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Independently Developed Summary Statement of the Review Panel - August, 2008 
 
Objective 
 
The objective of the work of the peer review panel was to review the TRACE manuals, including 
the Theory Manual, the Assessment Manual, and the User’s Guide, and to produce a report that 
summarizes the strengths and deficiencies of the code as documented and provides 
recommendations for code changes and improvements.  In particular, the Panel was asked to: 
 

• Identify major deficiencies that preclude the use of TRACE for confirmatory thermal-
hydraulic calculations. 

• Identify deficiencies that introduce significant errors in TRACE predictions. 
• Provide recommendation for substantive improvements. 

 
The recommendations for improvements can be found in the reviewers’ reports that follow.  The 
summary comments of the next section address the other two top-level issues listed above. 
 
Summary Opinion of the Panel 
 
The following summary opinion of the Panel regarding the adequacy of TRACE should be 
viewed in light of the evident time and resource limitations that precluded a full and detailed 
review of the models, the absence of full information regarding the developmental validation of 
the models used, and the limitations of the code validation work that followed.  More specifically: 

A very large number of models and correlations have been carefully assembled to produce a 
code that can cover the phenomena of interest.  The manual describes the models and 
correlations clearly and in sufficient detail and often includes the reasons or the history that led 
to their selection and the relevant references.  In spite of this, it was not possible within the limits 
of this review and in the absence of full information on the developmental validation carried out 
to verify in detail the adequacy of all the models used and the ways they were implemented or 
coded. 

The TRACE documentation lists the physical phenomena that are important in large-break (LB) 
and small-break (SB) loss-of-coolant accident (LOCA) analyses.  Phenomena identified as 
important on the basis of phenomena identification and ranking tables (PIRTs) appear in the 
Assessment Manual that also summarizes the pressurized-water reactor (PWR) and boiling-
water reactor (BWR) modeling requirements.  To arrive at some certainty regarding the 
completeness of the code validation work, it would have been necessary to provide information 
such as a cross-reference table showing how the capability of the code was assessed for each 
phenomenon considered and where this information can be found. 

Finally, the manual indicates that some important changes will be implemented in the future.  
Some of these may make critical remarks made by the reviewers obsolete.  However, this 
review had to be limited to the TRACE 5.0 version of the code. 

Keeping in mind the above limitations of the review process: 

1. No major deficiency was evident in the physical models described in the Theory Manual, 
nor revealed by the cases reported in the Assessment Manual, that would preclude the 
use of TRACE for confirmatory thermal-hydraulic calculations of LBLOCAs and 
SBLOCAs of PWRs and BWRs.  However, additional assessment covering more 
systematically the entire range of conditions expected would be required to fully 
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demonstrate that all phenomena identified in the PIRT tables are correctly addressed 
(such as oscillatory reflooding, condensation at ECCS injection,...). 

2. A few deficiencies were identified in the physical models described in the Theory 
Manual, and some inaccurate predictions or erroneous predictions are found in 
assessment calculations.  Although it is recommended to correct these deficiencies, 
there is no clear indication that they could introduce significant errors in TRACE 
predictions of LBLOCAs and SBLOCAs of PWRs and BWRs. 

3. Development of the code appears to have (partly at least) lacked a strategic approach to 
modeling.  Although much work has gone into the selection of the best available models 
and correlations, the top-level guidelines and strategy employed in selecting flow 
regimes, phenomena, and situations to be simulated and the selection of methods and 
models for these regimes are not clear.  For example, a three- (or if necessary four-) 
field model should have been implemented before the modeling work was undertaken.  
The flow regimes should have been selected based on the physical situations and then 
applied to both hydraulics and heat transfer; this is apparently only partly the case now. 

4. There is no assurance that the closure laws used perform adequately over the entire 
range of applicability claimed.  A systematic evaluation of the set of correlations 
implemented in the code against the best available relevant range of basic data sets 
would have been necessary. 

 
Response of NRC Office of Research 
 
Staff of the Code Development Branch of the Office of Research has examined the individual 
reports prepared by the peer reviewers and identified 262 separate comments and issues.  The 
comments and issues have been divided into the areas of documentation, validation and 
assessment, models and correlations, and long-term development.  RES staff has developed 
plans to address the peer review comments and findings.  Highest priority has been given to 
issues that enhance the readiness of TRACE for regulatory uses.  The peer reviewers also had 
identified several coding errors.  All these errors have been corrected and released in the most 
recent code version currently available to NRC staff analysts. 
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SUMMARY 
 
This document presents the results of the review of the TRACE V5.0 code.  This review was 
based on the code documentation, which included the Theory Manual, the Assessment 
Manual, and to a lesser extent, the Users Manual.  The review focused mainly on the 
assessment of field equations, closure models, and a few flow process models.  The 
evaluation assessed the code in terms of the separate effect tests (SETs) and the integral 
effect tests (IETs) related to loss-of-coolant accidents (LOCAs) in pressurized-water reactors 
(PWRs) only. 
 
The importance with regard to safety of each closure or flow process model is underlined by 
estimating its sensitivity to accidental transients.  It is important to note that the author of this 
review is more versed in accidental transients associated with PWRs than with boiling-water 
reactors (BWRs).  The correctness and adequacy of each model or submodel was evaluated 
using up-to-date knowledge on the corresponding flow process, while also considering its 
consistency with the intrinsic limitations of the two-fluid model.  The degree of empiricism of 
the selected model was also evaluated with regard to the physical understanding of the 
corresponding flow process.  The validation of each model or submodel in a separate effect 
approach was then evaluated based on the Assessment Manual.  The evaluation also 
considered the adequacy of the Theory Manual.  Finally, for some closure or flow process 
models, this report provides recommendations for either improving the documentation in the 
respective subsection of the Theory Manual, or for proposing additional research and 
development (R&D) work to improve the model, or for proposing additional validation. 
 
The following paragraphs summarize the main results of this review: 
 
TRACE V5.0 appears to be a good system code with extended capabilities for simulating 
loss-of-coolant accidents (LOCAs) in both PWRs and BWRs.  An impressive amount of work 
has been done to revisit all closure models by considering recently published work to 
improve some old correlations of the previous generation of codes (RELAP and TRAC), 
implementing many improvements, and providing a coherent and rather simple set of 
models.  Most closure and flow process models evaluated appear to be adequate and to 
reflect the present state of the art.  The degree of empiricism of most closure models is 
consistent with the available physical understanding of the basic flow processes.  
Mechanistic models were selected or developed when possible, some tuning on 
experimental data was added when necessary, and pure empirical models were selected 
when no other approach was efficient. 
 
However, a few models, which are not validated under conditions representative of the 
reactor application, may have an unnecessary degree of sophistication that does not 
contribute to any improved predictive capabilities.  A few models may require further analysis 
and improvements, such as the models for direct contact condensation, top-down reflooding, 
interfacial transfers in the presence of noncondensible gases, and the stratification criterion.   
Although this evaluation did not address the numerical scheme, calculations of the oscillating 
manometer and the expulsion of steam by subcooled water demonstrate that the level 
tracking method of TRACE V5.0 performs remarkably well. 
 
The available assessment against SETs and IETs validates many models and covers 
numerous physical situations encountered in accidental transients.  However, some 
validation calculations were not sufficiently analyzed, and additional assessment is still 
required for a more exhaustive coverage of each model and for all important phenomena 
encountered in reactor transients. 
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The evaluation did not identify any significant flaws in the modeling which might lead to 
wrong predictions and erroneous conclusions on safety issues.  However, certain checks on 
some models and some additional assessment are necessary to ultimately demonstrate that 
there is no flaw.  The report recommends several model improvements that could enhance 
the accuracy of predictions. 
 
The documentation of the physical modeling in the Theory Manual provides not only the 
selected equations and closure models, but also justifies the choices, which is useful and 
appreciated by users.  However, recommendations are given to improve the documentation 
for the three-dimensional pressure vessel, in particular. 
 
The documentation of the validation and verification in the Assessment Manual presents the 
general assessment methodology based on phenomena identification and ranking tables 
(PIRTs) and the results of each SET or IET simulation.  This report offers recommendations 
to improve the analysis of some calculations, to relate each assessment work to the PIRT, to 
provide guidance to users based on assessment work (e.g., recommendations on mesh size 
and time step), to add a matrix cross referencing all models with the SET matrix, and to give 
the range of parameters in which each closure law is validated in a separate effect way. 
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INTRODUCTION 
This document presents the results of the review of the TRACE V5.0 code.  This review was 
based on the documentation, which included the Theory Manual [1], the Assessment Manual 
[2], and the User’s Manual.  It focused mainly on the assessment of the TRACE closure models, 
as well as a few flow process models. 
 
The importance with regard to safety of each closure or flow process model is underlined by 
estimating its sensitivity to accidental transients.  It is important to note that the author of this 
review is more versed in accidental transients associated with pressurized-water reactors 
(PWRs) than with those associated with boiling-water reactors (BWRs).  The correctness and 
adequacy of the selected model or submodel was evaluated with regard to the available 
knowledge on the corresponding flow process, while also considering its consistency with the 
intrinsic limitations of the two-fluid model.  The degree of empiricism of the selected model was 
also evaluated with regard to the physical understanding of the corresponding flow process.  
The evaluation included validation of each model or submodel in a separate effect approach 
based on the Assessment Manual [2].  The adequacy of the Theory Manual [1] subsection was 
also evaluated.  Finally, for some closure or flow process models, this report provides 
recommendations either for improving the documentation in the respective subsection of the 
Theory Manual [1], or for proposing additional research and development (R&D) to improve the 
models, or for proposing additional validation. 
 
A section of this report is devoted to the assessment.  The report summarizes the evaluation of 
the general assessment matrix and methodology; each separate effect test (SET) and integral 
effect test (IET) calculation devoted to loss-of-coolant accidents (LOCAs) for PWRs is evaluated 
in a separate subsection.  Recommendations are provided for additional analysis of the 
assessment calculations and for extending the assessment program. 
 
The report also provides some general conclusions about the correctness of the models, the 
adequacy of the assessment, and the content of the documentation.  Recommendations are 
summarized, ranked by their relative importance, and classified as to whether they relate to 
improving the models, improving the assessment, or improving the documentation. 

Field equations 

General comments on field equations 
The author briefly reviewed the section of the Theory Manual [1] regarding the field equations 
and offers the following comments.  It is necessary to present the derivation of the equations 
used in TRACE, not as a substitute for a basic course on two-phase thermal hydraulics, but 
because the user must be aware of all the simplifying assumptions which are made at the 
successive steps of the derivation.  These simplifying assumptions reveal the shortcomings and 
limitations of the model.  For any code application in the normal domain of simulation, every 
simplification may be a source of code inaccuracy or uncertainty, and for every code application 
that goes beyond the normal domain of simulation, the user may refer to the field equation 
documentation to determine whether the application extends beyond the model assumptions.  
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This is particularly true for three-dimensional (3D) pressure vessel modeling, where many terms 
of the equations are simply neglected. 
 
Although, for the most part, the ill-posedness of the model is not a problem, since numerical 
diffusion provides a sufficient stability, it does not allow sensitivity tests to the mesh 
convergence to be performed without creating problems when very fine nodalization removes 
the necessary numerical diffusion.  Moreover, the absence of added mass force is not a 
problem in most situations in which its effect is very small, but if, in the future, the TRACE one-
dimensional (1D) model must be used for flashing flow in a nozzle or through a break, the 
added mass term would become useful.  Thus, addition of the added mass force and the use of 
a well-posed model might prove helpful. 
 
The lift force is neglected, but should be taken into account in future versions for subchannel 
analysis.  According to the averaging of equations made in subchannel analysis, the lift force 
effects would be of second-order importance, and turbulent dispersion forces should be added.  
Lift force is relatively important in shear layers along walls, but in subchannel analysis shear 
layers within each subchannel are not represented because of averaging.  Therefore, the 
calculated lift force would not represent the actual lift force. 
 
The derivation of equations for the 1D module and the 3D pressure vessel is treated together, 
although the successive steps cannot be the same.  In particular, the volume averaging is not 
the same in a porous body approach for the vessel component 3D modeling as in a pipe 
modeled in a single dimension.  This is a main weakness of the document in terms of the field 
equations. 
 
Recommendations: 
Addition of the added mass force and use of a well-posed model should be considered. 
 
Addition of turbulent dispersion force should be considered in future versions for subchannel 
analysis, and the lift force should be ignored. 
 
The derivation of the balance equation for the 1D module (and Tee component) and for the 3D 
pressure vessel model should be presented separately. 

Specific comments on the 1D model field equations 
The passage from volume averaged momentum in Eqs. 1-15 and 1-16 to the formulation in Eqs. 
1-19 and 1-20 is not well justified and does not consider some important simplifications which 
are implicitly made.  The documentation states that the viscous stress tensor contribution is 
neglected (except at walls and interfaces), but other important simplifications are made to keep 
only the pressure terms in Eqs. 1-19 and 1-20.  The phase pressure terms are replaced by a 
single pressure, P, without explaining the assumption made concerning the pressure field.  The 
phase volume fractions of the stress terms are left out of the derivatives in the resulting 
pressure terms without any justification.  It would be useful to mention that the integration of the 
phasic pressure term over walls and interfaces may result in the final pressure gradient term, an 
added mass term, a term proportional to the void fraction gradient, a singular pressure loss 
term, and a part of the drag force which is not due solely to viscous forces.  The void fraction 
gradient terms may represent the turbulent dispersion force responsible for the diffusion of 
bubbles by liquid turbulence in 3D models, and it may play a rather important role in 1D 
modules, particularly in horizontal, stratified flow that homogenizes at the free surface level.  
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Simplifying assumptions may then allow the elimination of the added mass term and 
consideration of the term proportional to the void fraction gradient only in stratified flow where it 
may play a significant role.  In TRACE, this latter term is written with the gradient of the liquid 
height in stratified flow, and the discretization of this term should allow the homogenization of a 
free surface level in all situations, including abrupt area changes.  It may be useful to check the 
equation’s capabilities against a benchmark calculation which includes area restriction, area 
enlargement, and a bend (see [3]). 
 
The documentation explains how 1D momentum equations in the discretized form can 
guarantee that the Bernoulli equation is fully respected in single-phase liquid, as demonstrated 
in Eq. 1-2002.  Bad predictions of single-phase pressure evolutions in a convergent nozzle in 
simulations of Super Moby Dick experiments seem not to respect the Bernoulli equation in 
smooth varying cross section.  The document should be checked to determine whether an error 
in the input deck could explain this misprediction. 
 
Recommendations: 
 
The capabilities of the term of the liquid momentum equation should be checked against the 
gradient of the liquid height in stratified flow against a benchmark calculation which includes 
area restriction, area enlargement, and a bend (see [3]). 
 

Specific comments on the 3D pressure vessel field equations 
It is very surprising that the volume averaging of the 3D balance equations is presented in Eqs. 
1-11 to 1-16 without any porosity.  Consideration of the presence of solid structures in the 
volume of integration would result not only in having the porosity in all terms but also in having 
many additional terms in the system of equations.  Although simplifying assumptions would 
have led to many of these additional terms being neglected, the assumptions would have at 
least been listed and identified.  In particular, the existence of so-called “dispersion terms” must 
be mentioned since they are probably greater than turbulent diffusion in a component with many 
internal structures, like the reactor core.  On the other hand, if 1D equations were derived 
independently from the 3D module, one could better identify the different simplifications used in 
both modules. 
 
The 3D pressure vessel modules developed in the TRACE codes or in the CATHARE code 
were subject to a very high degree of criticism in the past from the computational fluid dynamics 
community since the codes are rather strange and consist of complex modules in which the 
simplifying assumptions depend on the component of the vessel.  Different geometrical 
characteristics are encountered in the core, the lower plenum, the downcomer, and the upper 
plenum.  Although the system of equations may be the same for each component, the closure 
terms and the principal variables do not have the same meaning since the space averaging is 
specific to the particular component.  In the core, a homogenizing technique for a porous body 
is applied and can be valid for meshing as fine as up to the subchannel analysis.  The lower 
plenum or downcomer have fewer internal structures and the space averaging is made over 
larger dimensions.  In the downcomer, the radial nodalization allows only one mesh resulting in 
a two-dimensional (2D) module, since finer radial nodalization would require a physical 
modeling for open medium.  The 3D vessel model assumes that the interfacial transfers and 
transfers with walls are higher than the diffusion terms, which are neglected and which would be 
necessary in an open medium approach.  The lower plenum may be a rather open medium but 
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the phenomena of interest in loss-of-coolant accident (LOCA) simulations do not require a high 
accuracy on diffusion of heat and momentum, so that the absence of turbulence is also an 
acceptable simplification.  Finally, a main origin of criticism is related to the use of rather coarse 
nodalization in the pressure vessel which is far from convergence in mesh size.  This makes it 
extremely difficult to believe in the predictions resulting from such a module, given the many 
compromises involving physics, numerics, and rigorous scientific approach. 
 
Hence, the 3D vessel models can be considered unidentified fluid dynamic objects within the 
scientific community.  This requires that a large effort of pedagogy be made when presenting 
this module with all simplifications being better justified. 
 
Recommendations: 
 
The volume averaging of 3D balance equations should be presented showing how the porosity 
appears.  Having considered the presence of solid structures in the volume of integration would 
result not only in having the porosity in all terms but also in many additional terms in the system 
of equations.  Simplifying assumptions would have led many of these additional terms being 
neglected, but the assumptions should be listed and identified at the very least. 
 
The scale of space averaging should be clearly specified for each subcomponent of the vessel 
to clarify what the principal variables mean and what the closure terms represent.  The 
conditions for a mesh convergence should also be defined.  Under LBLOCA conditions, the 
large-scale 3D effects related to the transverse power profile do not require a high spatial 
resolution.  Averaging over the transverse dimension of an assembly, or even a few assemblies, 
is possible, allowing a transverse meshing to be converged even with a coarse nodalization. 
 
The absence of turbulent diffusion can be justified by considering the order of magnitude of 
interfacial transfers and transfers with walls as compared to the turbulence effects in the 
applications of interest.  Such simplifications are less valid in other situations, and the limits of 
applicability should be more clearly identified. 
 
The necessity to run transients in a reasonable central processing unit (CPU) time for safety 
analysis is a difficult limitation since many calculations of the same transient are often required 
to evaluate code uncertainty.  Therefore, only a coarse nodalization is possible and 
nonconvergence errors must be accepted.  One must take this into account either in the 
assessment or in the evaluation of uncertainty.  One possible approach is to define a reference 
nodalization of the pressure vessel and to validate the physics + numerics + nodalization 
against scale-one data.  An alternative is to evaluate the nonconvergence error from 
assessment calculations and to use it in the uncertainty analysis for reactor applications.  In any 
case, additional work must be done during the assessment. 

