities of fluid expansion when heated, the same dimensionless enthalpy (and, thus, density) must be kept at the inlet; in fact, the capability of a fluid to expand is critically dependent on its subcooling with respect to the pseudocritical threshold. This requires imposing that the same values of the sub-pseudocritical number be assumed for the different fluids, i.e.,


   N  S P C   = −  h  i n  ∗   



(2)







Since the bulk fluid expansion is dependent on the heating power-to-flow ratio, coherently with the definition of the dimensionless enthalpy, also the trans-pseudocritical number must be preserved for the two similar conditions:


   N  T P C   =   Q ˙  W     β  p c      C  p , p c     =  h  o u t  ∗  −  h  i n  ∗   



(3)




(Note that, in the adopted notation variables without the subscript “w”, indicating wall, are assumed to be defined as bulk ones.). This assures that the bulk dimensionless enthalpy and density will have the same trends along the channel; though, as will be shown later, the length over the diameter ratio may change. Since the buoyancy forces were found so important, a basic requirement is that the Froude number and the Richardson number are nearly the same all along the duct. In this regard, two fortunate consequences of the previous assumptions were found:




	
by imposing a same value of the inlet Froude number,   F  r  i n   =    w  i n  2   /    g D      , the equality of the distributions of the bulk fluid dimensionless densities for different fluids assures its preservation all along the channel; this can be demonstrated considering that   F r =    w  2   /    g D     =      w  i n  2   /    g D            w  2   /   w  i n  2      = F  r  i n        w  2   /   w  i n  2       ; since, in steady-state conditions for the constant cross-section area, it is   G = ρ w = c o n s t .  , it follows   F r = F  r  i n        ρ  i n  2   /   ρ  2      = F  r  i n        ρ  i n   ∗ 2    /   ρ   ∗ 2        , predicting an increase of the Froude number with the bulk fluid expansion along the duct at a same level, whatever the chosen fluid;



	
moreover, assuming also that the wall dimensionless enthalpy is the same all along the duct, as it is necessary from our definition of similarity, the Richardson number is also preserved; in fact, from its definition,   R i =   G  r ρ   /  R  e  2    =       ρ −  ρ w    g D    /  ρ  w  2     , it can be found that   R i =     ρ −  ρ w     /    ρ F r         =      ρ ∗  −  ρ w ∗     /     ρ ∗  F r      ; therefore, the preservation of the Froude number along the channel and the equality of dimensionless densities in bulk and at the wall also assure the preservation of the Richardson number.








The latter aspect is very useful in the present context, since it allows preserving the same ratio of inertia over the buoyancy forces in mixed convection, which have so much relevance for determining the occurrence of the deteriorated heat transfer described in previous sections.



As an additional requirement, it was decided to impose the equality of the inlet Reynolds numbers for the different fluids, as suggested in reference [29]. Actually, this condition was not specified in the first form of this rationale published in reference [23], since at the time it was already recognised that there is no means of assuring that the Reynolds number equality will be preserved all along the channel, even if it is preserved at the inlet. In fact, the downstream evolution of the kinematic viscosity of the fluids can be expected to be different enough so that any equality is generally impossible to be achieved. However, imposing in some place along the channel an exact equality of the Reynolds number may help to keep the levels of turbulence sufficiently comparable; whether the inlet section is the best place to impose this equality is nevertheless a subject open to further discussion.



Imposing the equality of both the inlet Reynolds and Froude numbers has the consequence that the diameter of the pipe must be different for different fluids, according to the following formulations:


      w  i n , f l u i d − 2       w  i n , f l u i d − 1      =        ν  i n , f l u i d − 2      ν  i n , f l u i d − 1          1 / 3         D  f l u i d − 2      D  f l u i d − 1     =        ν  i n , f l u i d − 2      ν  i n , f l u i d − 1          2 / 3      



(4)







An interesting relationship was held in a dimensionless form for the Newton law of convection, which can be expressed as    N  T P C   =   S t  ¯     h w ∗  −  h  ∗      4 L  / D   . The averaged Stanton number appearing in the formulation is     S t  ¯  =   N u  /  R e   P r  ¯      with     P r  ¯  =     C ¯  p  μ  / k   , where the averaged specific heat is     C ¯  p  =      h w   −  h       /     T w   −  T         , as in many heat transfer correlations proposed for supercritical pressure fluids.



