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Post-dryout heat transfer is an important thermal hydraulics phenomenon happening in the loss-of-coolant accident of water-cooled nuclear reactors and the off-design conditions of water-cooled ceramic breeder blanket in fusion reactors. It is necessary to research the flow and heat transfer mechanisms of post-dryout. To economically and comprehensively study on the post-dryout heat transfer characteristics, this work conducted fluid-to-fluid modeling research on water and R-134a data banks by using Buckingham dimensional analysis methodology. In addition, a new interpolation method was developed and verified to make the scaling between the two data banks possible. Finally, a scaling method of post-dryout heat transfer was proposed and assessed by using experimental data. The results showed that the obtained scaling method is reliable in certain conditions.
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1 INTRODUCTION
1.1 Background
Post-dryout heat transfer phenomenon widely exists in both the loss-of-coolant accident (LOCA) of a pressurized water reactor (Yoo et al., 2020) and the off-design conditions of water-cooled ceramic breeder blanket in the Chinese Fusion Engineering Test Reactor (Cheng et al., 2020). A post-dryout heat transfer region can be encountered once the contact between the liquid film and the heated surface cannot be maintained due to continuous liquid film depletion, and the liquid phase is only in the form of dispersed droplets or small fragments, which usually occurs at a void fraction greater than 80% (Groeneveld, 1973). As shown in Figure 1, a post-dryout region consists of a developing region (unstable film boiling) and a fully developed region (stable film boiling) (Yu et al., 2018). The developing region is defined as an unstable region with wet contact heat transfer occurring between the wall and droplets. The heat transfer coefficient in this region reduces significantly, with an accompanying steep temperature rise on the wall surface. While the direct wall–droplets contact becomes less frequent, the vapor temperature and velocity structures and the droplets distribution over the cross-section of the flow are well rearranged, finally the flow develops into a relatively stable state, which is called fully developed post-dryout region, characterized by a stable mist flow pattern and no wall–droplets wet contact. Heat transfer in the full-range post-dryout regime involves various heat exchange paths among the vapor phase, droplets, and the heated wall, including 1) convective heat transfer from wall to vapor; 2) interfacial heat transfer from vapor to droplets; 3) contact heat transfer between wall and droplets; 4) radiative heat transfer from wall to droplets; 5) radiative heat transfer from vapor to droplets; and 6) radiative heat transfer from wall to vapor.
[image: Figure 1]FIGURE 1 | Typical flow and heat transfer patterns in the post-dryout region; [image: image]: convective and radiative heat transfer between wall and vapor, [image: image]: contact and radiative heat transfer between wall and droplet, [image: image]: interfacial and radiative heat transfer between vapor and droplet.
A very significant thermal nonequilibrium of several hundred degrees can be generated in the post-dryout region, which has been confirmed by some experiments with water at low to moderate pressures in a tube (Nijhawan et al., 1980; Evans et al., 1983; Gottula et al., 1985). According to this fact, both the experimental studies and the predicting methods of post-dryout heat transfer have been conducted for over 60 years, ranging from wall temperature data in various fluids and various flow conditions to subtopics such as the influence of droplet hydrodynamics on both the convective heat transfer between wall and vapor and the interfacial heat transfer between vapor and droplets. However, the reliable prediction methods for post-dryout heat transfer are still missing due to the complexity of processes involved, especially due to the difficulties in the prediction of thermal nonequilibrium.
1.2 State of the Art of Experiments, Theoretical Models, and Fluid-to-Fluid Modeling
An experimental study of post-dryout heat transfer was performed at the KIT Model Fluid Facility (KIMOF) by using refrigerant R-134a as the working fluid (Köckert et al., 2018; Köckert et al., 2021). Tests were conducted in a uniformly heated tube (inside diameter: 10 mm, heated length: 3,100 mm) at pressures of 11.1, 16, and 28 bar, with varying mass flux in the range of 300–1,500 kg/(m2s). Wall temperature distributions were obtained and used to verify the developed KIT Mechanistic Model (Yu et al., 2018; Yu, 2019). As to further verify and possibly improve the predictions, additional experimental information about the droplet behavior and vapor temperature distributions are required. Köckert et al. (2021) integrated a visualizable annular test section into the KIMOF test facility in order to measure the droplet distribution, size distribution, and velocities using a high-speed camera through 32 bull's-eye–shaped windows on the test section. Liu et al. (2021) performed post-dryout heat transfer experiments in a vertical tubular test section using water as the working fluid. The heat transfer characteristics during the formation, growth, and propagation of dry patches were analyzed based on the measured outer surface temperature. Jin and Shirvan (2021) experimentally investigated on the two-phase flow interface behavior during film boiling in quench transients using image processing.