General overview of closure models 

Adequacy of the documentation 
Section 4 of the Theory Manual [1] details all closure models for wall and interfacial friction and 
summarizes the work done for selecting the models.  Section 5 of the Theory Manual [1] 
provides all interfacial heat transfer (HT) closure models and summarizes the work done for 
selecting the models.  Section 6 of the Theory Manual [1] describes all HT closure models and 
summarizes the work done for selecting the models. 
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The reasons given for the choices made are reasonably well explained. 
 
The following subsections discuss a few minor details that can be improved in this 
documentation. 

Drag models 

Flow regime map for interfacial drag 
The interfacial drag modeling is based on a flow regime map which distinguishes precritical heat 
flux (pre-CHF) flow regimes, stratified flows, and postcritical heat flux (post-CHF) flow regimes.   
Pre-CHF flow regimes only consider bubbly flow, slug flow, Taylor cap bubble, and annular-mist 
flow.  Post-CHF flow regimes only consider inverted-annular flow, inverted-slug flow, dispersed 
flow, and an interpolation region.  Models depend on the geometry of the flow, either pipes or 
rod bundles.  This is a very reasonable approach since it is not too complex and identifies the 
relevant subcases. 
 
In horizontal flow, bubbly flow and annular-mist flow are treated as vertical flow without any 
influence of the specific effects of the gravity.  Plug and slug flows are not treated explicitly.  
These rather drastic simplifications are acceptable because the absence of buoyancy forces in 
the horizontal direction reduces the slip between phases in all flow regimes with dispersed 
vapor, such as bubbly, slug, churn, and plug flows.  Consequently, it is not necessary to 
distinguish among them.  Only flow regimes with a continuous gas phase (annular flow; 
stratified flow) may lead to high slip between phases and require specific attention to horizontal 
flow. 
The present flow regime map does not include a possible stratified-mist flow regime.  There may 
be a transition between stratified and annular-mist flow, but this is only possible at a high void 
fraction.  However, stratified-mist flow may exist in large-diameter pipes at a relatively low void 
fraction.  Such a situation may occur in the hot legs of PWRs and should be considered. 
 
Recommendations: 
 
The documentation should state whether the rod bundle drag models are to be applied for flow 
in the secondary side of the steam generator (SG). 
 
The flow regime map used for drag models should include the possibility of stratified-mist flow 
which may exist in large-diameter pipes, such as the hot legs of PWRs, at a relatively low void 
fraction. 
 
Stratification criterion 
 
Stratification prediction is of prime importance for many transients in PWRs since it changes 
completely the phase coupling and the liquid mass repartition in the circuit which affects the 
coolability of the core. 
 
TRACE uses a stratification criterion based on the combination of three criteria.  The first 
criterion corresponds to the Kelvin-Helmholtz instability limit.  A modified Taitel and Dukler 
criterion is used which is adequate since the gas velocity is replaced by the velocity difference 
which actually controls wave growing.  The second criterion is supposed to express a limit for 
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bubbly flow to segregate phases up to stratification.  The existence of such a criterion is fully 
justified since many stratified flows in the horizontal pipes of PWRs are fed by upstream bubbly 
flow coming either from the pressure vessel or from the pumps.  When the turbulence intensity 
is very high, bubbles are mixed in the pipe preventing the occurrence of stratification.  However, 
there is no origin for the selected expression of the Choe et al. criterion and no validation basis.  
The third criterion was added to be consistent with the upper plenum test facility (UPTF) hot-leg 
flooding data.  When flow conditions approach the Richter flooding limit—which correlates the 
UPTF data—TRACE skips from stratified to nonstratified flow to follow the experimental flooding 
curve.  This third criterion is validated against UPTF data and is fully consistent with the data.  
The implementation of a flooding limit in a standard closure law is not justified since flooding 
limits are very geometry dependent and there is no reason to have a unique flooding limit for all 
horizontal pipes of all reactors and all IET facilities.  In particular, UPTF hot legs are influenced 
by the presence of the so called “Hütze” at the bottom, which is a specific device for directing 
emergency core cooling system (ECCS) water towards the pressure vessel.  This “Hütze” is 
known to affect the flooding limit, and when one compares UPTF flooding data with flooding 
limits in other experiments with scaled hot legs (such as the MHYRESA tests preformed at the 
Commissariat à l’Energie Atomique (CEA), the Richter correlation is not applicable.  Therefore, 
one may adapt the code prediction to a given flooding limit in horizontal pipes, but since flooding 
limits are very scale and geometry dependent, this should be allowed only as a user option and 
should be an imbedded standard correlation which cannot be universally valid. 
 
Recommendations: 
 
The origin of the Choe et al. stratification criterion and the validation basis should be specified. 
The third stratification criterion based on the Richter flooding limit should be removed from the 
standard models and possibly replaced by a user option with free constants. 

Precritical heat flux interfacial drag 
Bubbly-slug flow in pipes 
The interfacial drag in bubbly-slug flow in pipes may play a role in PWR accidental transient 
simulations, particularly in SG tubes, in the vertical part of the intermediate leg, and in the 
pressurizer surge line when a steam discharge pipe is open. 
 
The interfacial drag is derived from a drift flux correlation.  The translation of a drift flux into 
interfacial friction is made assuming equilibrium between buoyancy and drag forces.  This is a 
very reasonable simplification of the force balance in such flow regimes since the interfacial 
friction is very high—most of the time it is much higher than the inertial and wall forces. 
 
The churn-turbulent drift flux model of Ishii and the cap bubble model of Kataoka-Ishii are used, 
depending on the void fraction.  These two models take into account all the observed effects of 
diameter, pressure, and void fraction.  However, the void fraction where the transition from 
churn-turbulent to cap bubble regimes occurs is made dependent on the subcooling to take into 
account the smaller bubbles present in the case of subcooled boiling.  This may be considered 
as an illusory and unnecessary sophistication for the following reasons: 
 
• Many effects such as entrance effects, history effects, or others cannot be modeled, and 

they may be on the same order of magnitude as the subcooling effect in reactor pipes. 
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• Subcooled boiling may play a significant role in BWR (and to a lesser extent in PWR) cores 
but not in reactor pipes. 

 
Therefore, the interfacial friction in pipes should try to be the most accurate in situations 
encountered in SG pipes with cooling walls rather than in subcooled, boiling conditions. 
 
In rod bundles, the “Bestion” models are used with a modified value of the distribution 
parameter Co (see in [4, 5]).  This model was a first version of the CATHARE code model for 
rod and tube bundles.  A second version of the model was proposed based on a more extended 
database and is now implemented in the CATHARE code [4, 5].  This second version was found 
to have better agreement than the first version with data in a large pressure range and with 
hydraulic diameters covering core rod bundles and SG tube bundles.  However, the validation 
covers mainly low-flow conditions and it might be considered for TRACE, provided that it does a 
good job for BWR core conditions where higher flowrates are encountered. 
 
Recommendations: 
 
The interfacial friction in bubbly flow and cap bubble flow in pipes might be revisited with a focus 
on situations encountered in SG pipes with cooling walls. 
 
It might be appropriate to replace the first version of the Bestion drift flux model given in [1] for 
rod bundles with the second [4], provided that it is validated for BWR core conditions 

Annular and annular-mist flows 
The interfacial friction for annular flow uses the Wallis model for upflow and the Asali-Hanratty 
model for downflow.  These choices are well justified and convincing. 
 
In annular-mist flow, the rate of entrainment is modeled with the Ishii and Mishima model for 
small-diameter pipes; a modified Steen-Wallis model is used for larger diameter pipes.  
However, even the Steen-Wallis model was established based on relatively small-diameter 
pipes.  Considering the lack of information on the entrainment rate in large-diameter pipes and 
rod bundles, the selected model cannot be subject to criticism. 
 
The Ishii-Chawla model for the drop-drag coefficient is a good choice.  A simplified Kataoka-
Ishii-Mishima model for the Sauter mean diameter is adopted, which probably cannot be valid in 
all situations.   However, because of a lack of information, the selected model cannot be subject 
to criticism.  The documentation should mention the model’s range of validity. 
 
The way annular friction and droplet friction are combined for annular-mist flow might be subject 
to criticism, but considering the limitations of a two-fluid approach in such flow conditions, one 
can hardly propose better choices. 
 
In summary, the interfacial friction model for annular flow seems adequate, and the selected 
approach for annular-mist flow is reasonable. 
 
The bubbly-slug and annular-mist flow friction coefficients are combined using a power law 
weighting scheme that eliminates oscillatory behavior in low-flow, low-pressure conditions.  One 
may argue that such oscillations exist in such conditions, but the objective of the code is to 
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predict a macroscopic space and time-filtered behavior which is achieved with the proposed 
weighting. 

Stratified flow interfacial drag models 
The interfacial friction coefficient considers only the stratified-smooth flow regime.  This predicts 
reasonably well the void fraction in two-phase test facility (TPTF) horizontal co-current flow 
tests, as shown in Figure 4-10 (p 153 of Theory manual [1]).  However, it may not be sufficient 
when the wave structure at the interface creates a significant roughness, thus increasing the 
interfacial friction. 
 
Recommendations: 
 
Validation of interfacial friction for stratified flow against experimental data representative of the 
geometry and flow conditions encountered in hot legs or intermediate legs of PWRs is 
recommended.  In hot legs, the prediction of water level may be important in predicting liquid 
entrainment up to the SG.  In intermediate legs, interfacial friction influences the loop seal 
clearing and controls the remaining water mass after clearance. 

Postcritical heat flux interfacial drag models 
Inverted-annular, inverted-slug, and dispersed flow regimes were considered.  They play an 
important role in the blowdown and reflood phases of a LOCA. 
 
In an inverted-annular regime, a laminar friction factor is used and a simple model for wavy 
regime is added.  No precise validation is possible in the absence of measurements of both void 
fraction and steam flowrate. 
 
The inverted-slug regime also assumes a rather simple mechanistic modeling and is slightly 
corrected to better match FLECHT SEASET data. 
 
In the dispersed regime, many assumptions are necessary to express the Sauter mean 
diameter of the droplets.  None of these assumptions can be validated in actual core geometry 
and flow conditions.  The absence of effects of spacer grids on the drop diameter is noticed. 
For defining the transition from inverted-slug to dispersed flow regimes, an entrainment rate 
correlation is necessary and, here again, assumptions are made on the applicability of existing 
models.  However, none of these assumptions can be validated in actual core geometry and 
flow conditions. 
 
Although the justifications given to the choices are plausible, the validity of each of these 
individual choices cannot be controlled. 

Wall drag models 
The single-phase friction factor represents well the effects of the Reynolds number and 
roughness in laminar, transition, and turbulent regimes. 
 
In two-phase conditions, two-phase multipliers are used which depend on the flow regime. 
 
In annular flow, the two-phase multiplier is validated against experimental data and perfectly 
matches the data. 
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In bubbly-slug flow, the two-phase multiplier is validated against adiabatic experimental data 
and performs rather well.  A correction for the effect of nucleate boiling is applied, which is also 
validated and which performs well. 
 
The annular-mist flow case seems to be treated like a simple annular flow if one relies on the 
documentation, which may lead to high overestimation of wall friction.  Because the liquid 
velocity is an average between the small velocity of the film and the higher velocity of droplets, a 
very small two-phase multiplier is necessary to avoid overestimation of the friction.  
Alternatively, one can use an estimate of the film velocity in the expression of the liquid friction 
term instead of the calculated liquid velocity.  After checking by TRACE developers, it appears 
that the documentation is not correct and that the code indeed treats the annular-mist flow case 
separately from the simple annular flow case. 
 
The stratified flow case is treated with reasonable and simple extrapolations. 
 
The inverted-annular case is also treated with simple and reasonable expressions, but no 
separate effect validation is possible. 
 
The post-CHF dispersed regime is treated with an effect of the loading ratio, which seems 
appropriate. 
 
Recommendation: 
 
The Theory Manual should reflect that the annular flow and annular-mist flow wall friction terms 
are different. 

Interfacial heat transfer models 

Interfacial heat and mass transfer modeling 
The introduction of Section 5 describes the assumptions made about the interface temperature 
and gives the relationship between heat and mass transfers. 
 
Eq. 5-1 expresses the interfacial mass transfer as the sum of the transfers associated with 
interfacial HT and the vaporization term associated with subcooled boiling.  It should be possible 
to add a third term for overheated condensation (see discussion of film and dropwise 
condensation below). 
 
Eqs. 5.2 and 5.3 describe how the interfacial mass transfer is calculated. Eq. 5.2 is derived from 
an energy balance written for a unit surface of interface having an infinitely small thickness on 
both sides of the interface.  This elementary volume-containing interface receives two heat 
fluxes from vapor (or gas), qvi, and from liquid, qli, and is crossed by a mass flux having a gas 
enthalpy on one face and a liquid enthalpy on the other face. 
 
The average enthalpy of the phase of origin and the saturation enthalpy of the phase of 
destination is used in the energy balance written at the interface.  This is the best choice.  Using 
saturated values of both enthalpies is consistent with the assumption that the interface is at 
saturation but it might result in a behavior violating the second principle of thermodynamics.  A 
superheated steam which condenses in contact with subcooled liquid could increase its 
temperature or a superheated liquid which flashes might increase its temperature. 
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The interface temperature is supposed to be at the saturation temperature of the partial 
pressure if steam.  This is a good choice which will be partly modified in the case of 
condensation with noncondensible gases to account for accumulation of noncondensible gases 
close to the interface. 
 
In the presence of noncondensible gases, a flashing liquid-to-interface heat flux proportional to 
Tl-Tsat(P) is added to the classical heat flux proportional to Tl-Tsv to account for the creation of 
many new steam bubbles which do not contain any noncondensible gas.  This is a very complex 
situation involving two populations of bubbles which cannot be treated accurately with the two-
fluid model.  However, what has been done is a reasonable approach. 
 
In the case of noncondensible gases, the vapor-to-interface heat flux, qvi, is multiplied by the 
relative partial pressure of steam and a direct HT from gas to liquid qgl is added, which is 
multiplied by the relative partial pressure of noncondensible gases. 
 
There is no physical justification for this treatment of qvi and qgl.  There is no reason to split the 
total convective HT from the gas mixture to the interface into a term that may contribute to mass 
transfer and a term that cannot contribute to mass transfer. 
 
Imagine the following situation: 
 
Annular flow Tl = Tsv 

Tv > Tsv) 
Pv = P/2 
qli = 0 
qvi = ½ hvi*(Tv-Tsv) 
qgl = ½ hgl *(Tv-Tl) 

 
With hvi = hgl 

Γ = qvi/(hv*-hl*) = ½ hvi*(Tv-Tsv) 
 

Only 50 percent of the gas-to-interface heat flux contributes to vaporization, although 
100 percent should contribute. 
 
The only situation in which such a treatment may be justified is when a gas mixture has a 
temperature below 0 °C, for example, when one assumes that the nitrogen from accumulators is 
discharged to the system.  In such cases, the condensation may lead to Pv = 0 and Eq. 5-2 
could predict a negative Γ in the case of a high value of Tsv-Tv.  Condensation would be 
predicted in the absence of steam to condense.  In such a case, to avoid code failure, the 
multiplication of qvi by Pv/P and the addition of qgl may fix the problem.  The reason for the 
problem is that Eq. 5-2 is no more valid when the temperature is below the triple point of water 
(0 °C). 
 
As currently stated, this treatment perturbs the calculation of the interfacial mass flux in 
conditions where it should not. 
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Recommendations: 
 
A model for “overheated condensation” should be implemented to allow condensation to begin 
in a single-phase overheated steam or gas mixture.  This model should use a direct flux to 
interface to create liquid.  Once some liquid film exists, film condensation can be treated, as it is 
now, by a wall-to-liquid heat flux associated with a liquid-to-interface heat flux. 
 
The addition of a qgl term and the multiplication of qvi by Pv/P in the presence of noncondensible 
gases should be reconsidered and possibly limited to extreme situations. 
 

Precritical heat flux interfacial heat and mass transfer models 
A simple pre-CHF flow regime map for interfacial transfers is used, and many assumptions are 
made to express the interfacial area. 
 
All of these choices may be easily criticized and one can find many arguments charging that the 
assumptions are not valid in certain circumstances, such as the following: 
 
• Having a bubble diameter equal to 2 times the Laplace scale cannot take into account the 

effects of breakup, which should include a Weber number effect. 
• Having a bubble diameter equal to 2 times the Laplace scale cannot take into account 

effects of condensation or vaporization which increase or decrease the average diameter. 
• Having a minimum diameter of 0.1 millimeter (mm) is not consistent with a high-velocity 

flashing flow in which many much smaller bubbles are created. 
• Having a bubble diameter that does not depend on the presence of nucleate boiling along 

walls with many small bubbles detaching from the wall can lead to poor estimations of the 
average diameter. 

• Cap bubbles or Taylor bubbles appear only after coalescence of smaller bubbles.  The 
presence of such large bubbles should depend on some history effects which are not taken 
into account. 

 
However, the limitations of the two-fluid approach do not allow more accurate modeling of many 
effects.  Such modeling requires the knowledge of additional flow parameters and the addition 
of many transport equations for interfacial area, bubble number density, and turbulent scales.  
Therefore, in the absence of such information, simplifying assumptions are necessary, although 
such assumptions cannot be valid in all situations.  The choices made are acceptable and have 
the merit of being rather simple. 

Bubbly, slug, or churn flow 
In bubbly, slug, or churn flow, interfacial transfer models do not play a very important role in 
accidental transients.  The steam is generally saturated since it may not exchange heat with 
walls and qvi is null or very small.  In the case of an overheated metastable liquid, the return to 
equilibrium is always very rapid because of flashing, which creates many small bubbles.  Only 
flashing flow through a nozzle may have a relaxation time scale on the same order of magnitude 
as the mean flow time scale.  Therefore, qli, in the case of flashing flow through a nozzle, may 
require a good model, but TRACE does not calculate break flow with a 1D module but with a 
point sink term.  Direct contact condensation is controlled by qli, but bubbles have a very short 
lifetime in subcooled liquid and condensation tends to create rapidly a separate phase flow.  
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Condensation at emergency core cooling (ECC) injection is therefore mainly associated with 
stratified flow, and qli for bubbles does not play a significant role. 
 
