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Abstract
The present paper deals with scaling in nuclear-system thermal-hydraulics (SYS TH), including the connection with Nuclear Reactor Safety Technology. The paper is derived from the S-SOAR document issued by CSNI of NEA, OECD/NEA/CSNI, 2016.
Scaling has constituted ‘an issue’ since the beginning of the exploitation of nuclear energy for civil purposes, with main reference to the generation of electricity.  A Nuclear Power Plant constitutes a technologically complex industrial system. There are several origins of its complexity, connected with the need to reduce the cost of producing electricity and to manage the radioactive fission products. This resulted, among the other things in the large pressure vessel, high power, and, mainly, high power density (power per unit-core volume), high pressure, and the need for engineered safety-features, including an emergency core-cooling system. Then, another problem was the impossibility of, or the large difficulty in, characterizing the system’s performance under  the conditions of the design: almost unavoidably, to reduce the cost, the experiments aimed at understanding the original  system, here called the prototype, were performed in small-scale systems herein called models. So, models were designed, constructed, and operated under downscaled ranges of values for one or more of the listed parameters. These features lay at the origin of the scaling issue, i.e., the difficulty in demonstrating that a model behaves like the prototype.
Integrated definitions of the widely adopted  terms, ‘scaling’, ‘scaling issue’, and ‘addressing the scaling issue’ are part of the present document. The related application domain includes the nuclear reactor safety technology, and the licensing for water-cooled nuclear reactors under operation, under construction, or under an advanced design stage at the time of publication of this paper.   
Scaling-related analyses are done in different areas of SYS TH and nuclear safety technology. These include the design of test facilities (both the ITF and SETF), the design of experiments (including CT), the demonstration of the capability of any computational tool, and the evaluation of uncertainty affecting the prediction of the same computational tools.
A variety of approaches have been used to address the scaling issue, including non-dimensional analysis of mass-, energy- and momentum-balance equations, derivation and application of scaling factors, including the hierarchy of relative importance, performing experiments at different scales, and running the SYS TH computer codes.
This paper is an extract from the overall document which discusses the key areas and the key approach for scaling. It was found that the SYS TH computer codes, following their application to differently scaled experiments, demonstrate that the accuracy of their predictions may not depend upon the scale of the considered experiments. The TH codes also may constitute an additional valuable tool for addressing the issue of scaling. The need for the original document testifies the importance of scaling in nuclear technology, but also to the controversial evaluations of scaling-related findings by the scientific community.


1. Introduction and Background 

Clarification of the words or expressions “scaling”, “scaling issue” and “addressing the scaling issue”, and then reaching a consensus on those terms is the first priority among community members. Namely, “scaling” is the process of converting any parameters of the plant at reactor conditions to those either in experiments or in the results of numerical code so to reproduce the dominant prototype phenomena in the model; “scaling issue” indicates the difficulty and complexity of the process, and the variety of connected aspects; and “addressing the scaling issue” is a process of demonstrating the applicability of those actions performed in scaling.	

The appraisal of scaling through history revealed its existence and importance since the beginning of the nuclear era. The impressive amount of scaling research and activities constitutes the Scaling Database and Knowledge Management. Three categories of scaling activity are distinguished. 

1. Technological bases to undertake scaling, which include the experimental data, results of analyses results, journal papers, and OECD reports. 
2. Requirements for scaling, which include those derived in CSAU, CIAU, BEMUSE, and the system codes, V&V.
3. Techniques and approaches used in scaling analyses, which include scaling methods such as power-to-volume, H2TS, FSA, DSS and the applications of system code. 

The goal of the three categories of scaling activity is to address the scaling issues.
A picture of the overall scaling-universe in today’s technical community is derived in the mentioned document at the basis of this paper: first, commonly-accepted topics and the controversial ones associated with scaling are discussed. These topics include scaling distortion, scaling of complex phenomena, and the role of scaling in safety applications and reviews. The relationship between thermal-hydraulic scaling and nuclear-reactor safety introduced; some significant achievements accomplished in scaling are captured briefly and highlighted herein.
•	Flashing, flooding and counter-current flow limitation (CCFL) in the downcomer of the PWR reactor pressure vessel during a large-break loss-of-coolant accident;
•	Wall evaporation, flooding, and CCFL in the downcomer of the steam generator’s secondary side, during accident-recovery conditions;
•	Influence of reversed-flow U-Tubes on the natural circulation performance of the SG primary-side flow;
•	Simulation of nuclear-fuel rods in integral test facilities (ITFs) using electrically heated rods with and without a gap;
•	Concept of scaling distortion in the uncertainty method, based on extrapolating uncertainty;
•	Concept of a Scaling Pyramid that summarizes current scaling approaches.