Since the similarity requests that the trends of wall dimensionless enthalpy,    h w ∗   , and the one in bulk,    h  ∗   , are equal for the two fluids, this form of the Newton law suggests also that the product     S t  ¯   L / D    should be nearly the same. This is a difficult requirement to be imposed exactly a priori because of the different properties of the fluids; however, satisfying it at least approximately turned out to be possible by choosing the fluid pressures in order to find sufficiently constant ratios of the averaged Stanton numbers for the two fluids in the considered range of the dimensionless enthalpy. Whenever this was sufficiently assured, compensating for the non-unity ratio of the Stanton numbers by changing the    L / D    parameter was found to be practicable; recipes in this regard were discussed in reference [26] and applied to the selection of pressure for the four different fluids in relation to the experimental data by Watts [27] and Kline [28].



In summary, the following steps must be followed in applying the rationale:




	
define the corresponding pressures for the different fluids, according, for instance, to the recipe suggested in reference [26], i.e., trying to obtain sufficiently constant ratios between the Stanton number of the reference and simulant fluids as a function of the dimensionless enthalpy;



	
assume the same values of    N  S P C   = −  h  i n  ∗    and    N  T P C    , to assign a similar trend of bulk dimensionless enthalpy;



	
impose the same values of the Froude and the Reynolds numbers at the channel inlet, thus adjusting the pipe diameter, as mentioned above;



	
guess the    L / D    ratio on the basis of the formula    N  T P C   =   S t  ¯     h w ∗  −  h  ∗      4 L  / D   ;



	
perform CFD analyses for the new fluid, iterating on the heat flux and the on the    L / D    ratio while keeping satisfied the relationship    N  T P C   =      q ″   β  p c    /  G  C  p , p c           4 L  / D     , until the trends of the wall dimensionless enthalpy as a function of the bulk dimensionless enthalpy are nearly the same for the two considered fluids; this process is required because of the approximate nature of any similarity theory, together with the high sensitivity of the phenomena to be predicted.








The above-described steps are represented in Figure 5, which reports relevant examples of plots illustrating the concepts addressed above. In particular, in STEP 1, the trend of the Prandtl or the Stanton number must be preliminarily looked at to get an idea of the possible “similar” pressures for the different fluids. In STEP 2, the required dimensionless enthalpy range must be imposed correctly for all the different fluids, because, as it can be noted in the related plot, it critically determines the expansion capability of the fluid. STEP 3 involves imposing the values of velocity at the inlet and of the diameter, while STEPS 4 and 5 require guessing and iterating on   q ″   and    L / D    while performing RANS CFD analyses aimed at obtaining the targeted trend of    h w ∗    as a function of the bulk dimensionless enthalpy.



Though this rationale may look somehow complex, the authors applied it for some time without great difficulties and with good results. Some flexibility does exist in its application, e.g., in relation to the choice of the “similar” pressures and in the definition of the optimum heat flux to be obtained by iterations, so that the process is actually less cumbersome than it may look like.



A prerequisite for the reliability of the predictions is that the adopted reference experimental data must be acceptably well-predicted by the RANS CFD model. Whether it is not the case, it is not meant that the results of the analysis will not provide a good similarity, as was shown in reference [24] by the use of a two-equation turbulence model that was not particularly successful in predicting the reference data. In fact, wrong predictions in front of the experimental data may be useful anyway to find similarities among the predicted trends for different fluids, something mainly dependent on the fluid properties and not on the specific adopted turbulence model. However, it is quite obvious that a reliable planning of the counterpart experiments should start from some reliable prediction of the experimental data obtained with a specific fluid in order to safely postulate that the model is adequate to represent similar phenomena for another fluid.