The Ranz-Marchal correlation is used for the liquid-to-interface heat flux in the case of bubbly 
flow, which is a good choice although it may not take into account transient effects caused by 
bubble collapse in the case of subcooled liquid. 
 
The use of a correlated velocity difference in the Reynolds number instead of the calculated Vv-
Vl is also a good choice. 
 
In the case of subcooled boiling, a modification is applied to the liquid-to-interface heat flux 
which contributes to condensation.  This model can only be considered and evaluated together 
with all other models of subcooled boiling, and in particular, with the model that decides how 
much wall heat flux is affected by the void production. 
 
Eq. 5-40 is not clear.  This equation should make clear that Ho is a constant having a dimension 
(sK)-1; one could interpret the equation to mean a constant multiplied by (s-K) -1. 

Annular flow 
The models for qvi and qli in annular flow play a role in film condensation which occurs in many 
accidental situations, including reflux condensation in SG tubes and condensation in isolation 
condenser tubes. 
 
The models for qvi and qli in annular flow are adequate and should be mainly evaluated for film 
condensation situations (see the section below on film condensation). 
 
The existence of qgl is not justified in most cases. 

Annular-mist flow 
In pre-CHF conditions, there is generally no heat exchange between droplets and steam since 
both are saturated. 
 
The model for qvi in droplet flow takes into account the circulation velocity at the surface of the 
drop.  Considering the monodispersed approach (i.e., all droplets have the same diameter) and 
the simplifying assumptions on the profile effects, such sophistication appears very illusory. 
 
The simplifying assumption on the profile effects is explained below. 
 
At every point of the duct cross section one can write the following: 
 
qvi = Ai hvi(Vv, Vl, dd) (Tv-Tsv) 
then the actual qvi of the balance energy equation is the area averaged value <qvi>. 
 
It is assumed that the function of the averaged parameters is the average of the function: 
 
<qvi> = <Ai> hvi(<Vv>, <Vl>, <dd>) (<Tv>-<Tsv>) 
 
Since none of the sensitive variables has a flat profile, this assumption is very uncertain and 
suggests a lack of representativeness of the model. 
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It is also very likely that all droplets do not have the same diameter and since the HT coefficient 
and the interfacial area depend on the diameter, it is clear that using only an average diameter 
can introduce an important bias. 

Flashing 
The defined flashing liquid-to-interface heat flux model is regime independent, and guarantees a 
rapid return to equilibrium of metastable overheated liquid.  This may be sufficient in most cases 
but does not allow controlling critical flowrate prediction in a nozzle.  This latter prediction would 
require a more physically based model.  TRACE uses break flowrate prediction by a zero-
dimension (0-D) critical flow modeling and does not need a physically based flashing model, but 
it should be made clear for users that the flashing model cannot be used for break flow 
prediction.  Also, the absence of flashing delay when pure single-phase liquid is depressurized 
below saturation pressure may not represent the pressure undershoot when a break is open, as 
can be seen in MARVIKEN tests. 
 
The experience of the CATHARE code, in which the flashing delay is modeled, has shown that 
it is very difficult to have a universal model for this phenomenon which may depend on 
parameters very difficult to control, such as the purity of water, presence of small nuclei with 
noncondensible gases, presence of dissolved gases, material surface properties, and so on.  
However, having a rather simple modeling of this flashing delay may alert the code user to the 
existence of the phenomenon, allow sensitivity tests on the delay, and ensure that the delay is 
included in an uncertainty band in uncertainty propagation analysis. 
 
Recommendations: 
 
It should be made clear for users that the present flashing model cannot be used for break flow 
prediction. 
 
Although the development of a good and universal model of flashing delay is not possible, it is 
recommended that a rather simple modeling of this flashing delay be added to the qli term which 
may alert the code user to the existence of the phenomenon, allow sensitivity tests on the delay, 
and ensure that the delay is included in an uncertainty band in uncertainty propagation analysis. 
 
For long-term evolutions of TRACE, the implementation of a physically based model for liquid-
to-interface heat flux in flashing conditions would extend the capabilities of the code and would 
allow a 1D simulation of critical flow without the addition of a choking model. 

Stratified flow 
The liquid-to-interface heat flux in stratified flow is important in accidental transients because it 
controls condensation at ECC injection and affects the system pressure, and consequently, the 
whole history of the primary mass inventory. 
 
The models in TRACE are simply extrapolated from the film condensation models and 
compared to data at a moderate Reynolds number and low pressure.  Although much higher 
values of the liquid Reynolds number are encountered in reactor situations, the HT coefficient is 
bounded to the maximum value measured in the database.  This should underestimate the 
actual condensation rate in reactor accidental transients.  Moreover, any local source of 
turbulence in the liquid may significantly increase the local condensation.  Analysis of the COSI 
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tests [6,7] found that the ECCS jet induces a very strong local condensation.  TRACE should 
model this phenomenon. 
 
Recommendation: 
 
TRACE should model the enhancement of the condensation caused by ECCS-jet-induced 
turbulence, which should then be validated in a separate effect way. 

Postcritical heat flux interfacial heat transfer models 
Inverted-annular flow 
The liquid-to-interface heat flux in an inverted-annular flow regime plays a significant role in 
post-CHF HT in the case of liquid subcooling by inducing some condensation which decreases 
the film thickness and consequently improves the whole wall-to-fluid HT.  No effect of the liquid 
Reynolds number is modeled and a constant Nusselt number equal to 100 is used.  Fung pipe 
data suggests a higher value (200) but FLECHT SEASET simulations suggest reducing the 
value to 100.  No effect of the liquid Reynolds number is present in this HT. 
 
It is argued that no mass flux effect is visible in the Fung data in the range of 100 to 500 
kilograms per meter-squared per second (kg/m2/s), but the domain of application of the 
correlation during the blowdown phase of a LBLOCA includes higher mass fluxes.  An analysis 
of Winfrith data led W. Bryce to propose an effect of the mass flux in the film boiling correlation 
implemented in the CATHARE code [5]. 
 
The vapor-to-interface heat flux is modeled consistent with the wall-to-gas convective heat flux 
so that the wall-to-interface thermal resistance is split into two equal parts from wall to gas and 
from gas to interface.  This is adequate. 
 
Here again the presence of a gas-liquid direct HT, qgl, in the case of noncondensible gas is not 
justified. 
 
Recommendations: 
 
More generally, one can make the following recommendations on inverted-annular film boiling 
(IAFB) modeling: 
• Experimental data should be further analyzed to identify any possible effect of the mass flux 

and to validate the effect of subcooling on the overall HT in IAFB. 
• The validation against system effect tests (SETs) of the IAFB modeling should be extended 

to mass fluxes greater than 500 kg/m2/s and to data in tube and rod bundle geometry. 

Inverted-slug flow 
In inverted-slug flow the qli term is modeled using plausible assumptions to build a simple 
mechanistic model which cannot be validated in a separate effect way. 

Dispersed flow 
The qvi term in dispersed flow plays a dominant role in accidental sequences with core dry out, 
particularly during reflood. 
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A convection heat flux is modeled using a classical correlation for spherical bodies with the 
addition of a blowing factor for the vaporization case.  This model is adequate, but its accuracy 
depends on the evaluation of the droplet diameter which is the weak point of the dispersed flow 
modeling.  Measurements in Achilles and RBHT test facilities have shown that all droplets do 
not have the same diameter.  Because the HT coefficient and the interfacial area depend on the 
droplet diameter, using only an average diameter can introduce an important bias. 
 
Another source of uncertainty results from the simplifying assumption made on the profile 
effects as explained below. 
 
At every point of the duct cross section, one can write the following: 
 
qvi = Ai hvi(Vv, Vl, dd) (Tv-Tsv) 
 
The actual qvi of the balance energy equation is the area averaged value <qvi>. 
 
It is assumed that the function of the averaged parameters is the average of the following 
function: 
 
<qvi> = <Ai> hvi(<Vv>, <Vl>, <dd>) (<Tv>-<Tsv>) 
 
Since none of the sensitive variables has a flat profile, this assumption is very uncertain and 
denotes a lack of representativeness of the model. 
 
Therefore, a final tuning on representative data is necessary and the quality of validation against 
reflood is reasonable.  The only default is observed in the upper part of the core where the lack 
of effects of spacer grids on droplet diameter may explain an underestimation of qvi. 

Effects of noncondensible gases  
Default model for condensation 
The modeling of the effects of noncondensible gases on condensation is conducted by using 
the Tsv temperature for the interface and by reducing the HT coefficient to account for mass 
diffusion effects.  The empirical model of Sklover and Rodivilin is used. 
 
This model cannot have a large range of validity since it does not model the physics of the mass 
diffusion, but only correlates certain data empirically. 

Special model for film condensation 
The real physics of mass diffusion is modeled for film condensation in an option that might 
replace the Sklover and Rodivilin model in a future version of TRACE.  The overall modeling is 
very adequate and performs well in simulations of University of California Berkeley (UCB) data, 
Dehbi’s MIT data from the Massachusetts Institute of Technology(MIT), and data from the 
University of Wisconsin. 
 
The principle is to add an equation for the steam diffusion through the noncondensible gas and 
an unknown—the interface temperature Ti which is lower than Tsv. 
 
Testing a very similar model in the CATHARE code found that such a treatment is difficult to 
make robust.  In an attempt to simplify and to increase the robustness of the model, very 
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reasonable simplifications lead to the elimination of the new unknown, Ti, and to a qli expression 
that contains most of the physics of the diffusion equation [5, 8]. 
 
Recommendations: 
 
One should examine the simplifications of the mass diffusion effects on condensation made in 
the CATHARE code [5] before implementing the present special model for film condensation as 
the default model of a future version of TRACE. 

Model for evaporation 
The modeling of the effects of noncondensible gases on vaporization of liquid film is conducted 
by using the Tsv temperature for the interface and by reducing the HT coefficient to account for 
mass diffusion effects in a simpler way (as is done for condensation).  This approach can 
provide good qualitative trends but is not validated. 

Wall heat transfers 

Adequacy of the documentation 
Section 6 of the Theory Manual [1] describes all HT closure models and summarizes the work 
done for selecting the models.  The reasons for these choices are reasonably well explained. 
 
A few minor details should be improved.  In particular, the documentation in the Theory Manual 
[1] concerning the natural convection correlations is not sufficient.  Specifically, the following 
shortcomings were noted: 
 
• No reference is given for the coefficients of the natural convection correlations. 
• It is uncertain whether the models are applicable to vertical pipes only or are also applicable 

to horizontal and inclined pipes. 
• It is unclear whether, in the 3D module, there is a way to identify whether the wall is vertical 

or horizontal or inclined, including both the bottom and top wall.  Furthermore, if the wall is 
oriented vertically, the documentation does not explain how the natural convection HT takes 
account of this orientation. 

• A natural convection Nusselt number correlation is used in rod bundles, although it was 
established in vertical tubes, but the Theory Manual does not explain the reason for 
choosing rod bundles rather than tubes. 

 

Heat transfer regime selection logic 
The HT selection logic presented in Figure 6-2 of the Theory Manual [1]  is qualitatively well 
designed with the following minor drawbacks: 
 
• Pure single-phase convection is calculated when alfa>0.9999, but at low pressure, there 

may be a 10-percent mass of liquid water with alfa = 0.9999.  There is no reason for 
preventing any wall-to-liquid heat exchange. 

• When the wall temperature is smaller than the saturation (with respect to partial pressure of 
steam), some film condensation models are actuated on a void fraction criterion (alfa>0.9).  
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However, one would expect that a criterion based on film thickness would depend on both 
the void fraction and the diameter.  At present in large-diameter pipes (about 0.8 meter (m) 
in loops of a PWR), film condensation models are used for film thickness up to 41 mm, 
which is far above the limit of validity of such models. 

 
Recommendations: 
 
Wall-to-liquid heat exchange should be allowed for void fraction values higher than 0.9999. 
A film condensation model with a criterion based on film thickness rather than on the void 
fraction (alfa>0.9) should be selected. 

Precritical heat flux wall heat transfers 
Single-phase liquid convection 
The convective HT to single-phase liquid does not play a very important role in accidental 
transients.  This HT mechanism occurs in nominal conditions in PWR cores, at the bottom of 
BWR cores, and at the bottom of SGs.  It also affects the onset of nucleate boiling (ONB) since 
it controls the heater rod surface temperature.  It also affects to some extent the void profile in 
the BWR core of the SG secondary side.  Lastly, it affects slightly the initial energy stored in the 
fuel which is a parameter of high importance on the peak clad temperature during a LBLOCA.  
However, this HT mechanism has only a small effect on any important parameter. 
 
An effort was made to adopt a correlation (Gnielinski) in tubes more advanced than the simple 
Dittus-Boelter correlation of TRAC-PF1-Mod2, including a better agreement with data in the 
transition region and modeling of the effects of temperature-dependent fluid properties. 
 
Laminar and turbulent natural convection Nusselt number correlations are also used with 0.59 
and 0.1 as coefficients, respectively. 
 
The documentation in the Theory Manual [1] regarding these natural convection correlations is 
not sufficient and has the following shortcomings: 
 
• No reference is given for these coefficients.  It is mentioned that these correlations are 

extrapolated from vertical plates to pipe geometry. 
• The documentation does not explain whether the models are applicable to vertical pipes 

only or to horizontal and inclined pipes as well. 
• In the 3D module, the documentation does not explain whether there is a way to identify 

whether the wall is vertical, horizontal, or inclined.  Furthermore, if the wall is oriented 
vertically, the documentation does not explain how the natural convection HT takes account 
of this orientation. 

 
An effort was made to consider geometrical effects into consideration in the rod bundle 
geometry by using the recent work of El Genk.  The model implemented in TRACE includes a 
laminar and turbulent correlation, geometrical effects (function of pitch and rod diameter), and 
temperature-dependent fluid property effects. 
 
The advantage of having all of these details in the correlation for forced convection in rod 
bundles may not be visible in the reactor application. 
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A natural convection Nusselt number correlation is also used in rod bundles, although it was 
established in vertical tubes, but the Theory Manual [1] does not explain the reason for this 
choice (i.e., rod bundles versus tubes). 
 
Recommendation: 
 
The availability of the data from the NESTOR experimental program (this program was financed 
by the Electric Power Research Institute, CEA, and Electricité de France), which measured the 
convection-to-liquid HT coefficient in a real rod bundle geometry, should be checked as a 
means of validating the model. 
 
The documentation in the Theory Manual about the natural convection correlations should be 
improved.  References should be given for the coefficients of the natural convection 
correlations.  The documentation should explain whether the models are applicable to vertical 
pipes only or to horizontal and inclined pipes as well.  The documentation for the 3D module 
should explain whether the module identifies the wall as vertical or horizontal or inclined, 
including the bottom wall and the top wall.  If the walls are vertically oriented, the documentation 
should explain how the natural convection HT takes account of this orientation. 
 
A natural convection Nusselt number correlation is used in rod bundles although it was 
established in vertical tubes.  The Theory Manual should explain the reason for having made 
this choice for rod bundles and not for tubes. 

Two-phase forced convection 
“Two-phase forced convection” is the forced convection to liquid in the case of a two-phase flow.  
This HT mechanism occurs in many accidental situations combined with either boiling or 
condensation.  The overall efficiency of the HT depends on the liquid-to-interface heat flux, 
which is used in combination with the convective HT.  It is probably very difficult to measure 
separately each of these two HT coefficients (wall to liquid and liquid to interface) in steam-
water flow conditions in the case of boiling or condensation. 
 
The general case and the annular flow case are considered. 
 
In the general case, the same correlation is used for convective HT as for single phase by using 
the liquid velocity and not the mass flux (1-alfa) Vl in the Reynolds number.  This is a 
reasonable extrapolation which is corroborated by several studies and supported by authors in 
the literature.  One may argue that bubbly flow could either increase the turbulence intensity or 
damp the turbulence depending on the conditions (e.g., bubble size, bubble number) and should 
consequently affect (increase or decrease) the HT within the liquid, but given the present 
knowledge, it would be illusory to try to model these effects in a system code.  Therefore, the 
present model is adequate. 
 
In the case of annular flow, the liquid Reynolds number uses a film thickness length scale.  The 
section on drag modeling pays sufficient attention to wall and interfacial friction on a liquid film to 
guarantee that the film thickness is well predicted. 
 
The two-phase forced convection is not validated in a separate effect way, except for the 
annular flow case which is validated in the film condensation case. 
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Onset of nucleate boiling 
Nucleate boiling is a very common HT regime under nominal conditions in BWRs (and SG 
secondary side) and under accidental situations in PWRs.  This HT regime is characterized by 
very high HT efficiency and, as such, it does not play a dominant role in all LOCAs where 
degradation of rod cooling is the major concern. 
 
ONB is the point at which boiling starts and includes some local overheating of the heating 
surface.  The Basu model was selected because it includes the surface material effect.  
However, it requires knowledge of the contact angle, which depends on the surface-fluid 
combination; the present version of TRACE uses only the value for stainless steel. 
 
This may be too sophisticated a model with regard to available validation.  None of the 
assessment tests validates this ONB model. 

Nucleate boiling 
An effort to look at recently published work on nucleate boiling was made.  Pages 271 to 292 of 
the Theory Manual [1] document the selection of the model. 
 
An HT coefficient in pool boiling is selected (Gorenflo) which depends on the surface 
roughness, a parameter which is not known in most cases.  One reason for the choice is that it 
may avoid fluctuations at low pressure regardless of the realism of the fluctuations.  One may 
argue that, if such a nonphysically based criterion is used, it may be illusory to try to correlate 
the effects of surface roughness which are very difficult to control. 
 
It seems that the exponent 3 has been accidentally omitted in the qFC term in Eq. 6-70. 
A rather complex structure of the model is selected for nucleate boiling, and the Saha-Zuber 
model, which is a good model, is used to determine the fraction of heat flux given to the 
vaporization. 
 
The assessment does not include a precise validation of the nucleate boiling model in a 
separate effect way. 
 
Recommendations: 
 
A separate effect validation of ONB and of the nucleate boiling model should be done. 

Critical heat flux 
CHF may play an important role in accident sequences since it induces fuel overheating. 
 