Different types of theoretical models and correlations have been developed and were applied with varying degrees of success. An analytic model was developed for the whole post-dryout region by the authors (Yu et al., 2018; Yu, 2019; Köckert et al., 2021) and was verified by plenty of data bank including both water and R-134a experiments. Cheng et al. (2018) developed a mechanistic model to predict the post-dryout heat transfer and rewetting. Based on the treatment of direct contact heat transfer between the wall and droplets, the hysteresis phenomenon of the flow boiling curve was obtained and explained by the Leidenfrost effect. In addition to these modeling works, Li and Anglart (2016), Shi et al. (2017), and Fan et al. (2020) simulated some interesting features of post-dryout heat and mass transfer (e.g., vapor temperature and velocity profile, droplet behaviors) through the CFD approach. However, this kind of approach is computationally expensive, and the models applied in the CFD still need quite extensive knowledge of the physical phenomena to improve the prediction.
Massive data are required to reveal the flow and heat transfer mechanisms of post-dryout with water, as well as validating the theoretical models and CFD approaches. In order to reduce the cost and technical difficulties of the water-based post-dryout experiments, Freon family fluids have been frequently used as the model fluid because of their lower latent heat of vaporization and lower critical pressure. Groeneveld et al. (1997) indicated that in the fluid-to-fluid modeling of post-dryout heat transfer, geometric and dynamic similarities must be satisfied. Equal equilibrium qualities were utilized to achieve thermodynamic similarity. For hydrodynamic similarity, equal density ratios (ρv/ρd) in both fluids were required. As for the dimensionless number Ψ(G) involving mass flux, it is important to apply compensated distortion coefficients to make it appropriate for the studied phenomena. Groeneveld et al. (1997) suggested the use of Rev  Pr0.5 as the dimensionless number Ψ(G) through the concluding research results of Hammouda et al. (1996), in which the post-dryout heat transfer was studied in three different Freons.
1.3 Objectives
In this study, the work started from deriving dimensionless numbers and then selecting dimensionless numbers by their significance to post-dryout heat transfer. Five different forms of the scaling methods were obtained and evaluated through an optimization procedure, for which a new interpolation method was developed. The optimized scaling methods were eventually assessed by some experimental tests.
2 METHODS
2.1 Derivation of Dimensionless Numbers
Based on the experience of theoretical investigations on post-dryout heat transfer, the independent variables that determine the wall temperature in a post-dryout flow in a round tube can be described as below:
The system describing variables: P, G, [image: image], Δi, LT, DT, and g,where P is the system pressure; G is the inlet mass flux; [image: image] is the wall heat flux; Δi is the subcooling of the inlet flow and equals the enthalpy difference of the saturation liquid and the flow at inlet; LT is the heated length of the tube, DT is the inner diameter of the tube; and g is gravitational acceleration.
The detailed analyses usually take into account the pressure P via the saturation temperature Ts, or via the physical properties that are evaluated at the saturation temperature. The primary properties that would be used in the derivation of the dimensionless numbers are listed as below:
The properties describing variables: iv−d, ρd, ρv, μd, μv, Cp,d, Cp,v, kd, kv, and σwhere iv−d is the latent heat of evaporation; ρd and ρv are the droplet and vapor densities at the saturation temperature individually; μd and μv are the droplet and vapor viscosities at the saturation temperature individually; Cp,d and Cp,v are the droplet and vapor specific heat capacities at constant pressure individually; kd and kv are the droplet and vapor thermal conductivities at saturation temperature individually; and σ is the surface tension.
With all the possibly relevant variables obtained, the most interesting variable, which is the wall inner surface superheat Tw − Ts, can be described as a function of these variables:
[image: image]
According to the Buckingham Pi-theorem in the form of one possible set of π terms, the function in Eq. 1 can be transformed as below:
[image: image]
where the π terms are expressed as below:
 | 
[image: ]In the above dimensionless numbers, π1 is the dependent dimensionless number that includes the variable of interest Tw − Ts, and the remaining are called independent dimensionless numbers formed by independent variables. Though there are many different complete sets of dimensionless numbers that can be formed, in the current work, the above group of dimensionless number is chosen on the basis of the following considerations:
• Except the one chosen dependent dimensionless number π1—the Nusselt number, each independent dimensionless number to the greatest extent includes only one independent variable that can be regulated experimentally. This allows the maximum amount of experimental control over the dimensionless numbers.