4. Overview of the Results Obtained So Far


The work for setting up the present form of the similarity theory started long ago [13] but found a first consolidation with a recent PhD thesis [22]. The related conclusions were published in a journal paper [23], highlighting a procedure of application mostly identical to the one described above. However, only recently, the full capabilities of the theory were better recognised and found further confirmation in the application to both DNS and experimental data. It must be recognised that, in this regard, the availability of systematic experimental data both by Watts [27] and Kline [28], respectively with water and carbon dioxide, represented a key aspect in stimulating understanding and providing a confirmation of the trends that would be difficult to conceive without experiencing them in the excellent sequences of data obtained by varying the relevant parameters in the steps.



4.1. Application to DNS Data


A first recent paper [24] was published after receiving stimulus from a group of colleagues from the University of Sheffield, who published DNS analyses [29] based on the rough ideas of similarity presented in reference [13]. The surprising aspect in the results by the University of Sheffield was that the similarity rationale worked almost perfectly in its formulation of reference [13], which was found quite imperfect at the time by RANS calculations. In particular, the analysis showed that, in a flow duct with a relatively modest variation of the bulk dimensionless enthalpy, the curves of wall dimensionless enthalpy obtained by DNS calculations could merge almost in a single trend for four different fluids (Figure 6a). This result was explained in reference [24] with the short range of dimensionless enthalpy involved in the analyses and the selection of pressures that granted almost the same values of the Prandtl number across the pseudocritical threshold for the four fluids. This was confirmed by RANS analyses that reproduced similar data for the four fluids (Figure 6b). The accuracy in the similarity of the behaviour observed by the fluids suggested that the adopted rationale was very promising.




4.2. Application to CO2 and Water Experimental Data


As already mentioned, the carbon dioxide data by Kline [28] represented an excellent set of experiments exhibiting systematic changes in boundary conditions. This suggested useful information on the effect of operating conditions on the heat transfer regimes occurring along the flow duct, contributing to clarify some of the most debated issues, e.g., in relation to the onset of deterioration and on its characteristics after initiation. In particular, the interest of Kline’s data is mainly due to the fact that they cover a full range of heat transfer phenomena, involving “normal/enhanced” heat transfer, “deterioration” and the final restoration of heat transfer at the transition to the gas-like phase. This was already discussed in Section 2 while presenting the features of heat transfer at supercritical pressure (see, e.g., Figure 3). The good predictions obtained by the Algebraic Heat Flux model [19,20] previously implemented in the STAR-CCM + CFD code [21] provided confidence in the results obtained by the application of the similarity rationale, as described in Figure 5. This step in the evolution of the theory [25] had the following main results:




	
the rationale applied in the work on DNS data [24] was extended to include strategies for dealing with situations in which the Prandtl numbers of the different fluids were largely different, suggesting recipes for achieving good results depending on the dimensionless enthalpy window addressed across the pseudocritical threshold;



	
in particular, different strategies were used for Watts’ water data [27] and Kline’s carbon dioxide ones [28], obtaining preliminary results that confirmed the possibility to extend the similarity theory to more general cases in terms of the relative values of the Prandtl numbers.








Two works [26,32] made it possible to dig more deeply into the potential of the similarity theory by examining more complete sets of Kline’s and Watts’ data, thus providing greater information on the capabilities of the similarity theory. In particular, the trends of the relevant dimensionless numbers along the channel were represented, providing sufficient confidence that the similarity rationale worked as predicted by the theory.



It is interesting to note that the use of carbon dioxide data (by Kline) or water data (by Watts) as reference cases for the application of similarities could be considered to refer to two different points of view:




	
when basing on water data, the question to be answered is what could be the trend expected for simulant fluids (such as CO2, NH3 and R23) in “similar” conditions, i.e., how they would appear in experiments with those fluids exhibiting the same phenomena as those observed in water; this question represents a “direct” problem of scaling that an experimenter should solve for designing tests with a simulant fluid;



	
when using carbon dioxide data, the addressed problem is analogous but, in the latter case, involves an “inverse” problem, i.e., to establish which phenomena in water could be expected as similar to those observed with the simulant fluids.