TRACE uses a Groeneveld lookup table based on an experimental database.  This fully 
empirical approach is justified by the lack of understanding of flow phenomena leading to 
departure from nucleate boiling, which makes a mechanistic approach unreliable.  In the dry-out 
region, two empirical critical quality correlations are available.  Here also the fully empirical 
approach is justified by the difficulties in treating annular-mist flow in a physical way with a two-
fluid model.  Only a three-field model would be able to model mechanistically the dry-out 
phenomenon.  However, a criterion that skips to a film boiling regime for void fraction values 
higher than 0.9999 may hinder the empirical critical quality correlations. 
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For low-flow conditions, a specific treatment is used, which includes the Zuber pool boiling CHF 
model for zero mass flux and negative or zero quality.  In the case of zero mass flux and 
positive quality, Eq. 6-113 mentions a function of the static quality but this is not given in the 
documentation. 
 
The function of the mass flux G for low-flow conditions has a nonsymmetrical value for positive 
and negative mass flux.  But the documentation does not state the positive direction of the 
flowrate.  Is it relative to vertical direction? Is it positive for upward flow? How are positive and 
negative flowrates in horizontal flow or inclined flow defined? 
 
Recommendations: 
 
The documentation should explain the function of the static quality used in the CHF prediction 
and mentioned in Eq. 6-113. 
 
The documentation concerning CHF should specify how the positive flow is defined in the case 
of vertical flow, horizontal flow, and inclined flow, as well as in the 3D module. 

Postcritical heat flux 
Minimum film boiling temperature 
Minimum film boiling temperature may play a rather important role in accidental sequences.  
When rods are quenched during blowdown of an LBLOCA by a temperature reaching this limit, 
it may affect the beginning of the reflooding phase in a very unfavorable way.  ECCS water 
entering the core at the beginning of reflood will meet cold walls and vaporize suddenly, creating 
an overpressure and a flow reversal.  This flow reversal may initiate high amplitude oscillations 
between core and downcomer and could lead to a significant loss of water at the break, which 
would reduce the average liquid level in the downcomer and decrease the reflooding rate. 
 
Looking at the physics of the quenching, the Tmin should depend not only on thermal-hydraulic 
parameters but also on the properties of the hot wall, conductivity, heat capacity, and thickness 
of the heating wall.  A high conductivity, a high heat capacity, and a high thickness will result in 
more difficult quenching since the wall tends to behave as a constant temperature heater which 
can hardly reach the quenching condition, even locally.  If a Tmin correlation could in principle 
model material property effects, provided that a sufficient database exists, the geometrical 
effects would be even more complex or practically impossible to model.  For a cylindrical fuel 
rod, one may suspect that a case with a closed gap between clad and fuel pellet would behave 
differently than a case with an open gap.  With a closed gap, the clad and the fuel are thermally 
well coupled; with an open gap, the clad is more decoupled from the heat source.  This may 
result in easier quenching of the decoupled clad.  If a big drop of liquid hits the clad, local 
cooling may result in local quenching which will later propagate.  The same event with a closed 
gap will result in less local cooling since the pellet maintains a high clad temperature and may 
avoid quenching.  This could explain why experimental data found higher values of Tmin with real 
fuel rods with gap (like in loss-of-fluid tests (LOFTs)) than with compact rod simulators without 
gap or with relatively thick walls.  A system code that predicts only macroscopic behavior cannot 
model such heating wall effects. 
 
The effect of an oxide layer is mentioned, but it is not possible to include it in the modeling. 
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Considering the inherent limitations of the macroscopic approach used in the system code, one 
must accept that Tmin is a model with a rather large uncertainty band.  In this context, the choice 
of the Groeneveld-Stewart model is reasonable and tends to be a “conservative” choice, 
although it may have unfavorable effects at the beginning of reflooding, as mentioned above.  
Attention should be paid to a proper evaluation of the Tmin uncertainty band for safety analysis. 
 
The documentation mentions that the value of the quench temperature may be higher than Tmin 
in the reflooding situation and a correction is applied to the Groenevel-Stewart correlation close 
to a quench front.  This approach may appear somewhat artificial, but a better method cannot 
be easily found. 

Inverted-annular film boiling 
The film boiling HT is of prime importance in many accidental transients, in particular in 
LBLOCAs, since it determines the cooling capability in degraded conditions.  Therefore, the 
Peak Clad Temperature (PCT) depends on the film boiling HT coefficient. 
 
Although some physically based models exist for IAFB in the simple case of pool boiling 
(Bromley, Berenson), TRACE adopts an empirical HT coefficient correlation.  The heat flux is 
partitioned in a radiation HT to liquid, a convective HT to vapor, and a direct contribution to 
vaporization.  The convection-to-vapor heat flux may also be transmitted to the interface through 
the vapor-to-interface heat flux. 
 
The model depends mainly on the void fraction through the vapor film thickness and on the 
pressure.  Neither the effects of liquid subcooling nor the effects of mass flux are modeled.  The 
model is compared to the Fung data (low pressure, low quality) and the Winfrith data, with 
pressure up to 7 MPa. 
 
Both the void fraction and pressure effects seem to be correctly correlated in tube geometry.  In 
rod bundle geometry, the model is compared only to a FLECHT SEASET test with low flow and 
low pressure, and the direct contribution to vaporization is increased by 30 percent as compared 
to tube geometry. 
 
In fact, the overall efficiency of the IAFB HT depends on the void fraction prediction, which itself 
depends on the liquid-to-interface heat flux.  In the case of subcooled liquid, the liquid-to-
interface heat flux contributes to condensation, resulting in a thinner vapor film, which improves 
the efficiency of both the convection to vapor and direct contribution to vaporization. 
 
The efficiency of the IAFB model has to be considered together with the vapor-to-interface and 
liquid-to-interface heat fluxes in an inverted-annular flow regime. 
 
The vapor-to-interface heat flux is modeled in the same way as the wall-to-vapor heat flux with a 
laminar convection Nusselt number used to obtain a vapor temperature equal to half the sum of 
Tw and Tsat. 
 
The liquid-to-interface heat flux is modeled as a constant Nusselt number equal to 100.  Fung 
pipe data suggests a higher value (200), but FLECHT SEASET simulations suggest reducing 
this value to 100.  No effect of the liquid Reynolds number is present in this HT. 
 
It is argued that no mass flux effect is visible in the Fung data in the range of 100 to 500 
kg/m2/s, but the domain of application of the correlation during the blowdown phase of an 
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LBLOCA includes higher mass fluxes.  An analysis of Winfrith data led W. Bryce to propose an 
effect of the mass flux in the film boiling correlation implemented in the CATHARE code [1]. 
 
The IAFB correlation does not include a direct effect of liquid subcooling, but the liquid-to-
interface heat flux introduces such an effect by reducing the vapor film thickness.  However, it 
would be interesting to compare the overall HT coefficient data at different subcooling levels to 
conclude that the subcooling effect is properly modeled. 
 
Recommendations: 
 
Experimental data should be further analyzed to identify any possible effect of the mass flux and 
to validate the effect of subcooling on the overall HT in IAFB. 
 
The validation of IAFB modeling against SET should be extended to mass fluxes greater than 
500 kg/m2/s and to a more robust database in rod bundle geometry. 

Single-phase convection to vapor 
The convective HT to single-phase vapor may play a very important role in accidental 
transients.  This HT mechanism occurs in core uncovery situations during small-break loss-of-
coolant accidents (SBLOCAs), where it controls the peak clad temperature.  This model is also 
a basis for the two-phase convection to vapor, which is the dominant HT during blowdown and 
reflooding of an LBLOCA. 
 
The single-phase convection to vapor modeling is very similar to the single-phase convection to 
liquid with some small differences, including a different model for variable property effect, the 
addition of a model for entrance effects actuated downstream from a quench front, and a 
different model for natural convection and mixed convection HT coefficient.  Attention was paid 
to low-flow conditions which may be encountered in accidental situations with laminar or 
turbulent flow conditions and with possible mixed convection situations. 
 
The advantage of having added these effects may not be visible in actual rod bundle geometry 
in absence of accurate data for validation. 

Two-phase forced convection to vapor 
“Two-phase forced convection to vapor” is the forced convection to vapor in the case of a two-
phase flow (i.e., in the presence of droplets in the vapor).  This HT mechanism plays a dominant 
role in accidental situations with fuel clad dry out and, in particular, during the reflood phase of 
an LBLOCA. 
 
The overall efficiency of the HT depends on the vapor-to-interface heat flux which is used in 
combination with the convective HT to vapor.  The measurement of the average vapor 
temperature is necessary to identify the enhancement of HT to vapor resulting from liquid 
droplets.  This enhancement can be caused by an increased turbulence and the presence of 
distributed heat sinks. 
 
A model for the increased turbulence effect is implemented which is taken from the literature 
and compared to a tube database.  It underestimates the enhancement, but allows better 
predictions of the overall HT efficiency in reflooding conditions where the vapor-to-droplet model 
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also plays an important role.  It is then implicitly accepted that compensating errors between the 
enhancement factor and the model for vapor-to-droplet heat flux may exist. 
 
It must be mentioned that the model for vapor-to-droplet heat flux suffers from substantial 
uncertainties associated with the droplet diameter, polydispersion, and cross-section averaging.  
It must be accepted that some final tuning is necessary on the reflood data of the two sensitive 
models—enhanced forced convection-to-vapor and vapor-to-droplet heat flux. 
 
Recommendation: 
 
The enhancement factor for two-phase forced convection to vapor in reflood tests should be 
validated using the vapor temperature measurements.  Such measurements are (or will be) 
available in RBHT (Rod Bundle Heat Transfer) reflood tests performed at Pennsylvania State 
University (PSU). 

Inverted-slug film boiling 
Inverted-slug film boiling is considered to be a transition from IAFB and dispersed flow film 
boiling (DFFB, with an HT modeling based on an interpolation between IAFB and DFFB 
models).  This interpolation is consistent with a FLECHT SEASET test.  In the absence of more 
detailed information, this is reasonable. 
 

Condensation heat transfers 
In the high void fraction range (alfa>0.9), both the film condensation and dropwise condensation 
are modeled when Tw < Tsat(Pv). 
 
Available film condensation models use either the film thickness or a length scale based on a 
property group (see Eq. 6.213) in the definition of the Nusselt number.  Then, the Nusselt 
number is correlated as a function of the film Reynolds number which does not require 
knowledge of the actual film thickness.  TRACE relies on the prediction by momentum 
equations of the actual film thickness and expresses the Nusselt number with this length scale. 
 
The presence in TRACE of a dropwise condensation model is justified by the start of 
condensation when there is not enough liquid to wet the whole surface. 
 
However, the model does not allow condensation to start in the particular case in which 
Tv>Tsat(Pv) and Tw<Tsat(Pv) and alfa = 1 since none of the models can create the first liquid 
through which heat may transit to produce condensation.  In the dropwise model, some heat is 
taken from the vapor (or gas-vapor mixture), but it may be that this gas remains overheated and 
does not create any condensation.  Furthermore, in the dropwise model, some heat is taken to 
the liquid phase but this is proportional to the liquid fraction and is zero for alfa = 1.  It is not 
possible to create the first liquid starting from overheated steam or gas mixture.  A very easy 
way to correct this deficiency is to treat “overheated condensation” in a very symmetric way, as 
the “subcooled boiling” is treated by using a direct flux to interface.  Subcooled boiling creates 
steam before water is heated to saturation, and overheated condensation should create liquid 
before steam is cooled to saturation.  Boiling may start in the presence of subcooled water since 
a thin layer of saturated (or supersaturated) liquid may exist close to the heating wall even when 
the average liquid is subcooled.  In a similar way, condensation may start in the presence of 
overheated steam since a thin layer of saturated (or subcooled) steam may exist close to the 
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cooling wall even when the average steam is overheated.  In the same way as Eq. 6.3 defines 
the Γsub term for subcooled boiling, a Γoverh term for overheated condensation should be used. 
 
Recommendation: 
 
A model for overheated condensation should be implemented to allow condensation to begin in 
a single-phase overheated steam or gas mixture.  This model should use a direct flux to 
interface to create liquid.  Once some liquid film exists, film condensation can be treated, as it is 
now, by a wall-to-liquid heat flux associated with a liquid-to-interface heat flux. 

FLOW process models 

Critical flow 
The importance of a good prediction for critical flowrate is explained. 
 
Section 7 of the Theory Manual [1] (page 362) states that the presence of critical flow can be 
predicted for components with smooth area changes simply by using a sufficiently fine 
nodalization.  But the CPU cost remains prohibitive. 
 
Comments 
• The CPU cost associated with the prediction of critical flow would be reasonable simply by 

using a sufficiently fine nodalization with a fully implicit numerical scheme which allows very 
high Courant numbers (large time steps even if the velocity is high in very small meshes). 

• The documentation should better explain that the separate choked flow model allows the 
prediction of critical flow with a coarse nodalization without predicting the strong pressure 
gradient along the flowpath. 

 
Three cases are considered depending on upstream conditions which may be either subcooled 
liquid, two-phase vapor, or single-phase vapor. 
 
In the two-phase case, characteristic velocities are calculated using momentum equations 
provided with the added mass term which plays an important role in pressure propagation 
velocities. 
 
The documentation states that “choking occurs when the signal propagating with the largest 
velocity relative to the fluid is stationary.” This is not true, and it is a rather widespread error of 
interpretation of critical flows. 
 
In two-phase conditions, the pressure waves are “dispersive,” with their propagation velocity 
depending on the wavelength or frequency.  Characteristic velocities only represent propagation 
velocity at the zero wavelength or infinite frequency limit.  Considering that short wavelength, 
high-frequency pressure waves are the most rapidly damped by dissipation, low-frequency 
waves are likely to control the choking phenomenon rather than high-frequency waves.  Low-
frequency wave velocity depends not only on the differential terms of the equations but also on 
nondifferential source terms and are particularly sensitive to interfacial friction and heat and 
mass interfacial transfers.  This can be verified by solving two-phase flashing flow in a nozzle 
and comparing the predicted velocity with the calculated characteristic velocity.  It is found that 
flow blockage occurs when no characteristic velocity is zero.  It is very likely that flow blockage 
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occurs when the fluid velocity reaches the sonic velocity for low-frequency waves, which is 
smaller that the sonic velocity for high-frequency waves given by the characteristic velocities.  It 
can also be checked in two-phase water hammer conditions where the predicted propagation 
velocity mainly depends on relaxation time associated with flashing and condensation, and does 
not correspond to characteristic velocities. 
 
Although the physical basis of the choking model is not adequate, the predictive capabilities 
may be reasonable because of some compensating errors.  Since these critical flow models are 
inherited from previous codes and are likely to have been extensively validated, one may accept 
that they can be used after a careful validation in TRACE V5.0, provided that precise guidelines 
are given to users for selecting adequate “multipliers” depending on the conditions. 
 
The available validation on MARVIKEN, Moby Dick, and Super Moby Dick tests should be 
extended to many other geometrical configurations and upstream flow conditions. 
 
Recommendations: 
 
The available validation on MARVIKEN, Moby Dick, and Super Moby Dick tests should be 
extended to many other geometrical configurations and upstream flow conditions. 
 
The documentation of the critical flow model in the Theory Manual should be corrected to avoid 
diffusing an already widespread error in the interpretation of the characteristic velocities.  In 
particular, the Theory Manual should emphasize that choking does not occur when a zero 
characteristic velocity is reached but does when the sonic velocity of low-frequency pressure 
waves is reached.  Use of the characteristic velocity should be presented only as a simplifying 
assumption. 

Counter-current flow limitation 
Section 7 of the Theory Manual [1] explains why a counter-current flow limitation (CCFL) model 
is required and when it is needed in a reactor simulation.  However, the entrance of SG tubes is 
not mentioned, whereas they may encounter the CCFL phenomenon, particularly in the reflux 
condenser mode with a depressurization of the secondary circuit. 
 
The choice of flooding correlations includes Wallis-type, Kutateladze-type, and Bankoff-type 
correlations, which are sufficient to accommodate most situations. 
 
The Theory Manual [1] does not explain how the CCFL model changes the momentum 
equations and how the correlation is implemented in the solution procedure.  Thus, it is 
impossible to review the model implementation.  A flooding correlation gives an algebraic 
relationship between the liquid and gas velocities which must not be used at any time in a 
simulation.  It simply defines the maximum liquid downflow for a given gas upflow.  The use of a 
CCFL model should not change the solution in the case of an upward co-current flow or a 
downward co-current flow.  The use of a CCFL model should also allow counter-current flow 
with a downward liquid flowrate lower than the limit given by the flooding correlation.  The 
implementation of the CCFL model should take care of the smooth passage from a “limited 
solution” (i.e., when the liquid downflow is given by the flooding correlation) to a classical, 
nonlimited solution and should not disturb nonlimited solutions.  The absence of documentation 
concerning the implementation of the CCFL model prevents a check on whether TRACE 
satisfies these requirements. 
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Methods exist to translate a CCFL correlation into a drift velocity correlation or an interfacial 
friction correlation [9].  Both the ATHLET code and the CATHARE code use these methods. 
 
The implementation of the CCFL model in the solution procedure is not documented. 
 
The validation of the CCFL and flooding limit prediction is insufficient as explained below. 
 
Recommendation: 
 
The Theory Manual should document the CCFL model implementation in the equations and in 
the solution procedure. 

Oscillating manometer and expulsion of superheated steam by 
subcooled water 

The Theory Manual [1] presents the oscillating manometer test case, together with the 
expulsion of superheated steam by subcooled water test case, as a flow process rather than as 
a fundamental validation case in the Assessment Manual or as a section of the Assessment 
Manual on verification test cases.  Such a section should discuss all tests that validate the 
numerical scheme. 
 
The documentation does not present the treatment of equations related to the level tracking 
method. 
 
The results of both the “oscillating manometer” and the “expulsion of superheated steam by 
subcooled water” tests are remarkably well predicted with the level tracking method. 
 
Recommendation: 
 
The Theory Manual should present the treatment of equations related to the level tracking 
method. 
 
The oscillating manometer test case and the expulsion of superheated steam by subcooled 
water test case should be presented in a section of the Assessment Manual on verification test 
cases.  This section should discuss all tests that assess the numerical scheme. 

TRACE assessment 

Overview of TRACE assessment 
As explained in the Assessment Manual [2], PIRTs are used to establish the assessment matrix.  
PIRTs are given for SBLOCA and LBLOCA in PWRs and for BWR LOCA phenomena. 
 