• Most of the dimensionless numbers are expressed as classic numbers (e.g., Reynolds, Prandtl, and Weber), especially while the numbers have their physical significance in post-dryout flow.
• For the properties used in the dimensionless numbers, all are evaluated at the saturation temperature, and which phase's properties are used (since they have the same dimensions) depends on the dimensionless number's physical meaning. For example, the Reynolds number relates to the intensity of flow, and the vapor properties are used because the vapor is the continuous phase with more than 80% volume fraction in the flow.
Strictly speaking, the fluid-to-fluid modeling of post-dryout heat transfer should keep the inlet subcooling number equal in both the model and prototype facilities since the inlet flow conditions can influence droplets generation upstream of the dryout. However, this kind of scaling from case to case is quite expensive due to which the inlet conditions can vary from using different scaling methods and is not suitable to massively evaluate different scaling methods through this way. In the current work, scaling was performed from point to point between the water-based Becker and R-134a-based KIT experiments, and the variables were derived from the local flow conditions. The geometric similarity is kept by using identical tubes as suggested by Groeneveld et al. (1997) to eliminate the geometric effect. The thermodynamic similarity is kept by using equivalent equilibrium quality xe and boiling number Bo. As for the hydrodynamic similarity, the pressure is controlled by using the density ratio π9, and a dimensionless number Ψ(G) involving mass flux can be derived by applying the compensated distortion technique by using the other considered dimensionless numbers, including π3, π4, π5, and π11. Thus, the scaling method can be written as below:
[image: image]
where, five different forms of Ψ(G), including [image: image], [image: image], [image: image], [image: image], and [image: image], are investigated in the current work to obtain the best-fitted constant exponent n for each form.
2.2 Scaling Methods Optimization Procedure
To obtain the best-fitted scaling method, an optimization procedure is used as shown in Figure 2. Scaling is performed from point to point by using the method given in Eq. 3 with different forms of Ψ(G). The details are as follows:
[image: Figure 2]FIGURE 2 | Scaling methods optimization procedure.
First, the Model data bank comes from the R-134a–based KIT experiment (Köckert et al., 2018). Each data point is obtained in the fully developed post-dryout region with a selection criterion of dryout void fraction αdo > 0.8. The Prototype data bank comes from the water-based Becker experiment (Becker et al., 1983). Each data point is also obtained in the fully developed post-dryout region with a selection criterion of dryout void fraction αdo > 0.8. Then, the parameters of the selected data points are listed in Table 1.
TABLE 1 | Information of data bank used in optimizing scaling method.
[image: Table 1]Secondly, five different forms of Ψ(G), including [image: image], [image: image], [image: image], [image: image], and [image: image], are used to scale the mass flux separately. For each form of Ψ(G), the constant exponent n is tested from −2 to 2 with an interval of 0.1. For each constant exponent n, Eq. 3 can be fixed as one scaling method. For each scaling method, every data point in the Model data bank is scaled through this method to water conditions. The Num is the dependent Pi term π1 of the data point in the Model data bank. Since the water data point obtained through the scaling method cannot be well matched in the Prototype data bank, an interpolation method should be used to determine its actual dependent Pi term π1, which is named Nup.
Lastly, an error e is defined as e = (Nup − Num)/Num, representing the accuracy of the scaling. The average e and RMS e of all the data points can be used to evaluate the applied scaling method, under the circumstance that the interpolation method can provide an accurate value of Nup.
2.3 Interpolation Method
To massively evaluate the fluid-to-fluid scaling methods, an interpolation method is required to make the optimization procedure possible. The sparsity of the data bank and performance of the interpolation method determine the quality of the evaluation of the scaling methods. In the current work, the interpolation is performed with Becker data bank, in which the flow parameter (e.g., mass flux, heat flux, pressure) intervals are not small. Thus, an effective interpolation method is required to give an accurate prediction of Nup.
Badea et al. (2018) developed a procedure to assess the intrinsic consistency of the experimental information (values of Nusselt number at the bulk Nuvb) contained in the data bank for supercritical water in circular tubes. The procedure was based on the assumption that the ratio of the Nusselt number value at point i to the value calculated by the local optimal correlation is equal to that ratio which is obtained from its neighboring data point j. The relation can be described as below:
[image: image]
where, Nui and Nuj are the values of the Nusselt number at points i and j, respectively; Nui,oc and Nuj,oc are the values of the Nusselt number at points i and j, which are calculated by the local optimal correlation, respectively.