No matter what we may call “direct” or “inverse” problems, the high interest in solving both of them is clear, e.g., in the design phase of experimental apparatuses with simulant fluids or in translating the information gathered with several different fluids into similar information for water as the main fluid of interest for cooling nuclear reactors. This is why the two sets of data were both considered for the application of the similarity theory.



Figure 7 reports the original trends of some wall temperature data by Kline for carbon dioxide and the related predictions by the RANS calculations, compared with the trends obtained in similarity for the other three fluids: water, NH3 and R23. On the other hand, the plots in Figure 8 report the trends along the channel axis of the relevant dimensionless numbers for the four fluids.



This information can be summarised as follows.




	
The plots in Figure 7 show that the present similarity theory is able to translate the relevant qualitative information about the different heat transfer regimes from the case of one fluid to the other. Indeed, very similar phenomena related to normal or enhanced heat transfer, onset of deterioration, repeated wall temperature oscillations and the restoration of heat transfer efficiency at the transition to the gas-like region are very well-represented, with all the fluids in strict similarity. This set of pictures is one of the most meaningful ways to show the effectiveness of the similarity rationale, since it shows that different fluids at different pressures are predicted to behave in strict phenomenological accordance.



	
A more quantitative perspective is presented in the plots of Figure 8, reporting one of the addressed cases by Kline and its three counterparts for water, ammonia and R23 in terms of the dimensionless quantities. The following comments apply.




	○

	
The matching of the trends of dimensionless enthalpy at the wall (Figure 8a) is actually the main target pursued by the similarity rationale, i.e., the one which is sought for in iterations on heat flux for declaring convergence; this represents the basic achievement supporting all the other aspects of the similarity; in considering the obtained trends, it is necessary to remember that a similar distribution of dimensionless enthalpy means a similar distribution of fluid density, with all the related consequences in terms of heat transfer regimes, as discussed in Section 2.




	○

	
The trends of the Richardson and of the Froude numbers are then predicted in close similarity (Figure 8b,c) as a consequence of preserving the same NSPC and NTPC, assuring the same expansion (i.e., acceleration) of the fluid in bulk, and because of the matching observed in the dimensionless enthalpy at the wall.




	○

	
The Nusselt number cannot be exactly the same for the different fluids (Figure 8d), since it is instead the product     S t  ¯   L / D    to be preserved (Figure 8g); indeed, the differences in the local values of the Reynolds and the Prandtl numbers do generate different values of the Nusselt number.




	○

	
On the other hand, at least for this set of data, it is remarkable to consider that a very good matching occurs between the values of the ratio of the Nusselt number to the one calculated by the Dittus-Boelter correlation (named Nu_DB in Figure 8e); this could suggest that the Dittus-Boelter correlation could be taken as the basis, then be corrected as a function of the other dimensionless numbers in order to achieve a general correlation applicable to different fluids able to predict heat transfer deterioration; this assumption, which is actually at the basis of many of the known correlations for supercritical pressure fluids, must be confirmed by elaborating the available experimental data.




	○

	
Though preserved at the inlet, the Reynolds number evolves differently for the different fluids (Figure 8f), suggesting that it is possible only to keep some rough similarities in the turbulence levels along the heated pipe.














These results confirm, to a large extent, the assumptions at the basis of the similarity theory. Further data were obtained by a thorough analysis of Watts’ data [27], obtained with water at 25 MPa, recently performed in the frame of a MSc thesis [38], whose details will appear in a forthcoming paper [32].



Typical results from that work are reported in Figure 9, Figure 10, Figure 11 and Figure 12. After the usual check about the correctness on the reasonable prediction by the CFD model of the experimental data (Figure 9), the similarity rationale was applied, obtaining corresponding results for the different fluids. A sample of the obtained results are shown in Figure 10, Figure 11 and Figure 12 for increasing levels of the flow rate, which causes decreasing levels of heat transfer deterioration. As it can be noted, while the agreement between the trends of water and ammonia is quite good, CO2 and R23 show an oscillating behaviour in the left part of the curves, which can be interpreted as cycles of deterioration and restoration, though the average trend of the curves is approximately the same. At the moment, it cannot be understood if this behaviour is an artefact of the adopted RANS model (e.g., failing in predicting the right trend for wall dimensionless enthalpy) or if this cycling of wall temperatures can be really expected in the case of these fluids, e.g., because of their higher Prandtl number.