The PIRT approach should be extended to other transients, including SG tube rupture, loss of 
feedwater, main steam line break, loss of electrical power, loss of residual heat removal, and 
BWR stability.  System codes may also be used for Probabilistic Safety Assessment (PSA) with 
beyond design-basis accidents (DBA) situations, which makes the range of physical situations 
much larger than in DBA cases.  It would be very useful to identify which new reactor situations 
encountered in such accidental transients would require a specific validation. 
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Looking at the LBLOCA PIRT, the following should be added: 
 
• Post-CHF HT during blowdown:  There is a phase during blowdown where the stagnation 

point moves from core to SGs, when the pressure decreases below the secondary pressure 
so that the highest temperature is no longer in the core but in the SGs.  This induces a flow 
reversal in the hot legs, upper plenum, and top of core, and some liquid flows from the top to 
the bottom of the core, which is already in post-CHF regime.  This induces the first clad 
temperature decrease after the first peak, and the efficiency of the cooling depends mainly 
on post-CHF HT which then becomes a main phenomenon to be addressed during 
blowdown.  The second peak of clad temperature depends on this blowdown cooling. 

• Noncondensible gas effects:  These should also be considered in cold legs and downcomer 
during refill and not only during reflood. 

 
Looking at the SBLOCA PIRT table for a Westinghouse-type PWR, the following should be 
added: 
 
• Condensation in cold leg during loop seal clearance:  The duration of the loop seal 

clearance controls the severity of the core uncovery and the clad temperature excursion.  In 
a cold-leg SBLOCA, this duration mainly depends on the relative effects of steam flow 
coming from the upper head, steam flow through the break, and condensation in the cold leg 
and downcomer.  When the steam supply from the upper head is just slightly less than the 
condensation plus steam flow, breaking the depressurization rate of the cold leg is very 
slow, creating a long period of core uncovery before clearance.  Therefore, the three 
phenomena must be accurately predicted. 

 
The selection criteria of SETs and IETs for TRACE validation are given.  Cross-reference 
matrices 4.1 to 4.5 in the Assessment Manual [2] outline the coverage of the important 
phenomena identified in the PIRTs. 
 
Some important phenomena are only addressed in IET and not by SET.  This is not sufficient 
because only SET can allow conclusions to be drawn concerning the adequacy and accuracy of 
a specific model. 
 
These cross-reference matrices for LBLOCA have the following insufficiencies: 
 
• Blowdown post-CHF HT is addressed by thermal hydraulic test facility (THTF) blowdown but 

probably not in the whole range of parameters.  Low-quality, high flowrate conditions seem 
to be lacking. 

• Minimum film boiling temperature during blowdown is not sufficiently validated by the THTF. 
• Entrainment and deentrainment in the upper plenum and hot legs during reflood are not 

addressed in a separate effect way.  Available IET assessments tests (slab core test facility 
(SCTF), cylindrical core test facility (CCTF)) are not prototypical with respect to this 
phenomenon. 

• Condensation in cold legs at ECCS injection is not addressed in a separate effect way. 
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• Hot wall HT in the downcomer during reflood is not addressed under representative 
conditions.  Reflooding duration is too short in the LOFTs and the calculated UPTF tests do 
not address this phenomenon. 

• Noncondensible gas effects in refill and reflood are not addressed by available assessment 
calculations. 

• Oscillations during reflood are not addressed under representative conditions by available 
SETs and IETs.  The LOFTs are not representative because of scale distortion.  SCTF and 
CCTF are not representative since oscillations were avoided intentionally by using lower 
plenum injection. 

 
The cross-reference matrices for SBLOCA have the following insufficiencies: 
 
• CCFL assessment is clearly insufficient. 
• The 3D power distribution under core uncovery situation is not assessed. 
• Two-phase differential pressure (DP) is not validated in a separate effect way with annular-

mist flows. 
• Condensation at ECCS injections is not addressed in a separate effect way. 
• Loop seal clearing is not addressed in a separate effect way. 
• Critical flow in complex geometry is not addressed in a separate effect way. 
 
One would also need to cross reference each closure model of the flow process model of 
TRACE with the tests of the assessment matrix.  Moreover, the range of parameters in which 
each closure law is validated in a separate effect way should be identified.  This would allow the 
user to check the applicability of the code to any new situation beyond the domain encountered 
in classical SBLOCA and LBLOCA transients. 
 
Recommendations: 
 
Each assessment report should review the PIRTs and the phenomena that they address, and 
clear conclusions on these phenomena and the related closure or flow process models should 
be drawn.  This is not done for each SET or IET assessment report. 
 
An additional matrix cross referencing all TRACE closure and flow process models with the 
tests of the SET assessment matrix should be given. 
 
The range of parameters in which each closure law is validated in a separate effect way should 
be identified.  This would allow the user to check the applicability of the code to any new 
situation beyond the domain encountered in classical SBLOCA and LBLOCA transients. 

Separate effect test validation 
MARVIKEN full-scale critical flow experiments 
 
TRACE simulates six MARVIKEN tests (see Appendix B1 to the Assessment Manual [2]).  It is 
said that TRACE uses a “one-dimensional critical flow model” which is not consistent with the 
choked flow modeling and does not represent the flashing flow as a 1D flow close to the exit 
choked plane.  Instead, TRACE uses a 0-D or point model.  The results are reasonably good 
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except test 13 which may underestimate the flowrate by about 40 percent in two-phase 
conditions. 
 
Sensitivity tests should be used to clarify the reason for this significant discrepancy.  
Calculations of the discharge pipe only (without modeling the vessel) that impose inlet 
conditions to the pipe might be used to identify whether the errors could be caused by 
temperature or void mispredictions at the inlet of the discharge pipe or whether the error is 
caused by a deficiency in the critical flow model itself. 
 
TRACE does not predict the pressure undershoots just after break because the code lacks a 
flashing delay model.  The experience of the CATHARE code, in which flashing delay is 
modeled, has shown that it is very difficult to have a universal model for this phenomenon which 
depends on parameters very difficult to control, such as water purity, presence of small nuclei 
with noncondensible gases, presence of dissolved gases, material surface properties, and so 
on.  However, having a rather simple modeling of this flashing delay may alert the code user to 
the existence of the phenomenon, may allow sensitivity tests on the delay, and may ensure that 
the delay is included in an uncertainty band in the uncertainty propagation analysis. 
 
Recommendations: 
 
The documentation should not use the terminology “one-dimensional critical flow model” for the 
TRACE critical flow model, which is better defined as a point model or 0-D model. 
 
Sensitivity tests should be conducted to clarify the reason for the discrepancy in predicting the 
critical flowrate in MARVIKEN test 13. 
 
Although development of a good, universal model of flashing delay is not possible, a simple 
modeling of this flashing delay in the qli term should be added to alert the code user to the 
existence of the phenomenon, to allow sensitivity tests on the delay, and to ensure that the 
delay is included in an uncertainty band in uncertainty propagation analysis. 

Moby Dick critical flow experiments 
TRACE assessment against Moby Dick noncritical flow and critical flow experiments is clearly 
insufficient since the assessment report is not very clear and does not provide an analysis of the 
reasons for the discrepancies between code predictions and the experimental data. 
 
The objectives of these calculations are not clear since a rather fine nodalization is used, 
although the TRACE critical flow model was designed to allow coarse nodalization close to the 
critical plane.  Therefore, the critical model is not assessed under conditions representative of 
its normal application.  Moreover, the documentation does not identify which cell edge(s) of the 
critical flow model is actuated.  Boundary conditions of the calculations are not given.  One may 
guess that upstream pressure and downstream pressure are both imposed since the flowrate is 
predicted and compared to data, but all pressure plots show a lower calculated upstream 
pressure than measured without providing a reason for this discrepancy.  Test 3167 is classified 
in the “noncritical” tests, although a shock was present in the test, which is contradictory.  The 
documentation states that two tests did not run with TRACE, but it does not provide any 
analysis of the cause of the failure.  It is also states that a liquid velocity greater than the gas 
velocity in the divergent is unphysical, whereas it is a normal behavior in an adverse pressure 
gradient.  Because of a lower inertia than liquid, a gas phase accelerates faster than liquid in a 
convergent and decelerates faster than liquid in a divergent.  Furthermore, the explanation of 
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the overestimation of the void fraction in the divergent is not convincing.  One suggests that it 
may be caused by an insufficient condensation HT coefficient (qli) or the absence of added 
mass force which might keep accelerations and velocities of both phases coupled in the 
divergent. 
 
Recommendations: 
 
Calculations assessing the Moby Dick noncritical flow and critical flow experiments should be 
much better documented with additional information on boundary conditions and cell edges with 
the critical flow option given and nodalization justified. 
 
Calculations assessing the Moby Dick noncritical flow and critical flow experiments should be 
further analyzed to identify the reasons for code failure in two tests and to understand the 
reason for the over prediction of the void fraction in the divergent. 

Super Moby Dick critical flow experiments 
TRACE assessment against Super Moby Dick critical flow experiments is clearly insufficient 
since the assessment report is not very clear and does not identify the analysis of the reasons 
for the discrepancies between code predictions and the experimental data. 
 
The documentation does not identify at which cell edge(s) the critical flow model is actuated and 
does not give the boundary conditions of the calculations. 
 
It appears that TRACE does not correctly predict the single-phase pressure drop resulting from 
acceleration in a convergent according to the Bernoulli equation.  The pressure drop in the 
convergent is significantly overestimated even when the flowrate is underestimated.  This must 
be clarified. 
 
Although Super Moby Dick critical flow experiments are poorly predicted with TRACE, no 
analysis of calculations is given and no conclusion on the adequacy of the critical flow model is 
provided. 
 
Recommendations: 
 
The reason for not predicting the right pressure loss under pure liquid conditions in the 
convergent should be explained. 
 
Calculations assessing the Super Moby Dick critical flow experiments should be further 
analyzed to understand the reason for the poor predictions. 

THTF steady-state tests  
Thermal hydraulic test facility (THTF) steady-state tests can be used to validate post-CHF HT in 
a core under conditions that may represent the blowdown phase of an LBLOCA. 
 
Four tests are calculated with pressures being about 12.5 and 8.5 MPa and mass fluxes in the 
range of 250 to 800 kg/m2/s. 
 
The inlet subcooling temperature ranges from 14 to 38 K. 
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These conditions encompass the pressure and mass flux range encountered in the blowdown 
phase of an LBLOCA.  However, the quality in the dry zone is probably higher than the 
minimum quality encountered in the blowdown phase of an LBLOCA because the whole core is 
in post-CHF conditions when liquid flows from the upper plenum to the cold-leg break through 
the core.  Furthermore, there is no quenched region like in the THTF tests which increases the 
quality of the flow before entering the post-dry-out area.  Therefore, the range of quality 
encountered in the dry-zone of THTF steady-state tests should be established and compared to 
the range of quality encountered in reactor LBLOCA simulations.  If necessary, additional 
validation with lower quality flow conditions should be considered. 
 
In the simulations, the limit of the wetted region was adjusted to validate only the post-dry-out 
HT without the influence of possible errors in CHF prediction. 
 
The predictions of the clad temperatures in the dry zone are not perfect but reasonable. 
 
Recommendations: 
 
The range of quality encountered in the dry zone of calculated THTF steady-state tests should 
be compared to the range of quality encountered in reactor LBLOCA simulations.  If necessary, 
additional validation with lower quality flow conditions should be considered. 

THTF transient blowdown tests  
THTF transient blowdown tests may be used for a global validation of the many closure models 
that play a role during a blowdown after break opening.  Break flow models, critical heat flux, 
interfacial friction, and post-dry-out HT all play a significant role in such situations. 
 
The rather high uncertainty of some boundary conditions for the core makes it difficult to draw 
clear conclusions on the physical models. 
 
Although some disagreements are found with the data in the predictions of break flowrate, and 
the extent and timing of the post-CHF region, the Peak Clad Temperatures (PCTs) are rather 
well predicted, which demonstrates the capability of TRACE to simulate a blowdown situation. 

FLECHT SEASET reflood tests 
FLECHT SEASET reflood tests are forced-feed tests which are adequate to validate all main 
models related to reflood under rather simple conditions (i.e., in the absence of radial power 
profile and system effects).  Such simulations are a very necessary step in the validation of the 
reflood before going to gravity reflood and to reflood with all system effects. 
 
Eight tests are calculated with varying pressures, inlet flowrate, inlet subcooling, and power. 
 
Section B7 of the Assessment Manual [2] analyzes and documents the calculation results. 
 
The simulations show the ability of the TRACE reflood models to predict the bottom quench 
front velocity, the DP in the core during the reflood, and the HT is in the dry zone, particularly in 
the region of the PCT close to mid-elevation. 
 
The main deficiency is related to the upper region of the core where the steam temperature and 
the clad temperatures are overestimated.  This attributed to the lack of spacer grid modeling. 
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The nodalization uses 14 axial nodes in the heated section, which is probably not a converged 
meshing. 
 
Recommendations: 
 
The choice of the nodalization for the FLECHT SEASET reflood tests should be justified and 
sensitivity tests to the meshing should be performed to evaluate the error resulting from 
nonconvergence. 

RBHT reflood tests 
Rod Bundle Heat Transfer (RBHT) reflood tests are forced-feed tests and are particularly well 
instrumented to validate all main models related to reflood under rather simple conditions (i.e., 
the absence of radial power profile and system effects). 
 
Six tests are calculated with varying pressures, inlet flowrate, inlet subcooling, and power. 
 
The Assessment Manual documents and analyzes the calculation results. 
 
The simulations demonstrate reasonably well the ability of the TRACE reflood models to predict 
the bottom quench front velocity, the DP in the core during the reflood, the HT in the dry zone, 
particularly in the region of the PCT, and the steam temperature. 
 
Some deficiency is related to the upper region of the core with overestimated clad temperatures, 
as in the FLECHT SEASET tests. 

RBHT steam cooling tests 
Rod Bundle Heat Transfer (RBHT) steam cooling tests are particularly interesting for use in 
validating the wall-to-steam single-phase convective HT in a range of Reynolds number relevant 
for LBLOCAs. 
 
Seven tests are calculated within the Reynolds number range (i.e., 2000–20000). 
 
The Assessment Manual documents and analyzes the calculation results. 
 
The simulations provide reasonably good predictions, with some underestimation of the HT 
coefficient which is more pronounced at low Reynolds numbers. 

FLECHT-SEASET steam generator tests 
FLECHT-SEASET SG tests can be used to validate some of the phenomena associated with 
steam binding during reflood.  A steam flow with droplets flows through an SG, which is at a 
high temperature.  Because the secondary temperature is between the Temperature of Burn 
Out TBO and the Minimum Film Stable Temperature TMFS, the HT regime on the primary side 
tends to be in transition boiling, which is a rather efficient HT regime.  If sufficient water is 
present in the tube, the tube wall temperature can decrease below TBO and the wall is 
quenched.  This wall will remain quenched if droplet deposition is sufficient to keep a constant 
liquid film on the wall.  Such deposition must be higher than or equal to the evaporation. 
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The droplets are created with a spray system, and there is no guarantee that the droplet size is 
representative of the size of the droplets entrained to the SG under reactor reflood conditions.  It 
is also very likely that the behavior of the droplets depends on their size, and larger droplets will 
tend to deposit earlier than smaller droplets which tend to follow the steam core flow farther. 
 
In the test, a very high percentage of droplets vaporize in the SG, whereas in the predictions, 
100 percent of the droplets vaporize except in low-quality test 21806.  TRACE predicts some 
deentrainment in the inlet header during a period of time before the droplets enter the SG tubes.  
It seems that droplets exchange heat with walls along a longer distance in the experiment than 
in the predictions, but the important fact is that most droplets vaporize.  TRACE reflects this 
phenomenon.  Thus, one can conclude that the TRACE behavior for droplets entering SG tubes 
is acceptable, but it overestimates deposition in the inlet header. 
 
One must notice that the steam binding phenomenon includes many other flow processes which 
are not simulated in this experiment, such as entrainment and deentrainment in the upper 
plenum in the hot leg.  FLECHT-SEASET SG tests cannot be considered an exhaustive 
assessment of steam binding. 

Emergency core cooling bypass tests 
UPTF tests 5, 6, 7, and 21 are the best tests to validate a system code for the prediction of the 
refill phase of a PWR LBLOCA under cold-leg injection (i.e., direct downcomer injection). 
 
TRACE simulations give reasonable predictions of downcomer penetration except for high 
subcooling test 5. 
 
The following are some observations related to this work: 
 
Although tests 5 and 7 were done with some nitrogen injection, it seems that TRACE 
calculations were run without any simulation of this nitrogen.  It must be mentioned that 
preliminary UPTF subcooled tests without nitrogen introduced strong condensation-induced 
instabilities.  Nitrogen was then injected with subcooled water to avoid dangerous instabilities 
and to be more representative of reactor conditions.  TRACE models the effects of 
noncondensible gases on condensation for film condensation but not for direct contact 
condensation.  This may explain why UPTF tests were not calculated with nitrogen transport.  
However, it should be made clear that this is the recommended methodology for PWR LBLOCA 
calculations with respect to noncondensible gases. 
 
The nodalization used for the downcomer employs a single radial mesh and eight azimuthal 
meshes.  This type of nodalization is consistent with the assumptions made in the derivation of 
the 3D set of equations in which no diffusion term is used.  Each mesh should have walls so 
that transfers with walls are dominant with respect to the mesh-to-mesh diffusion.  However, it is 
absolutely clear that it cannot be a converged nodalization.  Therefore, the simulation result is 
good only when numerical and physical model errors compensate for each other.  This 
compensation of errors is applicable to reactor under two conditions: 
 
• The nodalization used in the reactor calculation is the same “reference nodalization” as used 

in the validation. 
• The ensemble “physical model + numerical scheme + nodalization” is validated in scale 1 

tests so that no scale extrapolation is necessary from validation to reactor application. 
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These conditions seem to be applied with a small reservation that the size and number of nodes 
in the vertical direction are not identical in the downcomer validation tests (UPTF tests 5, 6, and 
7) and in the reflooding tests (SCTF, CCTF).  Therefore, the vertical nodalization used for 
reactor applications cannot be consistent with the validation calculations of both downcomer 
and core.  A reference 3D nodalization for the pressure vessel should be defined for the core 
and the downcomer and applied to both the validation calculations and the reactor applications. 
 
Section B4.4.1.1 of the assessment report states that the “primary system and containment 
pressure was maintained approximately at 2.5 bar throughout the test” during UPTF test 6, 
which is not true for the system pressure which increased up to 11 bar.  The report then states 
that the ECC temperature was maintained near saturation during UPTF test 6 which is also not 
true for the same reason.  Because of the pressure increase in the system, the subcooling 
temperature ranges from 26 to 50 °C during test 6, runs 131 to 136. 
 