2. Scaling Distortion 
The distortion due to scaling is reviewed as an important topic of interest. It is well known that scaling distortion is at the center of all scaling issues. The origin of scaling distortion is explained using some well-known examples in three scenarios, in general: the assumptions and simplifications in scaling methods, the limitations in constructing and operating test facilities, and the scalability issues embedded in the computer codes. 
To explore distortion in scaling, most scaling methods are evaluated to illustrate their deficiencies. For example, the Buckingham Pi theorem brings in non-dimensional groups that may or may not have physical meaning directly related to the phenomenon. The other global approaches are based on conservation laws. The local approach could generate many similarity factors, such that all of them cannot be matched simultaneously in the design of the test facility. The illustration of deficiency focuses on the approaches based on conservation laws (global and local), and discusses some well-known deficiencies identified in these scaling methods. 
The advent of thermal-hydraulic computer codes greatly improved the thermal-hydraulic analyses, a feat that could not be achieved with pure analytical methods. From the analysis of the merits and deficiencies of scaling aspects of thermal-hydraulic codes important issues are raised: the capability of the code for simulating reactor conditions is usually limited by the scaling distortion that includes a scaling limit. The nature of this issue is that the fundamental physics models in the code are built by correlations and empirical criteria (coefficients) and are included in the code-balance equations. Constants of these empirical formulas sometimes are determined by curve fitting, and may depend strongly on the geometry (shape and size), and fluid conditions.
Furthermore, once the code’s applicability has been determined, a statement is needed of uncertainty in the predicted safety parameters. This is estimated through a combination of bias and the distribution of uncertainties for each correlation, and the boundary- and initial-conditions. It is a complex subject to account for the scaling distortion in the uncertainty-evaluation process. 
It is well recognized that distortion is inevitable in scaling complex systems, like light-water reactors. Scaling laws usually are derived from the dominant physics in each phase of the transient and/or scaling methods. The dominant phenomena will change from one phase to another of the transient, and, with this, the scaling groups also will also change. It is unlikely to reach a perfect similitude between the reference system and the experimental model for all phenomena in one transient. The scaling distortion could become extremely large. In the AP600 scaling analysis, for instance, similarity parameters related to the pressurizer-level transient of plant and APEX facility could differ by twenty times due to size scaling of the surge line. As such, it is difficult to determine the acceptability criteria for distortion in an experiment. The propagation of the effects caused by distortions represents another need to call for a method that can evaluate the accumulated distortion of a process as a function of time.
Another category of scaling issues is the scaling of complex thermal-hydraulic phenomena, like:

•	Two-phase critical flow,
•	Counter-current flow limitation,
•	Entrainment and de-entrainment,
•	Reflood,
•	Fuel-rod ballooning,
•	Special plant components; pumps, separators, and similar ones, 
•	Core local phenomena at sub-channel level.
The purpose of reviewing these topics is to identify future challenges in scaling. Most of these phenomena are too randomized and localized to describe with standard governing equations. They usually affect the emergency operation of the core cooling system and its consequences, and cannot be neglected in the scaling. Due to their chaotic nature, empirical correlations normally were used to derive the scaling laws. This may pose a great challenge to the scaling capability of the scaling laws so far obtained since the correlations were mostly developed in scaled separate-effect test facilities. 
Since the start of experimental nuclear-thermal-hydraulics, there is a long history of scaling activities connected to the design of experiments and the construction of the test facilities. The decision of choosing an integral effect test or a separate effect test or using both is another challenging topic in scaling. The basics of design and choice between ITF and SETF and their scaling bases are briefly reviewed. Recently, the use of counterpart tests and similar tests to explore complicated phenomena has become prevalent. 

3. A Scaling Analysis for the Safety-Review Process
Scaling is relevant to the safety of nuclear power plants, and specific scaling analysis usually is needed in the safety-review process. In Chapter 2, the scaling role in the safety review process is described through illustrating the relationship of scaling with examples of evaluation model development, EMDAP, USNRC, 2005, and with the quantification of uncertainty, CSAU, USNRC, 1989. Uncertainty approaches are extensively reviewed in Chapter 4. However, it is emphasized that the purpose of this description is not to recommend any specific approaches to meet the safety requirements set by any regulatory agencies, but to illustrate the role of scaling in them. 
A safety determination of reactor design and operation is done by evaluating the prototype thermal-hydraulic response through data from experiments, and/or computer code calculations. Since it is difficult to use the reference reactor to obtain data, especially for the postulated accidents, simulations of accidents in experiments with scaled test-facilities are inevitable. The scaling technique used to design the test facility is a key element to understanding the validity of experimental data. The core-scaling technology is reviewed in Chapter 3, which covers the scaling methods, and the design of the test facilities and the experiments. 
Scaling methods can be categorized by the target phenomena at both the local and system levels. In general, the scaling parameters for a local phenomenon can be derived by applying a dimensional analysis (empirical approach), or dimensionless governing equations (a mechanistic approach). Dimensional analysis, such as Buckingham's Pi theorem, uses conventional non-dimensional parameters. Another empirical approach is to use correlations and models to derive similarity parameters, or to estimate distortions due to scaling. A well-known example is the criterion for the flow regime transition, based on the Froude number. The approach of the dimensionless governing equation is to simplify the governing equations for both the prototype and model by making assumptions; the similarity relationships can be obtained through the coefficients of the non-dimensional terms in the equations.
To preserve the prototype transient behaviors, it is necessary to develop a method of system wide scaling. The main objective is to preserve kinematic- and dynamic-similarities between the prototype and the scaled-down test facility. Most scaling laws are derived from the non-dimensional governing equations, as mentioned earlier in the local method. For ITF, another level of scaling needs to be completed by preserving the important local phenomena and by reducing scaling distortions as much as possible. The important phenomena and processes can be identified from the phenomena identification and ranking table. 