4.3. Extension to Non-Uniform Axial Heat Flux Distributions


Recently a further advancement was carried out [31] to assess the applicability of the similarity theory in the case of nonuniform distributions of linear power along the fuel rods. This step was necessary because of the well-known nonuniform production of power along the axis of a nuclear reactor, which is sometimes also simulated in experimental facilities. Since the similarity theory was developed for the uniform linear power, it was necessary to firstly theoretically assess the feasibility of this extension and then proceed to verify the developed assumptions by RANS calculations.



The reader is referred to a specific publication [31] for the supporting analytical developments. Some of the results obtained with a sinusoidal power distribution, starting from some of the boundary conditions of the experimental data by Kline [28] with carbon dioxide (except for the power distribution), are illustrated herein for the case of water. In practical terms, after checking for a good prediction in reproducing the corresponding experimental case with uniform power in the dataset by Kline, a calculation was run with CO2, with the sinusoidal power distribution having the same average value. The results of this calculation were then assumed as a target trend of dimensionless enthalpy at the wall to be obtained in similarity with water and other fluids.



Figure 13 and Figure 14, in particular, show the trends of wall dimensionless-specific enthalpy for water as a function of dimensionless bulk enthalpy at different attempted average heat fluxes, according to the iteration process described in STEP 5 of the methodology in Figure 5. Figure 15 and Figure 16 report the same data as a function of the axial coordinate along the pipe, clearly showing the need of changing the L/D ratio according to the presented rationale. This aspect is described by Figure 17, reporting the heat flux distributions that should be used with R23, water, NH3 and R134a in order to get a reasonable similarity with respect to the reference cases considered with CO2. Though this characteristic of the rationale can be found displeasing for experiments, since it will oblige to control the shape of the heating power in dependence of the fluid, it is believed that, in some cases, it may be accomplished by the computerised control of locally distributed heaters. Nevertheless, this feature represents an inescapable outcome of the theory; though the changes in L/D are generally modest, they cannot be completely ruled out.




4.4. Applications of Fluids Not Considered Before


In the frame of the EU ECC-SMART Project (https://ecc-smart.eu/), experiments making use of R134a will be performed. Since the authors are partners in the Project Consortium and are involved in the analyses, it was considered appropriate to check how the similarity theory, applied mostly to fluids other than R134a, would have behaved in this case. Worries about the applicability of the theory were raised by an inspection of the trend of dimensionless density as a function of dimensionless enthalpy that, as discussed in previous sections, is at the basis of the close similarity in the behaviour of different fluids. In fact, considering Figure 18, it can be noted that R134a deviates from the behaviour of water and even from the one of CO2, quite consistently; in particular, R134a tends to have a lower expansion as a function of heating than water and carbon dioxide, something that may introduce distortions into the similarities.



In order to take care of this aspect, a possible correction of the theory was envisaged, consisting of enlarging the effective dimensionless enthalpy range related to the new fluid in comparison with the others in order to bring the curves closer, thus obtaining similar expansion capabilities. This would have meant making use of different values of NSPC and NTPC in the application of the similarity for R134a in order to compensate for this lower tendency of the fluid to expand as a consequence of heating. Actually, the application of the usual rationale also in this case showed that this correction was not necessary, suggesting the presence of enough flexibility in the described steps of the similarity, so that satisfactory results could be achieved anyway.



Figure 19 reports the results of the calculations performed by the RANS model in the application of the similarity theory. As it can be noted, after checking the correctness of the prediction of the reference data by Kline (Figure 19a), we tried to obtain similar trends with R134a, with quite reasonable success (Figure 19b). In particular, the same heat transfer phenomena were exhibited with only slight phenomenological deviations; the similarity obtained seemed quite reasonable. Of course, the chain of similarities between CO2 and water and between CO2 and R134a justifies the use of the latter to represent water conditions, which is a rather important achieved result.