The predicted system pressure is underestimated in many tests during ECC injection.  The 
interpretation for tests 6-131 to 6-136 is that the condensation is overestimated, which is 
consistent with the underestimated steam flowrate to the break.  However, the explanation is not 
fully convincing if one compares certain results from tests 6 and 7.  Test 7, run 2002, 
underestimates system pressure in the period t = 120 s to t = 160 s, whereas the steam flowrate 
to the break is very well predicted.  One may then consider that the frictional pressure drop and 
singular pressure drop from the downcomer to the containment are overestimated.  The 
overestimation of the condensation is clearly established and could be even more 
overestimated if the pressure was correct because of higher subcooling.  Sensitivity tests of 
both condensation in the downcomer and the pressure drop from the downcomer to the 
containment should be done for UPTF tests 6 and 7. 
 
TRACE underestimates the liquid mass in cold legs, and a few sensitivity tests should be 
conducted to understand to what sensitive physical models this underestimation may be 
attributed. 
 
The tests are generally well predicted except for the highly subcooled test 5.  Since this test is 
probably the most representative of reactor conditions, it should be analyzed in more detail and 
sensitivity tests should be conducted to identify the possible model corrections that might 
improve the test.  Given the experience of validating the CATHARE code against UPTF 
downcomer refill tests, it is possible that the interfacial friction in annular-mist flow may be 
overestimated in the downcomer.  Saturated tests and low subcooling tests are controlled by 
interfacial friction in bubbly-slug and annular flow regimes.  When the subcooling increases, the 
steam flowrates are higher and the onset of droplet entrainment is reached.  At this point, the 
water penetration is controlled by interfacial friction in the annular-mist flow regime. 
 
Recommendations: 
 
A methodology with respect to the effects of the nitrogen coming from accumulator discharge 
should be clearly defined by simulating N2 as either a noncondensible gas or not in TRACE 
calculations.  This methodology should be used in the validation and recommended for reactor 
applications. 
 
A reference 3D nodalization for the pressure vessel should be defined for the core and the 
downcomer and applied to both the validation calculations and reactor applications. 
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Sensitivity tests should be conducted for both condensation in the downcomer and pressure 
drop from downcomer to the containment for UPTF tests 6 and 7. 
 
The effect of the interfacial friction in the annular-mist flow regime in the downcomer should be 
analyzed to improve the prediction of the high subcooling test UPTF 5. 

Frigg tests 
Frigg test calculations allow validation of the interfacial friction model for BWR core conditions 
(vessel and Chan modules) at about 5 MPa.  The calculations are well documented and precise 
conclusions are drawn.  The interfacial friction performs well in such conditions with some small 
discrepancies identified. 

 THTF mixture level and core uncovery tests 
Mixture level and core uncovery tests are necessary to validate the capability of the code to 
predict correctly core uncovery situations, and, in particular, to predict the extent of the 
uncovered zone as a function of the available liquid mass in the core.  These tests are also 
important for a good prediction of many SBLOCA situations. 
 
Comparison of void fraction with data may validate the interfacial friction correlation.  If clad 
temperatures in the dry zone were compared, it could also validate the HT coefficient in forced 
convection. 
 
Twelve steady-state tests are simulated ranging from 4 to 8 MPa. 
 
Void fractions are generally slightly overestimated by about 5 percent. 
 
The following are some comments on the assessment report: 
 
Nothing is said about the choice of the nodalization.  Is it supposed to be converged in size or 
close to convergence? This is a very important question which should be answered by 
assessment calculation to give recommendations to users. 
 
A heat balance in the zone from the bottom of heated length to the swell level should be 
calculated to determine whether the dry zone is pure single-phase steam.  Considering the 
range of flowrates, it is likely that many tests (possibly all tests) are conducted in a situation in 
which the energy given to the fluid up to the swell level is just equal to what is necessary to heat 
to saturation and to vaporize all the inlet mass flowrate.  In such cases, there is absolutely no 
merit to being able to predict correctly the swell level since it only demonstrates that the energy 
balance is correctly written.  Therefore, the comparison of calculated and measured swell level 
may just verify the accuracy of the measurement of flowrate and electrical power. 
 
It seems that clad temperatures are measured in the test section.  It would be interesting to 
compare measured temperatures to code predictions. 
 
Recommendations: 
 
Convergence tests to the node size should be made in each assessment calculation of SETs to 
give recommendations to users. 



 A-42 
 

 
Calculation of a heat balance in the zone from the bottom of heated length to the swell level in 
the THTF mixture level tests should be done to check whether the dry zone is pure single-phase 
steam. 
 
If clad temperatures are measured in the THTF mixture level tests, it would be interesting to 
compare measured temperatures to code predictions to validate the wall-to-vapor convection 
model. 

RBHT steady-state uncovery tests 
An RBHT rod bundle represents a PWR assembly and can provide void axial profile 
measurements with a rather good resolution because of high density DP measurements.  The 
low-pressure range is investigated. 
 
Calculation results show an almost systematic overestimation of the void fraction, which may 
range from small to rather high depending on the test conditions. 
 
The absence of a “void fraction correction for two-phase conditions” is mentioned but is not 
explained.  It would be worth trying to apply this correction before comparing it to calculations. 
 
Nothing is said about the choice of the nodalization which is probably not converged in size.  
Assessment calculation should be used to estimate nonconvergence error. 
 
Data about the “onset of significant void” are compared to calculations.  However, the definition 
(first alfa measured above 10 percent) does not correspond to the classical notion used for 
subcooled boiling, which may be misleading. 
 
Recommendations: 
 
The absence of a “void fraction correction for two-phase conditions” in RBHT is mentioned but 
not explained.  It would be worth trying to apply this correction before comparing it to 
calculations. 
 
Correction of the bias on interfacial friction in the core should be considered since there seems 
to be a systematic trend to over predict void fraction in low pressure (RBHT) as well as at higher 
pressures (THTF).  Since Frigg tests are more precisely predicted in BWR core conditions, the 
correction should improve predictions in PWR conditions without degrading predictions in BWR 
conditions. 
 
Analysis of assessment results against RBHT tests should avoid using the term “onset of 
significant void” in a nonclassical way to prevent confusion. 

RBHT Transient Uncovery tests 
The RBHT transient uncovery test 1690 is calculated.  Because of flowrate and power history, 
there is a period of core uncovery.  TRACE correctly predicts the dry-out zone and timing, with a 
general trend to overestimate void fraction (this is the same trend found in steady-state RBHT 
tests) and the clad temperature during the dry out. 
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No conclusion should be drawn regarding the HT coefficient since the overestimated clad 
temperature may be caused by differences in thermal-hydraulic parameters. 
 
The summary and conclusions in Section B.15.17 of the assessment report are not consistent 
with the results. 
 
Recommendations: 
 
The summary and conclusions in Section B.15.17 of the assessment report regarding RBHT 
transient uncovery test 1690 are not consistent with the results and should be rewritten. 

GE Level swell experiments 
General Electric (GE) level swell experiments were conducted in the blowdown by a small break 
of a capacity full of saturated steam and water.  This is a way to validate the bubble rise velocity 
and the related interfacial friction correlation, particularly the Kataoka-Ishii model. 
 
Two tests are simulated with a large-diameter pipe (1.219 m) and a small-diameter pipe (0.3048 
m).  DP measurements allow estimating the void fraction vertical profile.  The initial calculation 
was modified by a discharge coefficient at the break to better follow the experimental pressure 
history.  The results of the calculation show a rather good prediction of the void fraction for the 
smaller diameter and a reasonable prediction for the larger diameter. 
 
This shows that the Kataoka-Ishii model predicts reasonably well the effects of pressure and 
diameter on the bubble rise velocity in stagnant liquid.  Conclusions might be even more precise 
if a larger number of tests with different initial conditions were simulated. 
 
The prediction of some void fraction fluctuations in a time period of test N 100-3 should be 
analyzed since these fluctuations may be caused by a bug somewhere in the code. 
 
Recommendations: 
 
A larger number of GE level swell experiments should be simulated in order to better validate 
the Kataoka-Ishii drift flux model. 
 
The prediction of some void fraction fluctuations in a time period of the GE level swell 
test N 100-3 should be analyzed. 

Wilson bubble rise tests 
Wilson bubble rise tests allow validating the bubble rise velocity in stagnant liquid and the 
related interfacial friction correlation, particularly the Kataoka-Ishii model, in a pressure range 
from 4 to 14 MPa and for a vertical pipe having a diameter of 0.91 m. 
 
These results, together with the GE level swell tests, show that the Kataoka-Ishii model predicts 
reasonably well the effects of pressure and diameter on the bubble rise velocity in stagnant 
liquid. 
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UCB-Kuhn condensation tests 
University of California Berkeley (UCB) Kuhn condensation tests can be used to validate the film 
condensation in the presence of noncondensible gases as may be encountered in the passive 
containment cooling systems of simplified boiling-water reactors. 
 
The documentation does not state whether the default model of Sklover and Rodivilin is used or 
whether the code includes the advanced modeling of mass diffusion effects in the presence of 
noncondensible gases, which is only present in the “developmental version” of TRACE.  One 
may assume that it is the advanced model since the results are good. 
 
Recommendation: 
 
Both the standard model (Sklover and Rodivilin) and the advanced model for film condensation 
in the presence of noncondensible gas should be assessed with UCB-Kuhn condensation tests. 

Dehbi-MIT condensation tests 
Dehbi-MIT condensation tests may validate models of film condensation in the presence of 
noncondensible gases for containment simulation. 
 
The advanced modeling of mass diffusion effects in the presence of noncondensible gases, 
which is only present in the “developmental version” of TRACE, is evaluated and performs very 
well.  Although results with the default model are not given, the documentation states that the 
default model over predicts the HT coefficient by an order of magnitude. 
 
The end of the assessment report provides recommendations for input modeling.  This should 
be taken as an example for all assessment work, and the User’s Manual should reflect the 
synthesis of all recommendations resulting from assessment work. 
 
Recommendation: 
 
Recommendations for input modeling, including nodalization and time step requirements, 
should be given based on each assessment work.  The User’s Manual should reflect such 
recommendations  

University of Wisconsin condensation tests 
The University of Wisconsin condensation tests may validate models of film condensation in the 
presence of noncondensible gases for containment simulation. 
 
The advanced modeling of mass diffusion effects in the presence of noncondensible gases, 
which is only present in the “developmental version” of TRACE, is evaluated and performs 
rather well. 
 
No results are given with the default model. 
 
The test section is rectangular with a cooling wall.  Only a vertical wall with downward flow of air 
and steam was investigated.  Other geometrical configurations would also be of interest. 
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Recommendation: 
 
The assessment of the University of Wisconsin condensation tests should be extended to other 
geometrical configurations with a downward-facing cooling wall. 

Flooding and CCFL tests 
Pages B637–B648 of the Assessment Model presents the validation of the CCFL model.  An 
experiment associated with Bankoff is calculated with a perforated plate in a rectangular 
channel.  This validation is clearly insufficient to prove the adequacy of the model 
implementation for the following reasons: 
 
• The predictions deviate from the prescribed flooding curve in the case of air-water flow 

without any explanation, whereas another simulation with steam water is acceptable.  It is 
impossible to know when the model behaves correctly and when it fails because the reason 
for the misprediction is not understood and not explained to the users. 

• The meshing seems to be very irregular with very different sizes of two adjacent cells in the 
plate area.  One may suspect that the solution is dependent on the meshing and can be 
perturbed by the irregular meshing. 

• To validate the applicability of the CCFL model to a reactor core assembly, a calculation 
should be performed with the actual geometry, including the rod bundle and the perforated 
plate, to check that the standard interfacial friction of the code does not impose a more 
severe limitation than the flooding correlation. 

• The CCFL may occur not only at the top of the core, but also in the hot leg, at the inlet of the 
SG header, or at the inlet of the SG tubes but it is not validated in these latter cases. 

 
Recommendations: 
 
The assessment of the CCFL model should be further analyzed and enhanced by additional 
tests.  The reason for the deviation of the prediction from the prescribed flooding curve should 
be understood and any possible model deficiency should be corrected.  Sensitivity to the 
meshing should be added and recommendations to users should be given.  A test with the 
actual reactor geometry should be conducted to verify that the standard interfacial friction of the 
code does not impose a limitation more severe than the flooding correlation.  Other tests should 
be simulated to validate the CCFL model application to the SG inlet header or to the inlet of SG 
tubes. 

Fundamental validation tests 
What is presented as “fundamental validation tests” should be classified either in “validation” or 
in “verification” tests according to the standard nomenclature. 
 
The oscillating manometer is a verification test. 
 
Single-tube flooding tests are verification tests since they do not compare TRACE predictions to 
data but to the correlation specified in the CCFL user option. 
 
Argonne National Laboratory (ANL) air-water void fraction tests are SET, even if some 
comments apply to predicted oscillations. 
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TPTF horizontal flow tests are SET. 
 
Single- and two-phase friction tests are SET. 
 
Recommendations: 
 
What is presented as “fundamental validation tests” should be classified either in “validation” or 
in “verification” tests according to the standard nomenclature. 
 
The oscillating manometer and single-tube flooding tests should be in the verification tests. 
 
ANL air-water void fraction tests, TPTF horizontal flow tests, single- and two-phase friction tests 
should be in the SET validation. 

Oscillating manometer 
U-tube oscillations are simulated with both a 1D model and the 3D pressure vessel model.  The 
test is presented as a way to assess the capability to predict the motion of a gas-liquid interface. 
 
This test is very important because it validates the capability of the numerical scheme to neither 
add any numerical dissipation nor to damp artificially manometer-type oscillations as could be 
encountered between the core and the downcomer during reflood.  Since such oscillations play 
an important role in LBLOCAs, this verification test is important. 
 
The results of the test are remarkably good since there is no damping at all. 
 
Recommendation: 
 
The Assessment Manual should mention that U-tube oscillations are used to validate the 
capability of the numerical scheme to neither add any numerical dissipation nor to damp 
artificially manometer-type oscillations as could be encountered between core and downcomer 
during reflood. 

TPTF horizontal flow tests 
Two-phase test facility (TPTF) horizontal flow tests may be used to validate the stratification 
prediction and the interfacial friction in stratified flow. 
 
This section of the Assessment Manual [2] lacks important information about the nature of the 
flow which may be either subcritical or supercritical with respect to void waves.  In subcritical 
conditions, downstream conditions (either low exit level or high exit level) influence the level in 
the pipe.  In supercritical conditions, the level in the pipe depends only on upstream conditions 
and on wall and interfacial drag forces. 
 
Since the Theory Manual [1] does not include information about the presence of a term in the 
momentum equations proportional to the void fraction axial gradient, it is impossible to analyze 
the quality of predictions in sufficient detail. 
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Recommendation: 
 
TPTF horizontal flow tests should be further analyzed and information added on the nature of 
the flow, which may be either subcritical or supercritical with respect to void waves.  In 
subcritical conditions, downstream conditions (either low exit level or high exit level) influence 
the level in the pipe, whereas in supercritical conditions, the level in the pipe depends only on 
upstream conditions and on wall and interfacial drag forces.  Thus, one cannot analyze the 
quality of predictions in sufficient detail without this information.  This is also related to the 
presence of a term in the momentum equations proportional to the void fraction axial gradient 
which allows the subcritical flow to be distinguished from the supercritical flow. 
 

Single-tube flooding tests 
Simulations of several flooding curves in pipes with either small or large diameter are presented 
for air-water and steam-water flow conditions.  Either a Wallis-type or the Kutateladze 
correlation is used in the CCFL option. 
 
The zero penetration point is well predicted, whereas the Wallis flooding curves in small-
diameter pipe are generally not well predicted, underestimating the liquid downflow by up to a 
factor of 4.  However, TRACE claims to predict the slope well, which is simply not true. 
 
Recommendation: 
 
The reason for the misprediction of the Wallis-type flooding curve in small-diameter pipes 
should be clarified. 

Integral Effect Tests 
 SCTF reflood tests 
Slab core test facility (SCTF) reflood tests are very useful in validating large-scale 3D effects in 
a PWR core during reflooding caused by radial power profile.  Both forced-feed and gravity 
reflood tests are performed.  Seven tests (five gravity reflood tests and two forced-feed reflood 
tests) are simulated and prove that the TRACE reflood models can predict the peak clad 
temperature and the quench front evolution.  It should be mentioned that gravity reflood tests 
are indeed SETs since the whole circulation loops are modeled, but the steam binding effect is 
not representative of the reactor situation.  Droplets that escape from the core cannot interact 
with hot walls in the SG and induce an enhanced flow resistance.  The pump pressure drop was 
intentionally increased in SCTF but this cannot represent the dynamic behavior of vaporizing 
droplets during an oscillatory reflooding.  The accumulator water is injected in the lower plenum 
instead of the cold leg, and there is no oscillatory behavior at the beginning of the reflood as 
was observed in other test facilities with cold-leg injection.  One may assume that the ECCS 
water coming from the cold leg enters the core with some initial velocity caused by inertia, which 
initiates the oscillations between core and downcomer.  Such oscillations are absent from the 
SCTF tests. 
 
Some comments on this work include the following: 
 
The selection of the seven calculated tests is adequate to validate the effect of radial power 
profile in both forced-feed and gravity reflood conditions and the pressure effect. 
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Figure captions should more explicitly identify what is calculation and what is measurement. 
 
A figure like C3-18 with three calculated pressure differences and three measured pressure 
differences is totally useless since, because of oscillatory behavior, one cannot distinguish one 
curve from the others. 
 
The results of the base case calculation only show clad temperatures in one of the eight 
assemblies.  Since the main interest of SCTF is to validate the effects of radial power profile, it 
is necessary to show the radial profile of clad temperatures, even if 3D thermal hydraulic effects 
result in homogenization of the results. 
 
The comparison of tests 604, 605, and 611 is the best way to actually validate the code’s 
capability to capture power profile effects.  However, only the PCTs of two assemblies are 
compared, which is notably insufficient. 
 
The comparison of test 606 with test 604 and test 606 with test 611 should allow validation of 
the pressure effect but only a temperature and DP are compared.  A better way to synthesize 
the quality of reflood simulations would be to plot the maximum clad temperature as a function 
of the elevation and the quench front progression. 
 
The prediction of flow oscillations in the core during gravity reflood simulations, which did not 
exist in the experiment, is not mentioned or interpreted.  Oscillations may play a very important 
role in decreasing the average downcomer head and in increasing the liquid carryover and 
consequently the steam binding.  The rather good predictions of the PCTs with such abnormal 
behavior may be the result of some compensating errors which may not be identical in reactor 
simulations since the steam binding is not prototypical in the absence of hot SGs. 
 