4. Scaling Methods
The major scaling methods reviewed are summarized below. The review of each scaling method focuses on its major characteristics, merits, limitations, and application areas. 
1. Linear scaling – The key characteristic of this method is to have the same aspect ratio and the same velocity in the model as in the prototype. This approach can excessively increase the influences of gravitational acceleration.
1. Power-to-volume scaling – This scaling method conserves time and heat flux in the prototype. Unlike the linear-scaling method, this method preserves the scale of the gravity term. Therefore, it offers an advantage in reproducing the phenomenon in which the gravitational effect is significant. Furthermore, it is suitable to simulate an accident in which flashing occurs during depressurization. It was successfully used to design most of the integral-effect test facilities, such as LOFT, SEMISCALE, LOBI, ROSA-II, ROSA-III, PKL, LSTF, and BETHSY. Also, this method is suitable for the heat-transfer test with electric fuel bundles. However, when it is applied to a smaller facility with the full height, due to the smaller area ratio, some important phenomena can be distorted, for example, the excessive stored heat in structures, and a higher-surface-to volume ratio leading to higher heat losses from structures, and loss of multidimensional-flow phenomena.
1. Three-Level scaling – The first step is an integral- or a global-scaling analysis to conserve a single and/or a two-phase natural circulation flow. The similarity requirement is obtained from a 1-D non-dimensional, governing the equations of natural circulation. The second step is a boundary flow, and inventory scaling. The geometry is determined to scale the flow rate at the junction of a broken part, the safety-injection system, and various filling- or discharge-systems in the ITF to ensure the inventory of the mass and energy similarly is preserved in the ITF as a model of the prototype. In the last step, a local phenomenon scaling is performed to conserve the important thermal-hydraulic phenomena occurring in each system. The result from scaling the local phenomenon takes priority if the similarity requirement differs from that derived in the integral scaling. The three-level scaling method is characterized by relaxing restriction on  the length scale. By adopting a proper length-scale, some distortion of the flow regime and multi-dimensional scaling in the scaled ITF can be reduced. On the other hand, the scales for time and velocity are lowered due to the reduced length. Consequently, some local phenomena could be distorted. 
1. The Hierarchical 2-Tiered Scaling (H2TS) – The procedure consists of four stages, i.e., system decomposition, scale identification, top-down analysis, and bottom-up analysis. At the first stage, the system conceptually is decomposed into subsystems, modules, constituents, phases, geometric configurations, fields, and processes. The scale identification as the 2nd stage provides the hierarchy for the characteristic volume fraction, spatial scale, and temporal scale. To establish the hierarchy of the temporal scale, the characteristic frequency of a specific process is defined, and then the characteristic time ratio can be found by dividing the system’s response time based on a volumetric flow-rate. The top-down scaling as in the 3rd stage offers a scaling hierarchy, using the conservation equations of the mass, momentum, and energy in a control volume. In the non-dimensionalized balance equations, the characteristic time ratio represents a specific transfer-process between constituents. All the processes can be compared, and ranked for importance on the system to establish priority in the scaled models. The bottom-up scaling, as the 4th stage, offers a detailed scaling analysis for key local phenomena, such as the CCFL and choking. Along with this top-down analysis, similarity groups (called pi groups) are identified, and the scaling criteria and time constants can be obtained to evaluate the relative importance of the processes. 
1. Power to Mass scaling – To determine the test conditions for a reduced-height and reduced-pressure facility, the power-to-mass scaling method, was developed. This method determines scaled core-power according to the initial coolants’ mass inventory in the reactor’s coolant system. The temperature of the hot leg in the test facility is determined from the sub-cooling of the primary system, which is made the same between the model and the prototype. From the hot-leg temperature, the cold-leg temperature is determined by the equivalence of the core temperature’s difference for the model and prototype. The mass flow rate of the core is scaled down according to the power and heat capacity relationship. Finally, secondary system pressure is determined from the difference in temperature between the primary- and the secondary-side. Since pressure is not preserved, the differences in fluid’s thermal properties could induce distortions. 
1. Modified Linear scaling – The multi-dimensional behaviors of the Emergency Core Cooling (ECC) water in the downcomer (e.g., the ECC bypass) are observed during the LBLOCA refill-phase. The modified linear scaling method was developed to overcome this distortion in a small-scale test facility. Twelve dimensionless parameters were obtained from the two-fluid momentum equations in the downcomer. By preserving those parameters in the model, the method resulted in the same geometric similarity criteria as in the linear scaling method. However, this method conserves the gravity scale. It also was found that the three-level scaling method provides the same requirements when the area aspect ratio is preserved as square of linear ratio in a test facility.
1. Fractional Scaling Analysis (FSA) – FSA is a hierarchic approach similar to H2TS. In the first step, the regions of interest and the durations of the transients are specified. The rate of change of the state variables over the region are connected to the transfer functions defined at the boundary, and inside the volume. The relative effect of components is based on their relative impact on state variables in the transfer function connected to that component. These relative values determine the importance of these transfer terms. The fractional change-of-state variable (effect metrics) over the characteristic time (fractional change metric) should be made the same between the prototype and its model in top-level scaling. The characteristic time is obtained either from the experiments, or from an aggregate fractional rate of change (FRC, also called the aggregate frequency). The individual FRC can be positive or negative. The reference value of the agent-of-change should be the maximum value over the period of the phase. FSA offers a systematic method of ranking components and their phenomena in terms of their effect on the figure of merit, or the safety parameter. It also can estimate scale distortions, and synthesize data from different facilities for the same class of transients. This multistage scaling can guide the design, and simplify the scaled facility by identifying important components and corresponding processes. This approach does not require the preservation of time.
1. Dynamical System Scaling (DSS) – To address the time dependency of scaling distortion, an innovative approach was developed recently. The strategy is to convert the transport equations into a process space through a coordinate transformation, and exploit the principle of covariance to derive similarity relationships between the prototype and model. After the transformation, the target process can be expressed in the process-time space as a three-dimensional phase curve, called geodesics. If a similarity is established between model and prototype, these two phase-curves will overlap at any moment of the transient. Any deviation of the process curves represents the deviation of scaling as a function of time. By specifying the ratios of the conserved quantity and the process (called 2-parameter transform), the generalized framework can be converted to a specific scaling method, such as the power-to-volume scaling. Furthermore, this generalized approach offers the benefit of identifying the distortion objectively and quantitatively at any moment of the transient. 
Depending on the objectives of an experiment, as well as the constraints due to such conditions of budget, facility building size, scaling approach is applied for the scaling of height (volume), time and/or pressure. It is usually applied during the preliminary stage of test facility design. The Table I briefly compares the advantages and disadvantages of phenomena scaling. 
One criterion that should be considered in designing the scaled-down facility is to maintain the minimum dimensions to preclude some size effects that would not occur in the prototype, for example, the surface tension effect: Boucher et al., 1990, established the concept of a minimum dimension from flooding considerations, and a dimensionless diameter was established. As long as the dimensionless diameter is greater than approximately 32-40, the geometry is sufficient to preclude the influences of surface tension. Other criteria related to hydraulic resistance (friction numbers), stored heat, and heat loss need also to be considered.
Scaling methods are essential tools in the nuclear thermal-hydraulics. However, the scaling methods alone are not sufficient to address the needs in quantifying the safety margins. At least four drawbacks or limitations can be identified:

1. 	Choice of starting equations.
2. 	Approximations in selecting non-dimensional numbers for scaling some local phenomena.
3.  Details of geometry and the initial conditions of the NPP.
4. 	Local validity.

Therefore, the experiments are indispensable to complement the scaling methods to address the safety margins and uncertainties in the safety of nuclear reactors.

5. Role of Experiments in Scaling
The experiments in nuclear thermal-hydraulics can be grouped into three categories: basic tests, Separate Effects Tests, and Integral-Effect Tests. Basic tests aim at understanding the phenomena and do not make necessarily reference to the geometry or to the actual ranges of operating parameters in power plants. Therefore, basic tests have a weak connection with scaling. Examples of this type are friction pressure drops, heat transfer, sonic speed for single- or two-phase flows, mixing of hot and cold fluids, and direct contact condensation.  
SETF, as the 2nd category, is designed to observe phenomena in selected zones in a nuclear-power-plant’s system or in specific plant components and some specific process in a particular period of a given transient. The major role of SET is to provide experimental data to develop and validate the physical models, and/or empirical correlations under prototypical- or simulated-conditions. Recently, heavily instrumented SETF were built to produce spatially and temporally fine-resolution data (called the CFD-grade experiment) for validating the CFD codes.

Table I – Sample comparison of different scaling approaches.
	Approaches/ Design factors
	Height scaling
(Full height versus 
Reduced height)
	Time scaling 
(Preserved vs. Reduced)
	Pressure scaling
(Operation)
(Full vs. Reduced)
	Loop scaling
(Full prototype number vs. Lumped)

	Space/cost
	Full: Higher
Reduced: Lower
	Preserved:  Higher
Reduced: Lower
	Full: Higher.
Reduced:  General savings in construction and experiments. May represent low-pressure transients
	Full: Higher.
Lumped: Considerable savings in constructing the facility .

	Time scale
	Full:  Preserved. 
Reduced:  Reduced but still possible to preserve time by increasing flow resistance.
	Preserved: Possibility of attaining the same timing of the event and the local thermal-hydraulic response.
Reduced: Speed up of slow transient.
	Full: Preserved.
Reduced: Distortion may appear during the phenomena transition with phase change.
	Not related

	Heat transfer phenomena
	Full:  Possibility to reproduce local phenomena, such as CHF, PCT, and re-flood, as well as phase separation.
Reduced:  Short length of heating may cause distortions.
	Preserved:  Possibility of reproducing mass & energy distribution and heat-transfer responses.
Reduced: Distorted due to time-dependent effects.
	Full: Possibility to reproduce phenomena up to prototype pressures.
Reduced: Some phenomena are distorted if using different fluid.
	Full:  Possibility to reproduce mass and energy distributions in loops and core.
Lumped: Possible distortion in mass & energy distribution at core’s entrance (3-D).

	Gravity/ fluid acceleration
	Full: Driving force by gravity preserved, good for natural circulation.
Reduced: Some gravity-driven phenomena distorted
	Same as left comparison.
	Not related.
	Full: Better replication of BICs for asymmetric NC, e.g. Counter drive for NC during SGTR in 3- or 4-loop PWRs

	Flow regime/ 3-D phenomena
	Full: With very small volume scaling, limitations in multi-channel scaling, distortions in multi-D phenomena.
Reduced: Improved
	Not related.
	Not related.
	Full: Good to represent BICs for NC, e.g., PTS at MSLB, re-criticality for boron dilution.
Lumped: Good for 3-D phenomena in horizontal legs

	Experiment design & control
	Full: Real time operation and control.
Reduced: Easier operation and control for slow transient in prototype.
	Same as left comparison
	Full: Not particular
Reduced: Needs interpretation via scaling method. More flexible for measurements of instrumentations.
	Full: Precise realization of BICs to represent multi-loop response
Lumped: Limited spectrum of possible asymmetries.

	Stored heat/ heat losses 
	Full:  Distorted in a very small-volume test facility due to high wall-surface to volume ratio (S/V).
Reduced:  S/V could be reduced.
	Not related.
	Full: Higher than prototype
Reduced:  Closer to prototype due to thinner RCS walls.
	Full: Higher compared to lumped loops with identical scaling factors.
Lumped: Improved

	Coolant property
	Not related.
	Not related.
	Full: Prototype property possible
Reduced: For fluid-to-fluid simulation, nonlinearity may appear. Difficult to fully match similarity parameters. Some phenomena not possible.
	Not related.