4.5. Applicability of Some CO2 Experimental Data to SCWR Conditions


Since, in previous analyses, carbon dioxide data by Kline were compared to water at 24.5 MPa as the most appropriate pressure identified by the rationale for scaling with CO2 at 8.35 MPa, the need was felt to address also the most important pressure level of 25 MPa, being the rated pressure for many SCWR design concepts. While the full body of results of this elaboration will be published in a forthcoming conference paper, Figure 20 reports the predictions by the adopted RANS model of the water conditions inspired by the experimental data by Kline for a heating flux of 18 kW/m2, already shown in Figure 7a. It is remarked, in fact, that the observation of an overall correctness of the phenomena prediction by the CFD model is the prerequisite for basing the predictions of similar conditions on them. As it can be noted from Figure 20, water at 25 MPa is expected to behave in close similarity from a phenomenological point of view, with very similar trends as the ones observed and predicted for CO2. It is worth noting that the capability to “translate” information obtained by simulant fluids to the scale of postulated reactor conditions is very attractive for widening the database applicable to nuclear reactor conditions. With the use of the present similarity theory, it is now possible to make efficient use of a vast body of experiments obtained with different fluids, getting a clear idea of how water reactor conditions would be in close similarity. The obtained results also indicate some degree of tolerance in the application of the theory in relation to the choice of pressure; it clearly appears that though 24.5 MPa was considered an ideal value for the water pressure, 25 MPa is nevertheless still adequate to provide a picture of the phenomena in a close similarity.





5. Conclusions


The results shown in this paper support the correctness of the assumptions at the basis of a similarity theory, whose basic ideas were proposed long ago [13], anyway requiring a sound correction and refinement that was achieved only in recent steps [22,23,24,25,26]. The validity of the theory is presently supported by RANS calculations, which allowed describing the promising features of the proposed rationale in the application in terms of the different fluids and boundary conditions.



This rationale can be now used to plan experimental tests that may provide further confirmation and assessment of this theory. It must be remarked that, among the different theories proposed so far for fluid-to-fluid similarity in heat transfer to supercritical pressure fluids, the present one was developed basing on consistency with the experimental observations of predicted trends by RANS calculations. Moreover, its principles were devised considering the overwhelming importance that the changes in fluid density have on the observed heat transfer regimes, with regards to the challenging aspects of deterioration.



The usefulness of this theory is clearly related to the capability to unify the experimental information obtained by very different fluids, thus providing an enlargement of the database to be used for model and correlation assessment related to water conditions. Considering the present state-of-the-art in the field of empirical correlations for predicting heat transfer deterioration phenomena, the present theory provides hope that a better understanding of the key phenomena and of the relevant dimensionless numbers it involves may provide decisive developments. The present work by the authors focused on revising the existing heat transfer correlations and in understanding how they can be reconsidered in view of the results of the similarity theory. These developments, having a general interest, will be also a sound contribution to the ongoing efforts for advancing the predictive capabilities required for the licensing of nuclear reactors cooled and moderated by water at supercritical pressure.
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Nomenclature




	
Latin letters




	
    C p    

	
specific heat at constant pressure [J/(kgK)]




	
  D  

	
diameter [m]




	
   F r   

	
Froude number




	
  g  

	
gravity [m/s2]




	
  G  

	
mass flux [kg/(m2s)]




	
   G  r ρ    

	
Grashof number based on density




	
  h  

	
specific enthalpy [J/kg]




	
  L  

	
length [m]




	
    N  S P C     

	
sub-pseudocritical number




	
    N  T P C     

	
trans-pseudocritical number




	
   N u   

	
Nusselt number




	
     P r  ¯    

	
averaged Prandtl number




	
   q ″   

	
heat flux [W/m2]




	
   Q ˙   

	
power [W]




	
   R e   

	
Reynolds number




	
   R i   

	
Richardson number




	
     S t  ¯    

	
averaged Stanton number




	
  w  

	
velocity [m/s]




	
  W  

	
mass flow rate [kg/s]




	
  T  

	
temperature [K, °C]




	
Greek letters




	
  β  

	
isobaric thermal expansion coefficient [1/K]