The choice of the nodalization is not discussed.  Having used 11 meshes in the vertical direction 
for each assembly certainly does not provide a converged meshing.  Therefore, it should be 
made clear that numerical errors caused by nonconvergence are present in the simulation and 
that the same nodalization should be used in the reactor calculation for obtaining the same 
quality as in the SCTF validation. 
 
Recommendations: 
 
Additional code-to-data comparisons against the SCTF data should be given in the assessment 
report reflood tests to demonstrate that the radial power profile effects are indeed well predicted.  
Figure captions should be more explicit and some plots should be made more readable.  A 
better way to synthesize the quality of reflood simulations would be to plot the maximum clad 
temperature as a function of the elevation for several assemblies and the quench front 
progressions. 
 
The reasons for predicting oscillations in SCTF gravity reflood tests which do not exist should be 
investigated through sensitivity tests. 
 
A clear policy with respect to the use of nonconverged 3D nodalization in the pressure vessel 
should be defined. 
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CCTF gravity reflood tests 
Cylindrical core test facility (CCTF) gravity reflood tests are very useful in validating large-scale 
3D effects in a PWR core during reflooding caused by radial power profile.  Seven tests are 
simulated.  SETs are well represented in CCTF since whole circulation loops are modeled and 
the SGs are hot so that droplets which will be entrained up to the SG will vaporize and create 
the steam binding effect.  In this respect, CCTF is more representative of system effects than 
SCTF tests. 
 
The accumulator water is first injected in the lower plenum instead of the cold leg and later 
switched to the cold legs to minimize oscillatory behavior at the beginning of the reflood.  As a 
result, oscillations are absent from CCTF test run 62 as shown in core DP in Figure C2-24.  In 
this respect, CCTF is not fully representative of system effects since the oscillatory behavior 
observed in other test facilities at the beginning of reflood is not represented. 
 
The simulations show the ability of the TRACE reflood models to predict the peak clad 
temperature and the quench front evolution in such gravity reflood conditions.  The work done 
on test 62 is a good example of what should be done in all assessment calculations with regard 
to the degree of analysis and understanding of the results. 
 
The assessment report provides a rather detailed comparison for test 62 and a much more 
synthetic view of the other test results. 
 
Some comments on this work include the following: 
 
The selection of the seven calculated tests is adequate to validate the effect of radial power 
profile under gravity reflood conditions and the effects of pressure, decay power level, and a 
downcomer injection as well. 
 
The main default of the CCTF test prediction is the overestimated clad temperature at the top of 
the core which is attributed to the vapor-to-droplet heat exchange and the droplet size 
prediction.  This hypothesis should be checked under the forced-feed conditions of RBHT tests. 
 
The choice of the nodalization is not explained.  Using 11 meshes in the vertical direction for 
each assembly certainly does not provide a converged meshing.  Therefore, it should be made 
clear that numerical errors caused by nonconvergence are present in the simulation and that the 
same nodalization should be used in the reactor calculation to obtain the same quality as in the 
CCTF validation. 
 
The sensitivity to the time step should also be investigated since, in gravity reflooding and in the 
presence of condensation, fluctuations and oscillations are possible and may require a small 
maximum time step to obtain a converged solution. 
 
Recommendations: 
 
A clear policy with respect to the use of nonconverged 3D nodalization in the pressure vessel 
should be defined. 
 
The sensitivity to the time step should also be investigated for reflood calculations to provide 
users with precise recommendations for how to get a converged solution. 
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The main default of the CCTF test prediction is the overestimated clad temperature at the top of 
the core which is attributed to the vapor-to-droplet heat exchange and the droplet size 
prediction.  This hypothesis should be checked under the forced-feed conditions of the RBHT 
tests. 

LOFT LBLOCA Tests 
LOFT tests are unique tests to validate PWR LBLOCA with actual fuel rods. 
 
Three tests are simulated—L2.5, L2.6, and LB-1. 
 
Many flow parameters are well predicted and the PCT is only slightly over predicted.  
Considering the uncertainties associated with external thermocouple effects, one may conclude 
that the overall behavior is reasonably well predicted. 
 

BETHSY SBLOCA test 9.1B 
BETHSY SBLOCA test 9.1B simulates a 2-inch cold-leg break without high-pressure injection.  
An ultimate procedure is actuated with depressurization of the secondary side in order to reach 
a primary pressure which allows actuation of accumulators and low-pressure injection system 
(LPIS). 
 
The nodalization of both primary side and secondary side of the BETHSY loop is rather coarse 
and is likely to be far from being converged. 
 
All the main parameters of the transient are well calculated, including primary and secondary 
pressure, mass inventory, and clad temperature excursion.  Some discrepancies are observed 
for the break flowrate and the loop seal clearing which remain reasonable. 
 
Recommendations: 
 
A finer nodalization for IET simulations should be used to be closer to a converged meshing in 
1D components.  This will create a better reference calculation for future automatic 
nonregression tests. 

BETHSY SBLOCA test 6.2TC 
BETHSY test 6.2TC simulates a 6-inch cold-leg break without high-pressure injection. 
 
The first phase of the depressurization is not well predicted with too slow of a decrease.  No 
satisfactory reason is given to explain this discrepancy since the initial pressurizer water level 
mentioned was correct at time zero. 
 
The loop seal clearing and the primary-secondary pressure reversal are well predicted.  The 
second depressurization phase under predicts the primary pressure caused by a higher break 
flow. 
 
The core level depression and recovery during loop seal clearing are poorly predicted, and no 
associated clad temperature excursion is predicted.  No reason is given to explain these 
mispredictions. 
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The core liquid level decreases too fast up to accumulator actuation and increases too quickly 
after accumulator actuation, with the final decrease coming too early.  The consequence is a 
prediction of a core uncovery between 300 and 400 s which does not exist in BETHSY and an 
early excursion at about 1330 s instead of 2159 s. 
 
An overestimated break flowrate can explain some of the observed discrepancies but not the 
poor predictions of the first depressurization phase and the core level depression and recovery 
during loop seal clearing.  Since one may suspect some input deck error, further analysis is 
recommended. 
 
Recommendation: 
 
Further analysis of the poor predictions of the first depressurization phase and the core level 
depression and recovery during loop seal clearing in BETHSY test 6.2TC is recommended. 

LOFT SBLOCA test L3-7 
LOFT SBLOCA test L3-7 simulates a 1-inch cold-leg break test assuming temporary loss of the 
high-pressure injection system (HPIS) and auxiliary feedwater (AFW) at T0+30 minutes (min).  
Accident mitigation measures included secondary feed and bleed at T0+60 min and HPIS 
recovery at 100 min. 
 
The nodalization of both primary and secondary sides of the LOFT loop are rather coarse and 
are likely to be far from being converged. 
 
Most phenomena are predicted and quantitative predictions are reasonable considering 
experimental uncertainty associated with some boundary conditions of the secondary side of 
SGs. 
 
However, the break flowrate prediction is underestimated by up to 30 percent. 

LOFT SBLOCA test L3-1 
LOFT SBLOCA test L3-7 simulates a 4-inch cold leg break test. 
 
Primary and secondary pressures are overestimated and the break flow is first underestimated 
then overestimated.  It is not clear if the break flow is responsible of all discrepancies and one 
may suggest looking also at the boundary conditions of the secondary side of steam generators. 
 
Recommendations: 
 
It is recommended to clarify the reasons of the break flow mispredictions in the LOFT SBLOCA 
tests L3-7 and L3.1 and to further investigate possible sources of errors in the boundary 
conditions of the secondary side of steam generators. 
 
It is recommended to use a finer nodalization for Integral Effects Test Simulations to be closer to 
a converged meshing in 1D components in order to use a better reference calculation for future 
automatic non regression tests. 
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LSTF SBLOCA test SB-CL-01 
LSTF SBLOCA test SB-CL-01 simulates a 2,5 % cold leg side break with delayed HPIS/LPIS 
actuation. 
 
The nodalization of both primary side and secondary side of LSTF loop are rather coarse and 
are probably rather far from being converged. 
 
The calculation results are well documented and analyzed in the Assessment Manual. 
 
All the main parameters of the transient are well calculated including primary pressure, mass 
inventory and clad temperature excursion.  Some discrepancies are observed for the liquid 
temperature in cold legs. 
 
Recommendations: 
 
It is recommended to use a finer nodalization for Integral Effects Test Simulations to be closer to 
a converged meshing in 1D components in order to use a better reference calculation for future 
automatic non regression tests. 

LSTF SBLOCA test SB-CL-05 
LSTF SBLOCA test SB-CL-05 simulates a 5-percent cold-leg side break.  The Assessment 
Manual documents and analyzes the calculation results. 
 
All of the main parameters of the transient are well calculated, including primary and secondary 
pressures, mass inventory, and clad temperature excursion during loop seal clearing.  Some 
discrepancies are observed in the core level, with the beginning of uncovery just before 
accumulator injection, which is not seen in the experiment. 

LSTF SBLOCA test SB-CL-14 
LSTF SBLOCA test SB-CL-01 simulates a 10-percent cold-leg side break without either HPIS or 
AFW.  The Assessment Manual documents and analyzes the calculation results. 
 
All of the main parameters of the transient are well calculated, including primary pressure, and 
loop seal clearing.  Some discrepancies are observed in the core level with the beginning of 
uncovery just before accumulator injection, which is not seen in the experiment, and in the 
accumulator discharge flow which is too high. 

LSTF SBLOCA test SB-CL-15 
LSTF SBLOCA test SB-CL-01 simulates a 0.5-percent cold-leg bottom break without HPIS, 
LPIS, and AFW.  The Assessment Manual documents and analyzes the calculation results. 
 
Most phenomena are well predicted with some discrepancies in the loop seal clearing. 
 

LSTF SBLOCA test SB-CL-16 
LSTF SBLOCA test SB-CL-01 simulates a 0.5-percent cold-leg top break without AFW.  HPSI 
failure was assumed but was manually actuated after the loops cleared.  The Assessment 
Manual documents and analyzes the calculation results. 
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Most phenomena are reasonably well predicted with loop seal clearing and core uncovery 
occurring too early. 

LSTF SBLOCA test SB-CL-18 
LSTF SBLOCA test SB-CL-01 simulates a 5-percent cold-leg side break without either HPIS or 
AFW.  The Assessment Manual documents and analyzes the calculation results. 
 
Most phenomena are reasonably well predicted, including loop seal clearing and the two core 
uncovery sequences. 
 

SYNTHESIS, CONCLUSIONS, AND RECOMMENDATIONS 

Synthesis and conclusions 
This review of the TRACE V5.0 code was based on the documentation, which included the 
Theory Manual [1], the Assessment Manual [2], and to a lesser extent, the Users‘ Manual.  It 
focused mainly on field equations and closure models, on a few flow process models, and on 
their assessment.  The assessment considered SETs and only the IETs related to PWR 
LBLOCAs. 
 
The importance with regard to safety of each closure or flow process model is underlined by 
estimating its sensitivity to accidental transients.  It is important to note that the author of this 
review is more versed in accidental transients associated with PWRs than with those associated 
with BWRs.  The correctness and adequacy of the each model or submodel was evaluated 
using up-to-date knowledge on the corresponding flow process, while considering its 
consistency with the intrinsic limitations of the two-fluid model.  The degree of empiricism of the 
selected model was also evaluated with regard to the physical understanding of the 
corresponding flow process.  The validation of each model or submodel in a separate effect 
approach was then evaluated based on the Assessment Manual [2].  The evaluation also 
considered the adequacy of the Theory Manual.  Finally, for some closure or flow process 
models, this report provides recommendations for either improving the documentation in the 
respective subsection of the Theory Manual, or for proposing additional R&D work to improve 
the model, or for proposing additional validation. 
 
The main results of this review include the following: 
 
TRACE V5.0 appears to be a good system code with extended capabilities for simulating PWR 
and BWR LOCAs.  An impressive amount of work has been done to revisit all closure models by 
considering recently published work to improve some old correlations of the previous generation 
of codes (RELAP and TRAC), implementing many improvements, and providing a coherent and 
rather simple set of models.  Most closure and flow process models evaluated appear to be 
adequate and to reflect the present state of the art.  The degree of empiricism of most closure 
models is consistent with the available physical understanding of the basic flow processes.  
Mechanistic models were selected or developed when possible, some tuning on experimental 
data was added when necessary, and pure empirical models were selected when no better 
approach was available. 
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However, a few models, which are not validated under conditions representative of the reactor 
application, may have an unnecessary degree of sophistication which does not contribute to 
improved predictive capabilities.  A few models may require further analysis and improvements, 
such as the models for direct contact condensation, top-down reflooding, interfacial transfers in 
the presence of noncondensible gases, and the stratification criterion. 
 
Although this evaluation did not address the numerical scheme, calculations of the oscillating 
manometer and the expulsion of steam by subcooled water demonstrate that the level tracking 
method of TRACE V5.0 performs remarkably well. 
 
The available assessment against SETs and IETs validates many models and covers a number 
of the physical situations encountered in accidental transients.  However, some validation 
calculations are not sufficiently analyzed, and additional assessment is still required for a more 
exhaustive coverage of each model and of all important phenomena encountered in reactor 
transients. 
 
The evaluation did not identify any significant flaws in the modeling which might lead to wrong 
predictions and to erroneous conclusions on safety issues.  However, certain checks on some 
models and some additional assessment are necessary to fully demonstrate that there is no 
flaw. 
 
The documentation of the physical modeling in the Theory Manual provides not only the 
selected equations and closure models but also justifies the choices, which is useful and 
appreciated by users.  However, recommendations are given to improve the documentation for 
the 3D pressure vessel, in particular. 
 
The documentation of validation and verification in the Assessment Manual [2] presents the 
general assessment methodology based on PIRTs and the results of each SET or IET 
simulation.  This report offers recommendations to improve the analysis of some calculations, to 
relate each assessment work to the PIRT, to provide guidance to users based on assessment 
work (e.g., recommendations on mesh size and time step), to add a matrix cross referencing all 
models with the SET matrix, and to give the range of parameters in which each closure law is 
validated in a separate effect way. 
 
More detailed recommendations are compiled in the sections that follow and are classified with 
respect to their priority and the type of action recommended. 
 
High-priority recommendations should be considered first to make sure that TRACE is actually 
applicable to safety investigations without any significant deficiency. 
 
Medium-priority recommendations consider possible improvements with less impact on safety 
issues. 
 
Long-term recommendations are possible improvements which have no urgency for TRACE 
V5.0, but which might be considered for future versions. 
 
Section 9.2 provides recommendations for additional R&D work to improve the physical models, 
either the equations or the closure models. 
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Section 9.3 offers recommendations for additional assessment work related to the deficiencies 
that were identified. 
 
Section 9.4 gives recommendations related to the documentation when improvements seem 
necessary. 

Recommendations for additional research and development work on 
the models 

High-priority recommendations about models 
 
Stratification criterion 
The third stratification criterion based on the Richter flooding limit should be removed from the 
standard models and possibly replaced by a user option with free constants. 
 
Direct contact condensation 
The enhancement of the condensation associated with ECCS-jet-induced turbulence should be 
modeled in TRACE and validated in a separate effect way. 
 
Film condensation 
A model for overheated condensation should be implemented to allow condensation to begin in 
a single-phase overheated steam or gas mixture.  This model should use a direct flux to 
interface to create liquid.  Once some liquid film exists, film condensation can be treated, as it is 
now, by a wall-to-liquid heat flux associated with a liquid-to-interface heat flux. 
 
The addition of a qgl term and the multiplication of qvi by Pv/P in the presence of noncondensible 
gases should be reconsidered and possibly limited to extreme situations. 
 
Wall heat transfer selection logic 
Wall-to-liquid heat exchange should be allowed for void fraction values higher than 0.9999. 
The film condensation model should be selected based on the film thickness rather than on the 
void fraction (alfa>0.9). 
 
CCFL 
The reason for the misprediction of the Wallis-type flooding curve in small-diameter pipes 
should be clarified.  If necessary, the CCFL model implementation in the equations and the 
solution procedure should be revised. 

Medium-priority recommendations about models 
Flow regime map 
The flow regime map used for drag models should include the possibility of stratified-mist flow 
which may exist in large-diameter pipes, such as the hot legs of PWRs, at a relatively low void 
fraction. 
 
Momentum equations 
The capabilities of the term of the liquid momentum equation should be checked against the 
gradient of the liquid height in stratified flow with a benchmark calculation which includes area 
restriction, area enlargement, and a bend (see [5]). 
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Interfacial friction in pipes 
The interfacial friction in bubbly flow and cap bubble flow in pipes might be revisited, with a 
focus on situations encountered in SG pipes with cooling walls. 
 
Core interfacial friction 
The bias on interfacial friction in the core should be corrected since there seems to be a 
systematic trend to over predict void fraction at low pressures (RBHT) as well as at higher 
pressures (THTF).  Since Frigg tests are more precisely predicted in BWR core conditions, the 
correction should improve predictions under PWR conditions without degrading predictions 
made under BWR conditions. 
 
The second version of the Bestion drift flux model [5] for rod bundles might be considered as a 
replacement for the first version, provided that it is validated for BWR core conditions. 
 
Flashing 
Although development of a good, universal model of flashing delay is not possible, a simple 
model of this flashing delay in the qli should be added to alert the code user to the existence of 
the phenomenon, to allow sensitivity tests on the delay, and to ensure that the delay is included 
in an uncertainty band in uncertainty propagation analysis. 
 
Film condensation 
The simplifications of the mass diffusion effects on condensation which are made in the 
CATHARE code [5] should be considered before implementing the present special model for 
film condensation as the default model of a future version of TRACE. 

Long-term recommendations about models 
Flashing 
For long-term evolutions of TRACE, the implementation of a physically based model for liquid-
to-interface heat flux in flashing conditions would extend the capabilities of the code and would 
allow a 1D simulation of critical flow without the addition of a chocking model. 
 
Momentum equations 
Addition of the added mass force and use of a well-posed model should be considered. 
 
The addition of a turbulent dispersion term rather than a lift force should also be considered. 
 

Recommendations for additional validation work 
High-priority recommendations about validation 
Direct contact condensation 
Condensation at ECCS injections should be validated in a separate effect way under conditions 
representative of both LBLOCAs and SBLOCAs. 
 
Assessment calculations should address noncondensible gas effects in refill and reflood. 
 
Reflood 
A clear policy with respect to the use of nonconverged 3D nodalization in the pressure vessel 
should be defined.  The choice of the nodalization for reflood tests should be justified and some 
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sensitivity tests to the meshing should be performed to evaluate the error associated with 
nonconvergence. 
 