The last category comprises the Integral Tests (or Integral Effect Tests) with ITF. ITF is a test facility to provide a dynamic and similar thermal-hydraulic response that may appear in postulated accidents, and/or abnormal transients in the reference reactor. The data obtained from scaled ITF experiments are considered not directly applicable to full-scale conditions. Instead, the data is used mostly in validating the system codes and understanding of accident phenomena. Scaling activities are essential to the design and the operation of ITF.
A comprehensive appendix is prepared to summarize the key parameters of the major test facilities in the world, mainly the ITF and selected SETF. The facility types considered are ITFs for each of PWR, BWR, VVER, advanced reactor and containment, with selected SETFs. Major design parameters and scaling information are provided in the main document. The focus is on how scaling has been considered in the design and the experiment results. 
The main characteristics of SETF for reactor systems are as follows:

1.   Minimum scaling distortions by employing full-scale and/or prototype fluid conditions. 
     2.    Dedicated instrumentation to characterize selected phenomena.
     3.   Well-imposed boundary conditions necessary to simulate interactions with other reactor   components

The scaling distortions are mainly due to scaling of external boundary conditions causing a distortion on the interacting phenomena at the facility boundary. In many cases, the data obtained from a SETF can be applied to the full-scale prototype, although the direct extrapolation at the full-scale prototype requires caution, considering the facility’s scaling limits. It is foreseeable that the influence of the facility’s scale is observed in many SETF tests, and the LOCA phenomena easily are influenced by 2-D/3-D effects. Therefore, a full-scale SETF such as UPTF is valuable to characterize multi-D phenomena. In addition, counterpart tests for the same phenomenon l also will provide confidence in extrapolating uncertainties to a full-scale plant. 
An ITF for reactor systems can be characterized as a test facility composed, at least, by a heat source and a heat sink connected in a closed loop by hydraulic paths. Several systems can be connected at this closed loop. Considering the scaling approaches used to design an ITF, several distortions might cause the partial- or total-failure of the intended phenomena simulation – called scaling limits. In general, the data obtained from an ITF cannot be directly applied to a full-scale prototype. Such direct extrapolation requires caution in considering the facility’s scaling limits and appropriate methodology. The ITFs of PWRs and BWRs are compared and summarized in this report. An important feature of the VVER reactor is the horizontal steam generator. Therefore, the main heat-exchanger’s characteristics at the facilities are reviewed. Some passive- and advanced-designs for water-cooled reactors are characterized by new phenomena, and accident scenarios such as containment phenomena and interactions between the containment and reactor coolant system, low-pressure phenomena, and the phenomena of new components or reactor configurations. Traditional scaling approaches and methods are applicable for considering these advanced features in the design.
For the SETF of the primary containment vessel, the scope of the performed activity does not include a scaling review of severe accidents. In addition, each SETF corresponds to specific situations, depending on the design’s objectives. Therefore, the review focused on some highlights on the scaling techniques related to the DBA phenomena. Different containment designs for each reactor type are compared, which include PWRs, BWRs, VVERs, and new NPP designs, such as small modular reactors. 
For the PWR PCV-ITF, due to the fact that earlier existing facilities were a part of small yet real power plant able to provide experiments and data, the scaling analyses received limited attention. The interest on scaling for the PCV-ITF arose when discrepancies were observed in the experimental data obtained in HDR and BFC test facilities. In the PCV-ITFs, the ‘expected time of event’ is preserved when the addition of energy and mass from the reactor’s primary system and the subsequent distribution along the several compartments of the containment is preserved. The facility’s material and the relative spatial distribution and proportion are important in designing facilities. Other scaling characteristics of the PCV-ITF are the compartmental subdivisions and energy- release scaling into PCV. 
The scaling compromise is one of the major reasons to cause scaling distortions due to the difficulty of complete similitude in all local phenomena and even the lack of knowledge of the local phenomena themselves.  In this review, the following main scaling distortions observed in the experiment are identified as follows: 
1. Circular sections – due to hydraulic diameters not being preserved. 
2. Structural heat loss and stored heat – due to a larger structural mass and structure surface area per unit coolant volume relative to the prototype. 
3. Inventories and inter-component flows – due to choked flow. 
4. Pressure drop – due to the ratio of length divided by diameter is very large. 
5. Multi-dimensional phenomena – due to tall and skinny nature to preserve power volume and height. 
6. Scaled-down reactor coolant pump – reliable two-phase pump model is not available until now, specific speeds and single-phase characteristics are recommended to be preserved. 
7. Fuel simulators – electrically heated fuel simulators may behave differently from nuclear fuel rods. 
8. Scaling distortions of local phenomena – due to inherent scaling distortions by design and simulation constraints, and non-typicality of local phenomena. 
It should be noted that not all local phenomena are of equal importance in influencing the FOM or the parameter of interest. The global scaling approach provides that guidance.

6. Counterpart Test (CT) and Similar Test (ST)
As data acquired in experiments at a single (scaled) test facility may be questionable due to inherent scaling distortions, the concept of counterpart tests (CTs) involving several ITFs or SETFs at different scales and design concepts have been considered important. It is desirable that the following minimum set of BIC values and parameters are preserved between the CTs.
 
1. 	Thermal-hydraulic state and parameters (pressure, temperature, and flow condition) in each component of the facility. 
2. 	Scaled values to power-to-volume scaling ratio (Kv). 
3. 	Characteristics of primary- and secondary-side safety and operational systems (e.g., accumulator-injection and safety-injection systems characteristics). 
4. 	Heat- and mass-sinks or sources (e.g., location and size of break). 
5. 	Timing of operator’s actions based on pre-defined operational criteria.
Good examples of CT include the SBLOCA tests by LOBI, SPES, PSB, BETHSY, and LSTF. All five test facilities simulate the primary circuit of a PWR (VVER in the case of PSB and Western PWR for other facilities) with original heights covering a broad range of volume-scaling factors: LOBI: 1:712; SPES: 1:427; PSB: 1:300, BETHSY: 1:100; LSTF: 1:48. The similarity of the overall results confirms the choice of the adopted scaling laws and the suitability of the individual test facilities to reproduce a plant’s typical behavior under the given BIC values. The CT tests conducted between PKL and LSTF (between the OECD/NEA PKL-2 and ROSA-2 projects) demonstrated the effectiveness of a secondary-side depressurization in removing the heat from the primary side, which achieved almost identical primary-depressurization behaviors, which enabled a systematic comparison of the thermal-hydraulic response between the two ITFs. 
ITF experiments whose BIC values were not aligned according to the requirements of CT are referred to as “similar tests” (ST). These experiments demonstrate that the differences of CT and ST lie mainly in the BC values. A special group of tests called complementary tests where, in the same set up, the ITF concentrates on studying the overall system’s response and the SETs investigate the responses of the plant’s subsystems and phenomena which are highly dependent on the geometry (in scales up to 1:1 full-scale, such as UPTF). Another category of tests referred to as daughter (facility) tests employs results available in 1:1 full-scale as the reference for a comparison with the results from scaled-down experiments on the same phenomena. It aims at evaluating the scalability of relevant phenomena and their understanding in general.