Based on this assumption, the interpolation method used for post-dryout heat transfer data bank is developed with the following procedures:
2.3.1 Determination of Neighboring Data Points
The data points in post-dryout heat transfer can be considered as neighboring points if the differences of all the parameters are within a small range receptively. In the current work, the tube diameter DT and the local flow parameters including pressure P, mass flux G, wall heat flux [image: image], and equilibrium quality xe are used to define a data point. Therefore, for the data point i, the criteria to determine its neighboring data points are proposed as below:
 | 
[image: ]For this interpretation method, if a data point is closer to the data point of interest, the assumption in Eq. 4 is more likely to be correct. However, if only one data point is selected to speculate the actual Nui of the data point of interest, the systematic error that is caused by this assumption cannot be compensated. Thus, a coefficient C is applied, decreasing it from 1 to 0 until around n neighboring points are found. In the current work, the number n is chosen to be equal to 4.
2.3.2 Calculating Nusselt Number
While the neighboring points are found, two post-dryout heat transfer models including the KIT Mechanistic Model (Yu et al., 2018; Yu, 2019) and the Local Condition Solution (LCS) (Yoder and Rohsenow, 1983; Varone and Rohsenow, 1986) can be used to calculate the predicted Nuj,oc of each neighboring point. The prediction error by the model is defined as below:
[image: image]
where, n is the number of the found neighboring data points. Comparing the two root-mean-square (RMS) errors which were individually calculated by the proposed model and the LCS, the model that has smaller RMS error is considered as the local optimal correlation.
Finally, a mean value of the Nusselt number [image: image] can be obtained as follows:
[image: image]
The mean value [image: image] is considered as the actual Nusselt number of the interested point i.
To assess this interpolation method, each data point in the Prototype data bank is selected and calculated by applying this interpolation method on the remaining data points. A sensitivity study is implemented on the influence of the utilized number of neighboring data points n on the accuracy of the interpolation method. As shown in Figure 3, the assessment results are plotted against the number of neighboring points n. The value of n varies from 1 to 14, the average error remains close to 0, and the RMS error increases slightly but is less than 5%. Finally, n is chosen equal to 4 in the current work. The assessment shows that the average error is −0.149% and the RMS error is 3.786%. As shown in Figure 4, the accuracy of most of the data points are within a range of ±3%.
[image: Figure 3]FIGURE 3 | Assessment results versus the number of neighboring points n.
[image: Figure 4]FIGURE 4 | Error distribution of the assessment with n is 4.
Though this assessment only guarantees the accuracy of the interpolation method that was used in the flow conditions of the Prototype data bank, it can generally reflect the reliability while the method is applied within the whole range of the flow conditions. By increasing the density of the points in the data bank, this assessment would be more credible to testify the accuracy of the interpolation method in the optimization procedure.
2.4 Scaling Methods Optimization Results
As described in Section 2.2, the scaling methods optimization procedure is performed from point to point by using the method in Eq. 3 with five different forms of Ψ(G). The optimizing matrix is shown in Table 2.
TABLE 2 | Information of the scaling methods optimizing matrix.
[image: Table 2]For each form of the scaling methods, the constant exponent n is tested from −2 to 2 with an interval of 0.1. The optimization results are shown in Figure 5, where the error is defined as e = (Nup−Num)/Num. For form SM1, the RMS error varies very fast, while n is close to the value of −0.5, which would vanish the mass flux G in the dimensionless number Ψ(G). The best-fitted value of n can be selected as 0.4, where the RMS error is nearly the smallest and the value is not sensitive when n is around 0.4. For form SM2, after each data point in the Model data bank scaled by the scaling method with n is less than −0.4, no neighboring data points can be found in the Prototype data bank. The best-fitted value of n for SM2 can be selected as −0.3. For form SM3, while n is more than 0.3, no neighboring data points can be found. The best fitted n for SM3 can be selected as 0.2. For form SM4, while n is less than −1.1, no neighboring data points can be found. The best fitted n for SM4 can be selected as −0.8. For form SM5, while n is greater than 0.7, no neighboring data points can be found. The best fitted n for SM5 can be selected as 0.6. The average and RMS errors of each form of the scaling methods with fitted values of n are listed in Table 3. If merely based on the RMS errors, the optimized SM2 and SM4 perform the best, and SM1 performs the worst.
[image: Figure 5]FIGURE 5 | Optimization results of each form of the scaling methods.
TABLE 3 | Results of the average and RMS errors of each form of the scaling methods with fitted n.