	
  ν  

	
kinematic viscosity [m2/s]




	
  ρ  

	
density [kg/m3]




	
Subscripts




	
   f l u i d − i   

	
related to the i-th fluid




	
   i n   

	
inlet




	
   o u t   

	
outlet




	
   p c   

	
pseudocritical




	
  w  

	
wall




	
0

	
reference value




	
Superscripts




	
*

	
starred variables imply dimensionless values
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Figure 1. Thermodynamic (a) and transport properties (b) for water at 25 MPa. 
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Figure 2. Thermodynamic (a) and transport properties (b) of carbon dioxide at 8.35 MPa. 
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Figure 3. Sequence of changes in the turbulent kinetic energy (a), axial velocity (b), fluid temperature (c) and density (d) predicted by CFD for some of Kline’s [28] boundary conditions (CO2 at 8.35 MPa) (adapted from reference [20] with Editor’s permission). 






Figure 3. Sequence of changes in the turbulent kinetic energy (a), axial velocity (b), fluid temperature (c) and density (d) predicted by CFD for some of Kline’s [28] boundary conditions (CO2 at 8.35 MPa) (adapted from reference [20] with Editor’s permission).
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Figure 4. Trend of the dimensionless density vs. dimensionless enthalpy for four different fluids (adapted from reference [37] with the editor’s permission). 
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Figure 5. Steps in the rationale of the similarity theory. 
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Figure 6. Results from the DNS and RANS calculations in a dimensionless form (adapted from reference [24]). 
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Figure 7. Prediction of Kline’s CO2 data at q″ = 18 kW/m2, and trends obtained by the application of the similarity theory for water, NH3 and R23. 
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Figure 8. Trends of the relevant dimensionless numbers along the channel showing similarity for the case of Kline’s data with q″ = 18 kW/m2 and Tin = 24 °C. 
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Figure 9. Selected CFD results for Watts’ data at Tin = 250 °C and 400 kW/m2. 
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Figure 10. Predictions with the best heat fluxes for Watts’ data (Reference Case: G = 410 kg/m2s). 
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Figure 11. Predictions with the best heat fluxes for Watts’ data (Reference Case: G = 434 kg/m2s). 






Figure 11. Predictions with the best heat fluxes for Watts’ data (Reference Case: G = 434 kg/m2s).



[image: Energies 14 03695 g011]







[image: Energies 14 03695 g012 550] 





Figure 12. Predictions with the best heat fluxes for Watts’ data (Reference Case: G = 477 kg/m2s). 
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Figure 13. Wall h* trends for water at 24.50 MPa for a reference case with CO2, q0″ = 10 kW/m2 and Tin = 24 °C. 
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Figure 14. Wall h* trends for water at 24.50 MPa for a reference case with CO2, q0″ = 20 kW/m2 and Tin = 24 °C. 
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Figure 15. Wall h* trends for water at 24.50 MPa as a function of the axial position for a reference case with CO2, q0″ = 10 kW/m2 and Tin = 24 °C. 






Figure 15. Wall h* trends for water at 24.50 MPa as a function of the axial position for a reference case with CO2, q0″ = 10 kW/m2 and Tin = 24 °C.



[image: Energies 14 03695 g015]







[image: Energies 14 03695 g016 550] 





Figure 16. Wall h* trends for water at 24.50 MPa as a function of the axial position for a reference case with CO2, q0″ = 20 kW/m2 and Tin = 24 °C. 
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Figure 17. Heat flux distributions for the best-matching operating conditions for the reference CO2 case considering q0″ = 20 kW/m2 and Tin = 24 °C. 
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Figure 18. Dimensionless trend of density vs. specific enthalpy for R134a in comparison with water and CO2. 
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Figure 19. Trends of the wall temperature along the channel for the reference cases by Kline at q″ = 20 kW/m compared with the trends of the wall temperature along the channel. RANS calculations with R134a at 4.47 MPa for the reference cases by Kline at q″ = 20 kW/m. 
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Figure 20. Trends of the wall temperature along the channel. RANS calculations with water at 25 MPa for the reference cases by Kline at q″ = 18 kW/m2. 
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