7. Role and Characteristics of the System Code
System codes incorporate the knowledge obtained from the available large data base. The system codes also can help in analyzing complex transients. In addition, system codes can perform calculations related to scaling. The merits and limits of codes related to scaling are reviewed during code development, code verification, and code validation. 
In the process of developing a SYS TH code, several averaging simplifications are made on the space- and time-scale of the processes. Some distortions are introduced due to simplifications of the physics, non-modeled phenomena, and the limited accuracy of the closure laws. Therefore, several inherent limits are summarized as
· Space and time averaging: System codes do not predict small-scale thermal-hydraulic phenomena due to space averaging and cannot predict all the small time-scales associated with turbulence and two-phase intermittency. 
· The dimensions of the model: Using the O-D (or lumped) model,  1-D models, or a porous 3-D approach consists of simplifying a complex 3-D flow; using a 1-D heat conduction in heating structures and in passive solid structures is an approximation for more complex 3-D conduction. 
· Flow regime maps: The highly empirical flow-regime maps are valid only in some states, such as the steady state, the quasi-steady state, the fully developed and the quasi-developed states; while the rapid transient- and non-established-flows could exist in accident conditions. The flow regime also depends on geometry, conduit size and the fluid’s physical properties. These differences from established flow regime maps should be introduced in the numerical model.
· Scaling of each closure law: Closure laws in system codes may be purely empirical, mechanistic, or semi-empirical. Therefore, the scalability of the closure law is questionable.
· Non-modeled phenomena:  System codes neglect many complex phenomena, as described earlier.
Hence, the up-scaling capabilities of a system code depend mainly on how well it predicts phenomena in scaled SETs and IETs. The scalability needs to be confirmed during the process of validation.
Although code verification is mainly related to the numerics of a code, and the relation with scaling is not strong, the verification does include some aspects related to scales. The codes should be able to resolve the time- and space-scales of the phenomena. The same accuracy and but a unique solution of two similar systems should be reached. Coding errors affect scaling as it may induce some type of error. 
The code validation plays a very important role to assure the scalability of code. The following objectives, to assure the scalability, are important in the validating the code with various scaled SETs and/or IETs; viz., closure laws, choice of appropriate code module to model each reactor component with options, assumptions, and modes of calculation, reactor-accident transients, and scaling distortions.
Scaling should be considered in developing the nodalization. Some considerations are needed due to the scales in the system. For instance, it is impossible or impractical to preserve the L/D when setting up nodalization for differently scaled facilities. Choosing a reasonable size of the averaging region, or control volume, is important for acceptable numerical solutions. The arrangement of node density or the size of a control volume could create non-fully developed flow regions (or even stagnated ones) which may not compatible with the facility. Finally, a specific scaling qualification is needed for the K-factors at geometric discontinuities in a nodalization. It is essential for both the levels of steady-state and transient so to address scaling-related concerns, such as what procedures and criteria an analyst should follow to pass the nodalization from the scaled facility to a NPP, and under what conditions can the uncertainty derived in scaled facility remain acceptable under NPP conditions. An approach called Kv-scaling briefly is introduced here as an example for accomplishing proper nodalization. 
A Kv-scaled calculation is a procedure for system code simulation procedure in which well-defined (measured) scaled ITF- are converted to an NPP-nodalization, and the test is simulated with this  nodalization. The purpose is to reproduce, by sensitivity studies, same phenomena as seen in ITF by the NPP nodalization; namely, number of nodes and node sizes are changed in the framework of the process. Performance of both NPP and ITF nodalization can be compared to check the validity of the NPP nodalization for any needed corrections and improvements. The procedure is systemized to qualify NPP nodalization. 
The system code can be used in the preliminary verification of the scaling laws, although It is inevitable to have scaling distortions due to compromises in design or construction. To study these distortions, Ransom et al., 1998, devised a triad method, somewhat reflecting the Kv-scaled method, to relate the scaled experiment to the prototype system. The method is based on three separate, but related system-code models: (1) The prototype; (2) an ideally scaled model; and, (3) the actual scaled experiment. These three models are created to investigate the degree to which qualitative- and quantitative-similarities are maintained among the three systems in a particular process. The benefits of this triad of models are to ensure  homology and to ensure (1) the response of the prototype and the ideally scaled model are comparable to assure their qualitative- and quantitative-similarity; (2) the effect of any experimental non-typicality, such as physical configuration, heat loss, real valves’ opening times are evaluated via the scaled model and the prototype.