[image: Table 3]A flow condition in Prototype is chosen as pressure P = 7 MPa, mass flux G = 2,600 kg/(m2s), heat flux [image: image], and diameter DT = 12.6 mm to investigate the scaling ratio RS of each form of the scaling methods. RS is defined as below:
[image: image]
The results are listed in Table 4, and the optimized SM5 scaling method has the best scaling ratio, which can reduce the cost and technical difficulties of implementing the post-dryout experiments.
TABLE 4 | Scaling ratios RS of heat flux, mass flux, and pressure for each form of the scaling methods.
[image: Table 4]3 ASSESSMENT OF THE OPTIMIZED SCALING METHODS
Assessments of each form of the optimized scaling methods are performed point-to-point from the Prototype data to the Model data. Figures 6, 7 show the assessment results by using six cases from Bennett et al. (1968) and two cases from Era et al. (1966), respectively. The cases are scaled by each scaling method point-to-point to R-134a conditions, and the Nusselt number in Model Num is obtained by using the proposed interpolation method with the KIT data bank. Information of each case is listed in Table 5.
[image: Figure 6]FIGURE 6 | Assessments of the optimized scaling methods with Prototype data from Bennett et al. (1968).
[image: Figure 7]FIGURE 7 | Assessments of the optimized scaling methods with Prototype data from Era et al. (1966).
TABLE 5 | Parameters of tests for assessment of the optimized scaling methods.
[image: Table 5]In Case1 as shown in Figure 6A, there are no neighboring points found in the KIT data bank for the scaling by using method SM1. The results show the optimized methods SM2 and SM4 perform the best in this case, and their predictions are almost the same. For Case2, Case3, Case4, and Case5, method SM1 performs the best and has excellent agreement with the Prototype data. For Case6, methods SM2, SM3, SM4, and SM5 predict very similar results, and SM1 performs obviously worse than the others. For Case7 and Case8, method SM1 predicts better than the others, and assessments in these two cases show worse accuracy of the scaling methods than the six cases from Bennett et al. (1968).
To sum up, though very limited cases are used to assess the optimized scaling methods, the results show that the optimized methods SM2 and SM4 always give very similar predictions. In most cases, SM1 can have a better agreement with the Prototype data than the other scaling methods, but in some particular cases, it can also have worse predictions than the other methods. All methods give worse predictions for Era (Era et al., 1966) than for Bennett (Bennett et al., 1968) under similar flow conditions. This could be because the tube diameter in the Era experiment is small, the scaling or the interpolation method is not effective, while the diameter is far from that of the data bank, which in these assessment tests is 10 mm for the KIT data bank.
4 CONCLUSION AND OUTLOOK
In this study, fluid-to-fluid modeling of the post-dryout heat transfer between R-134a and water is studied. The scaling methods are developed based on dimensional analyses by using the Buckingham Pi-theorem. The work starts from deriving dimensionless numbers, selecting dimensionless numbers by their significance to post-dryout heat transfer, and then evaluating five different forms of scaling methods through an optimization procedure, in which a proposed interpolation method is used. The interpolation method is necessary for such massive scaling between two data banks and is assessed by verifying the data in the Prototype data bank itself. Finally, for each form of the scaling methods, a fitted dimensionless number Ψ(G) involving mass flux can be obtained. For each form of the scaling methods with fitted Ψ(G), assessments are implemented point-to-point from the Prototype data to Model data. The prototype data makes use of six cases from Bennett et al. (1968) and two cases from Era et al. (1966). The Model data makes use of the KIT data bank from Köckert et al. (2018).
Merely from the obtained results in the current work, the optimized SM1 can be selected as the best scaling method, which in final form can be expressed as:
[image: image]
All the properties are evaluated at saturation temperature, and its application range should be kept the same as the flow conditions of KIT and Becker data banks, as shown in Table 1.
It is worth noting that this scaling method is not verified under a wide range of flow conditions since sometimes no neighboring data points can be found by using this scaling method. The accuracy of the interpolation method during the optimizing of the scaling methods is also not directly assessed. Besides, as indicated at the beginning, the near-wall fluid properties cannot be taken into consideration in the scaling method because the heat flux controlled system is being focused on in this study, and this could probably lead the scaling method SM1 into a limited application range, where the wall superheat cannot be too high. Therefore, the accuracy of the scaling method SM1 is only guaranteed to be reliable in certain conditions so far, until further work can be implemented through the same optimization procedure but by using data points that are generated in two identical tubes and in a wide range of flow conditions for both R-134a and water experiments. Meanwhile, another approach for scaling can be carried out in future work, in which the wall temperature is considered as a controlled variable since properties variation over the cross-section of the flow influences post-dryout heat transfer greatly.
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