8. Scaling in Uncertainty Methods
The relationship of scaling and the uncertainty method is another important subject in this review. The purpose is to show how scaling is quantified as a source of uncertainty in the prediction of NPP transient. Here, we review three uncertainty methods – CSAU, UMAE-CIAU, and the GRS Method.
In the CSAU procedure, three uncertainty sources are quantified as follows: (a) The code and experiment accuracy, (b) the effect of scaling, and, (c) the reactor’s input parameters and state. The first two are normally combined. A scaling study is performed based on such information as the PIRT results and the code assessment manual. With this information, uncertainties and biases are determined based on the following two sources as: 

1. 	Evaluation of scaling distortion from test facilities of different scales in the same important phenomenon; 
2. 	Evaluation of scale-up capabilities of closure correlations used in the code. 

All available scaled data used to develop the correlation or model in the code are compiled to determine the uncertainty or bias so to reach the 95% confidence level. Additional biases are needed if the range of NPP conditions is not covered in the tests. After evaluation, all the uncertainties and biases are added together as the total uncertainty in the FOM. 
In UMAE, experimental data is related to the corresponding calculated results, and an ‘error-scaling’ procedure is performed. Therein a database is constituted by time trends of the relevant thermal-hydraulic parameters measured in ITFs with different scales and their ‘qualified’ code calculations. As some conditions are met,  e.g., a sufficient number of experiments in different scales and the error of prediction is not scale-dependent, then the error which shows a random character can be extrapolated to the NPP’ conditions. A key scaling step of UMAE is the similarity between the NPP prediction and one set of ITF experimental data. This state is achieved through the Kv-scaled calculation. 
The GRS method is a widely used uncertainty method based on probability calculus and statistics. The main advantage to using these tools is that the number of calculations is independent of the number of uncertain parameters to be considered. The necessary number of code calculations is given by the Wilks’ formula, which depends only on the chosen tolerance limits, or the intervals of the uncertainty statements of the results. The method requires first identifying the important phenomena (PIRT), and then the potentially important contributors to the uncertainty of the code results. Uncertainty due to scale effects is one of them. The probability distributions of each uncertainty must be quantified. After qualification process is done for code, and the nodalization is established, the combination and propagation of uncertainties is executed. Finally, the scale-up effects in the method are evaluated by quantifying model uncertainties in facilities of different scales and uncertainties due to input.

9. Scaling Roadmaps
Scaling roadmaps are described in the original document, with focus on the design of experimental facilities and on the nuclear reactor’s safety assessment. One of the scaling roadmap for designing test facilities is based on the application of the DSS method already discussed. Details are given below for scaling roadmaps for safety assessments.
There is a need to address scaling issues in a safety-review process using the available data, tools, methods, and approaches. A scaling roadmap is proposed to group these actions and information. Due to the different approaches of BEPU methods, there are different ways to meet the safety requirements. Two scaling roadmaps are provided for the reader’s reference. 
A generic scaling roadmap is proposed, first based on CSAU. In this map, a scaling method is chosen to design test facilities at smaller scale to simulate the phenomenon of interest which is expected to occur in the NPP. These test facilities provide essential information for designing the plant, and for assessing the efficacy of safety systems. With the data, the expected thermal-hydraulic processes and phenomena of power plant can be simulated through calculations with the system code. The results obtained are evaluated by regulators. The fidelity of predictions is estimated by aggregating the contributions of uncertainties from the code models, nodalization, numerics, user options, and approximations of the power plant’s representation. 
Another scaling roadmap was proposed by D’Auria & Galassi, 2010. In this approach, most elements in the Scaling Database and Knowledge Management constitute the major steps. Differences from the previous roadmap are that some qualitative- and quantitative-acceptability thresholds are embedded in the major steps. These safety requirements either are established by the regulator or first proposed by the licensee and accepted later by the regulator. Non-compliance of safety requirements leads to halting of the procedure and requesting for additional calculations, experiments, and/or R & D. 

10. Role of CFD Tools for Multi-dimensional and Multi-scale Phenomena
When multi-dimensional effects play a dominant role in a safety issue or a design issue, system codes cannot be used with sufficient confidence, and 3-D CFD tools become valuable. Most of the single-phase CFDs are related to turbulent mixing problems, including temperature mixing, mixing of chemical components in a multi-component mixture (boron in water, hydrogen in gas) and temperature (density) stratification. Two-phase CFD is much less mature than single-phase CFD, but significant progress has been made in the past decade.

Different scales are involved in complex reactor thermal-hydraulics, and it is natural to investigate them with simulation tools at different scales. Three different 3-D simulation approaches can be classified as follows: 

(1) 	CFD in porous medium: 	This scale is dedicated to design, safety, and operation studies for reactor cores and tubular heat-exchangers. The minimum spatial resolution is fixed by the sub-channel’s size (scale in centimeters) in the sub-channel analysis codes. 
(2) 	CFD in open medium: The average scale is millimeters or less. It includes turbulence modeling, using the RANS approach and new approaches similar to the LES in some flow regimes. It also is the only scale that, in principle, can predict the fluid temperature-field, thermal shocks, or thermal fatigue. 
(3) 	Direct Numerical Simulation (DNS):  In the absence of any space- or time-averaging, the characteristic length may be less than a micrometer. The use of DNS will help in understanding local flow phenomena and developing closure relations. 
Both porous medium and open medium RANS can be used for design, safety and operation studies. DNS, due to high level of discretization could be dedicated as a numerical experiment related to separate effects.

11. Conclusions
The purpose of a state-of-the-art review is to survey the status of scaling technology from different perspectives. However, the technology continues to evolve, and new methods and approaches are being developed. Therefore, it is not appropriate to draw specific conclusions. A few broad conclusions are summarized as follows:
1. The information in scaling studies, namely the experimental database, is available for most reactor types but has not been fully exploited. 
2. Scaling methods and models are available for specific targets or objectives. The application to a generic objective may suffer from the limitations of these methods
3. Many non-dimensional scaling groups are derived in scaling methods and models: Knowing the hierarchy of these groups is important in applying scaling methods.
4. Distortions cannot be avoided in any reduced-scale experiment where transient two phase flow is involved. Even in the case of single-phase conditions phenomena, like stratification and entrance effect, may induce distortions in scaling, particularly in passive systems.    
5. The impact of scaling distortions upon the performance predicted for any reference system, prototype, or reactor, remains difficult to quantify.  
6. Data from scaled experiments cannot be directly extrapolated to the reactor in most cases dealing with two- phase flow.  
7. Use of a suitable existing scaling method or development of a new method for a specific experiment is essential in minimizing scaling distortions. 
8. The use of a well validated and verified SYS TH code can support any scaling analysis, including checking the scaling hierarchy, evaluating the impact of scale distortions, and correcting the distortions in reactor applications. For a safety determination of an NPP, the application of SYS TH codes can support, but not replace the  formal scaling analysis, and is the best tool for up-scaling to the reactor transient of interest  after the two following requirements   are met (i.e., items 9 and 10 below).
9. Uncertainty from scaling should be accounted for in the overall uncertainty when the SYS TH code is used in predicting the thermal-hydraulic phenomena in NPP accident scenarios.
10. Accurate evaluations of scaling uncertainty in the validation results, model correlations, numerical schemes, and nodalizations are needed to meet the requirements of nuclear reactor safety. 

Recommendations
Based on the key findings in each chapter, the recommendations are summarized here without prioritization, for planning future activities.
1. To resolve a safety issue related to a postulated reactor accident, the most reliable approach should combine the use of PIRT analysis, scaling analysis, analysis of a wide SET and IET experimental database (including counterpart tests), and the use of a system code in a BEPU approach. In some cases a multiscale simulation using CFD tools may provide better insights into local 3-D phenomena.
1. The capability of SYS TH codes to predict facilities of different scales is needed to evaluate the safety of light water reactors (LWR). The recommendation is to include the scalability requirements in SYS TH code validation. The counterpart tests will also be important asset for validating scalability of the codes.
1. The database of existing SETF and ITF CCVM (see Chapter 4 for references), should be extended to include possibly data related to advanced reactors (including those using passive safety systems), radial transfers due to diffusion, dispersion of momentum and energy, and cross flows in the core.
1. There is a need for well instrumented tests for validating CFD codes for the water cooled reactors in relation to mixing problems, such as boron dilution, MSLB, PTS, thermal fatigue, or mixing with buoyancy effects in some passive systems, to be considered in the general TH validation matrices. CFD codes must first be validated on single phase tests at different scales.
1. There is a need to identify a qualitative and quantitative framework (precision targets) to judge the quality of a scaling approach. This step is connected with the acceptance criterion for scaling distortions, and with the quantification of uncertainty due to scaling.
1. Full height scaling with suitable flow areas (and volume) are recommended for experimental simulation of passive system, wherein the important phenomena are the boiling and condensation processes, and buoyancy effect due to density change. Full height will provide an accurate characterization of phenomena such as natural circulation and related stability.
1. Specific scaling related training is worthwhile in a number of contexts. On both the industry and regulatory sides, good training and education of safety analysts should include, in addition to basic single phase and two-phase thermal-hydraulics, advanced topics of scaling techniques, identification of the dominant phenomena of major transients, code V & V and UQ requirements and code scalability requirements.
1. Revisiting systematically the scalability of system codes at the basic level of each closure law may be a good exercise for training new code users, so to improve the understanding of code scaling, uncertainty and to improve code documentation.
Multiscale analysis using several numerical tools at different scales will help in future to provide more accurate and reliable solutions to reactor issues. This approach requires first that the capabilities and limitations of 3-D two-phase flow calculation (CFD) methods for flows relevant to an NPP are well identified. The simulation capability of details of local phenomena aiming for a replica of the phenomena must be improved. Up-scaling methods for modeling should be developed to use small-scale simulations for improving the closure laws used in SYS TH codes. The CFD tools also should follow an appropriate process of code validation to prove their capability for extrapolation to the NPP-prototype phenomena.

List of Abbreviations
BEMUSE		= Best Estimate Methods plus Uncertainty and Sensitivity Evaluation
BIC			= Boundary and Initial Conditions
BWR			= Boiling Water Reactor  
CCFL			= Counter Current Flow Limitation 
CFD			= Computational Fluid Dynamics
CHF			= Critical Heat Flux 
CIAU			= Code with capability of Internal Assessment of Uncertainty
CSAU			= Code, Scaling, Accuracy and Uncertainty 
CSNI			= Committee on the Safety of Nuclear Installations
CT			= Counterpart Test
DBA  			= Design Basis Accident
DNS			= Direct Numerical Simulation
DSS			= Dynamic System Scaling 
ECC			= Emergency Core Cooling
FSA			= Fractional Scaling Analysis
H2TS			= Hierarchical two Tiered Scaling
ITF			= Integral Test Facility
LBLOCA			= Large Break LOCA
LES			= Large Eddy Simulation
MSLB			= Main Steam Line Break
NC			= Natural Circulation 
NEA			= Nuclear Energy Agency
NPP			= Nuclear Power Plants
OECD			= Organization for Economic Cooperation and Development
PCT			= Peak Cladding Temperature 
PCV			= Primary Containment Vessel
PTS			= Pressurized Thermal Shock
PWR			= Pressurized Water Reactor
RANS			= Reynolds Averaged Navier Stokes
SETF			= Separate Effect Test Facility
SGTR			= Seam Generator Tube Rupture
S-SOAR			= Scaling State of Art Report
UMAE			= Uncertainty Method based on Accuracy Extrapolation
VVER			= Water cooled Water moderated Energy Reactor
V & V			= Verification and Validation
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