The sensitivity to the time step should also be investigated for reflood calculations to provide 
users with precise recommendations for how to get a converged solution. 
 
Oscillations during reflood should be addressed in representative conditions by available SETs 
and IETs.  The LOFTs are not representative because of scale distortion; SCTF and CCTF are 
not representative since oscillations were avoided intentionally by using lower plenum injection. 
 
Deentrainment in upper plenum and CCFL at upper tie plate during reflood 
Entrainment and deentrainment in the upper plenum and hot legs and CCFL at the upper tie 
plate of the core during reflood should be validated in a separate effect way.  Available IET 
assessment tests (SCTF, CCTF) are not prototypical with respect to this phenomenon.  One 
should consider UPTF tests, such as test UPTF-10c. 
 
Film boiling in blowdown 
Experimental data should be further analyzed to identify any possible effect of the mass flux and 
to validate the effect of subcooling on the overall HT in IAFB. 
 
The range of quality encountered in the dry zone of calculated THTF steady-state tests should 
be compared to the range of quality encountered in reactor LBLOCA simulations.  If necessary, 
additional validation with lower quality flow conditions should be considered. 
 
The validation against SET of the IAFB modeling should be extended to mass fluxes greater 
than 500 kg/m2/s and to a more robust database in tube and rod bundle geometry. 
 
Downcomer refill 
A methodology with respect to the effects of nitrogen coming from accumulator discharge 
should be clearly defined by simulating N2 either as a noncondensible gas or not in TRACE 
calculations.  This methodology should be used in the validation and recommended for reactor 
applications. 
 
A reference 3D nodalization for the pressure vessel should be defined for the core and the 
downcomer and applied to both the validation calculations and reactor applications. 
 
Hot wall heat transfer in downcomer during reflood  
Hot wall HT in downcomer during reflood should be addressed under representative conditions.  
Reflooding duration is too short in the LOFTs, and the calculated UPTF tests did not address 
this phenomenon.  One may suggest the use of tests conducted by the Japan Atomic Energy 
Research Institute. 
 
CCFL 
The assessment of the CCFL model should be further analyzed and enhanced by additional 
tests.  The reason for the deviation of the prediction from the prescribed flooding curve should 
be understood and any possible model deficiency should be corrected.  Sensitivity to the 
meshing should be added and recommendations to users should be given.  A test with the 
actual reactor geometry should be conducted to verify that the standard interfacial friction of the 
code does not impose a limitation more severe than the flooding correlation.  Other tests should 
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be simulated to validate the CCFL model application to the SG inlet header or to the inlet of SG 
tubes. 
 
The reason for the misprediction of the Wallis-type flooding curve in small-diameter pipes 
should be clarified. 

Medium-priority recommendations about validation 
Assessment methodology 
Each assessment report should review the PIRTs and the phenomena that they address, and 
clear conclusions on these phenomena and the related closure or flow process models should 
be drawn.  This is not done for each SET or IET assessment report. 
 
An additional matrix cross referencing all TRACE closure and flow process models with the 
tests of the SET assessment matrix should be provided. 
 
The range of parameters in which each closure law is validated in a separate effect way should 
be identified.  This would allow the user to check the applicability of the code to any new 
situation beyond the domain encountered in classical SBLOCA and LBLOCA transients. 
 
Recommendations for input modeling, including nodalization and time step requirements, 
should be given based on each assessment work.  The User’s Manual should reflect such 
recommendations. 
 
What is presented as “fundamental validation tests” should be classified either in “validation” or 
in “verification” tests according to the standard nomenclature. 
 
The oscillating manometer test case and the expulsion of superheated steam by subcooled 
water test case should be presented in a section of the Assessment Manual on verification test 
cases.  This section should discuss all tests that assess the numerical scheme. 
 
The oscillating manometer and single-tube flooding tests should be in the verification tests. 
 
ANL air-water void fraction tests, TPTF horizontal flow tests, single- and two-phase friction tests 
should be in the SET validation. 
 
Critical Flow 
Sensitivity tests should be conducted to clarify the reason for the substantial discrepancy in 
predicting critical flowrate of MARVIKEN test 13. 
 
Calculations assessing the Moby Dick noncritical flow and critical flow experiments should be 
much better documented with information on boundary conditions and on cell edges with critical 
flow option given and nodalization justified. 
 
Calculations assessing the Moby Dick noncritical flow and critical flow experiments should be 
further analyzed to identify the reasons for code failure in the two tests and to understand the 
reason for the over prediction of the void fraction in the divergent. 
 
Calculations assessing the Super Moby Dick critical flow experiments should be further 
analyzed to understand the reason for the poor predictions.  The reason for not predicting the 
right pressure loss under pure liquid conditions in the convergent should be explained. 
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The available validation on MARVIKEN, Moby Dick, and Super Moby Dick tests should be 
extended to many other geometrical configurations and upstream flow conditions. 
 
Stratified flow 
TPTF horizontal flow tests should be further analyzed and information added on the nature of 
the flow, which may be either subcritical or supercritical with respect to void waves.  In 
subcritical conditions, downstream conditions (either low exit level or high exit level) influence 
the level in the pipe, whereas in supercritical conditions, the level in the pipe depends only on 
upstream conditions and on wall and interfacial drag forces.  Thus, one cannot analyze the 
quality of predictions in sufficient detail without this information.  This information is also related 
to the presence of a term in the momentum equations proportional to the void fraction axial 
gradient which allows subcritical flow to be distinguished from supercritical flow. 
 
Validation of interfacial friction for stratified flow against experimental data representative of 
geometry and flow conditions encountered in hot legs or intermediate legs of PWRs is 
recommended.  In hot legs, the prediction of water level may be important in predicting liquid 
entrainment up to the SG.  In intermediate legs, interfacial friction influences the loop seal 
clearing and controls the remaining water mass after clearance. 
 
3D power distribution effects in SBLOCAS 
3D power distribution effects under core uncovery situation during SBLOCAs should be 
validated. 
 
Loop seal clearing 
Loop seal clearing should be addressed in a separate effect way by the validation. 
 
Interfacial friction in core 
Convergence tests to the node size should be made in each assessment calculation of SETs to 
provide users with appropriate recommendations. 
 
Calculation of a heat balance in the zone from the bottom of heated length to the swell level in 
the THTF mixture level tests should be conducted to check whether the dry zone is pure single-
phase steam. 
 
The summary and conclusions in Section B.15.17 of the assessment report regarding RBHT 
transient uncovery test 1690 are not consistent with the results and should be rewritten. 
 
Interfacial friction in tubes 
A larger number of GE level swell experiments should be simulated to better validate the 
Kataoka-Ishii drift flux model. 
 
The prediction of some void fraction fluctuations in a time period of the GE level swell 
test N 100-3 should be analyzed. 
 
Convection to liquid 
The availability of the data from the NESTOR experimental program, which measured the 
convection-to-liquid HT coefficient in a real rod bundle geometry, should be checked as a 
means of validating the model. 
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Nucleate boiling 
A separate effect validation of the ONB and the nucleate boiling model should be done. 
 
Convection to vapor 
If clad temperatures are measured in the THTF mixture level tests, it would be interesting to 
compare measured temperatures to code predictions to validate the wall-to-vapor convection 
model. 
 
Downcomer refill 
Sensitivity tests should be conducted for both condensation in the downcomer and pressure 
drop from the downcomer to the containment for UPTF tests 6 and 7. 
 
The effect of the interfacial friction in the annular-mist flow regime in the downcomer should be 
analyzed to improve the prediction of the high subcooling test UPTF 5. 
 
Reflood 
Additional code-to-data comparisons should be given in the assessment report based on the 
SCTF reflood tests to demonstrate that radial power profile effects are indeed well predicted.  
Figure captions should be more explicit and some plots should be made more readable.  A 
better way to synthesize the quality of reflood simulations would be plot the maximum clad 
temperature as a function of the elevation for several assemblies and the quench front 
progressions. 
 
The reasons for predicting oscillations in the SCTF gravity reflood tests which do not exist 
should be investigated through sensitivity tests. 
 
The main default of the CCTF test prediction is the overestimated clad temperature at the top of 
the core which is attributed to the vapor-to-droplet heat exchange and the droplet size 
prediction.  This hypothesis should be checked under the forced-feed conditions of the RBHT 
tests. 
 
The enhancement factor for two-phase forced convection to vapor in reflood tests should be 
validated using the vapor temperature measurements.  Such measurements are (or will be 
available) in RBHT reflood tests performed at PSU. 
 
Film condensation 
Both the standard model (Sklover and Rodivilin) and the advanced model for film condensation 
in the presence of a noncondensible gas should be assessed with UCB-Kuhn condensation 
tests. 
 
The assessment of the University of Wisconsin condensation tests should be extended to other 
geometrical configurations with a downward-facing cooling wall. 
 
SBLOCA validation on IETs 
A finer nodalization for IET simulations should be used to be closer to a converged meshing in 
1D components.  This will create a better reference calculation for future automatic 
nonregression tests. 
 
Further analysis of the poor predictions of the first depressurization phase and the core level 
depression and recovery during loop seal clearing in BETHSY test 6.2TC is recommended. 
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The reasons for the break flow mispredictions in LOFT SBLOCA tests L3-7 and L3.1 should be 
clarified and possible sources of errors in the boundary conditions of the secondary side of SGs 
should be investigated. 
 

Recommendations for improving the documentation 
High-priority recommendations about documentation 
Field equations 
The derivation of balance equations for the 1D module (and Tee component) and for the 3D 
pressure vessel model should be presented separately in the Theory Manual. 
 
A clear policy with respect to the use of nonconverged 3D nodalization in the pressure vessel 
should be defined. 
 
3D Vessel model 
An important effort of pedagogy should be made when presenting this module and all 
simplifications should be better justified. 
 
The scale of space averaging should be clearly specified for each subcomponent of the vessel 
to clarify what the principal variables mean and what the closure terms represent.  This will also 
allow the conditions for a mesh convergence to be defined. 
 
The volume averaging of 3D balance equations should be presented showing how the porosity 
appears.  Having considered the presence of solid structures in the volume of integration would 
result not only in having the porosity in all terms but also in many additional terms in the system 
of equations.  Simplifying assumptions would have led many of these additional terms being 
neglected, but the assumptions should be listed and identified at the very least. 
 
The absence of turbulent diffusion can be justified by considering the order of magnitude of 
interfacial transfers and transfers with walls compared to the turbulence effects in the 
applications of interest.  Such simplifications are less valid in other situations and the limits of 
applicability should be more clearly identified. 
 
The necessity to run transients in a reasonable CPU time for safety analysis is a difficult 
limitation since many calculations of the same transient are often required to evaluate code 
uncertainty.  Therefore, only a coarse nodalization is possible and nonconvergence errors must 
be accepted.  This uncertainly must be taken into account in the assessment and in the 
evaluation of uncertainty.  One possible approach is to define a reference nodalization of the 
pressure vessel and validate together the physics + numerics + nodalization against scale-one 
data.  An alternative is to evaluate the nonconvergence error from assessment calculations and 
to use it in uncertainty for reactor applications.  Either case requires additional work during the 
assessment, and a clear policy with respect to nodalization should be displayed in the 
documentation. 
 
CCFL 
The Theory Manual should document the CCFL model implementation in the equations and in 
the solution procedure. 
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Critical flow 
The documentation of the critical flow model in the Theory Manual should be corrected to avoid 
diffusing an already widespread error in the interpretation of the characteristic velocities.  In 
particular, the Theory Manual should emphasize that choking does not occur when a zero 
characteristic velocity is reached but does when the sonic velocity of low-frequency pressure 
waves is reached.  Use of the characteristic velocity should be presented only as a simplifying 
assumption. 
 
It should be made clear for users that the present flashing model cannot be used for break flow 
prediction. 
 
The documentation should not use the terminology “one-dimensional critical flow model” for the 
TRACE critical flow model, which is better defined as a point model or 0-D model. 
 
Calculations assessing the Moby Dick noncritical flow and critical flow experiments should be 
much better documented by adding information on boundary conditions and cell edges with 
critical flow option and justifying the nodalization. 
 
Interfacial friction 
The documentation should state whether the rod bundle drag models are to be applied for flow 
in the secondary side of an SG. 
 
Wall friction 
The Theory Manual should reflect that the annular flow and annular-mist flow wall friction terms 
are different. 
 
Reflood 
The Assessment Manual should mention that U-tube oscillations are used to validate the 
capability of the numerical scheme to neither add any numerical dissipation nor damp artificially 
manometer-type oscillations as could be encountered between core and downcomer during 
reflood. 
 
CHF 
The function of the static quality used in the CHF prediction and mentioned in Eq. 6-113 should 
be given in the documentation. 
 
The documentation concerning CHF should specify how the positive flow is defined in the case 
of vertical flow, horizontal flow, and inclined flow, as well as in the 3D module. 
 
Level tracking method 
The Theory Manual should present the treatment of equations related to the level tracking 
method. 
 
Natural convection heat transfers: 
The documentation in the Theory Manual about the natural convection correlations should be 
improved.  References should be given for the coefficients of the natural convection 
correlations.  The documentation should explain whether the models are applicable to vertical 
pipes only or to horizontal and inclined pipes as well.  The documentation for the 3D module 
should explain whether the module identifies the wall as vertical or horizontal or inclined, 
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including the bottom wall and the top wall.  If the walls are vertically oriented, the documentation 
should explain how the natural convection HT takes account of this orientation. 
 
A natural convection Nusselt number correlation is used in rod bundles although it was 
established in vertical tubes.  The Theory Manual should explain the reason for having made 
this choice for rod bundles and not for tubes. 

Medium-priority recommendations about documentation 
The origin of the Choe et al. stratification criterion and the validation basis should be specified. 
The absence of a “void fraction correction for two-phase conditions” in RBHT is mentioned but 
not explained.  It would be worth trying to apply this correction before comparing the 
calculations. 
 
Analysis of assessment results against RBHT tests should avoid using the term “onset of 
significant void” in a nonclassical way to prevent confusion. 

Typing errors 
Theory Manual 
Page 366:  Lienhard instead of Leinhard 
 
Page 366, Eq. 7-3:  Is it Min instead of Max? 
 
Eq. 5-40 is not clear.  It should be made clear in Eq. 5-40 that Ho is a constant having a 
dimension (sK)-1.  One could read this as a constant multiplied by (s-K)-1. 
 
It seems that the exponent 3 is accidentally omitted in the qFC term in Eq. 6-70. 
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Introduction 
 
The TRACE review group was charged with reviewing the TRACE code with my special 
responsibility the models used for the system components.  A secondary assignment was to 
review the test assessment matrix.  Even with my restricted responsibilities, I found the task 
daunting, both in the sheer volume of information involved and in the limited time available to 
master it.  Under the circumstances I focused on the review of the component models with the 
goal of identifying potential enhancements and, perhaps uncovering some mistakes.  To this 
end, models for the components listed on pages 21 and 22 of Volume 2 of the "TRACE Users 
Manual" were reviewed in some detail.  I have not read most of the material other than that 
found in Volume 2. 
 
In so far as most of the models incorporated in the TRACE code are drawn from earlier work 
done for RELAP and TRAC, a detailed review of the entire code, which is out of the question 
here in any case, is probably not called for anyway. 
 
In the course of reading the manual it became clear the writing needed some revision if the 
manual was to be very useful.  A manual is both a handbook and textbook.  A handbook is 
characterized by having a number of free standing, clear answers and good indexing.  A 
textbook, in addition, tells the reader why things are done in the manner chosen.  This means 
that, for a user-friendly text, acronyms need to be explained close to the place where they are 
introduced.  In addition, if writing a complete solution to the problem would be repetitious, a 
citation as to where the solution is to be found should be provided.  Suggestions as to how the 
text in this manual can be improved are made throughout this review.  Specific suggestions as 
to how certain models can be improved have also been made.  These suggestions are made 
with the awareness that simplicity is a virtue too and, if implementing a change results only a 
marginal improvement, I'd recommend staying with the simpler option. 
 
Though I knew of no new sources of system level experimental data that could be used to test 
the whole code, some suggestions of component level data that might be used to evaluate 
component level models have been made. 
 
Before proceeding, I'd like to say the section entitled "Preparing an Input Model" is uncommonly 
well-written, to the point, and clear and could serve as a model for the rest of the manual. 
 
BREAK Component 
 
General discussion 
 
The description of the break flow modeling is split between the first section on pages 22 thru 29 
and the "Modeling Guidelines" on pages 251 thru 259.These sections should be consolidated.  
Most of the text describes how to model a break of a given size and shape.  I think this is an 
example of misplaced precision.  In general we don't know either the size or shape or location 
and must rely on bounding calculations.  The maximum break size, and its location, are 
mandated by the NRC.  Given that, the plant must also be able to handle that break and all 
other smaller breaks in the places that are also mandated by the NRC.  The primary 
consequence of an error in the break flow is a change in the time frame for the transient with 
smaller breaks taking longer to arrive at their conclusion.  Under the circumstances, I think a 
much simpler model, which is described below, is justified. 
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On page 252 it is stated that the critical mass flux agrees reasonably well with the Burnell model 
for hot liquids and the homogenous equilibrium model for two-phase systems.  Given this 
observation, I think it should be left to the user to specify the break flow area and give 
instructions as to when to use either the Burnell model or the homogenous equilibrium model or 
some other model.  Given the arbitrary nature of the assumed break, I don' think any further 
refinements are worthwhile.  If this is the case, this section could be drastically reduced in 
length.  In any case, a look-up table for choked break mass velocity as a function of pressure 
and enthalpy or, some equations should suffice. 
 
For sub-cooled break flows the equations given on pages 253 and 254 should be sufficient.  I 
don't think the stratified flow refinement is needed given the arbitrary nature of the break size, 
location and shape.  I believe a drastic simplification of the break flow model is possible and 
justified under these circumstances. 
 
There are, in fact, two uses for a break flow model.  One is for calculating a LOCA transient.  
That is the focus of the above comments.  The other is for interpreting the results of LOCA 
experiments where some temperature or pressure is plotted as a function of time for 
comparison with experiments.  Plotting the theory and experiments versus time exaggerates 
uncertainties that don't matter, and makes even a serviceable break flow models look worse 
than it really is.  It would be better to plot the variable of interest versus the primary liquid 
inventory, instead of time, as this is known or can be calculated for the experiments and can 
certainly be calculated for the computer model.  Refining the break flow model to make the 
comparison of theory and experiments look better is a waste of time as all break sizes and 
locations must be accommodated. 
 
In the future the problem of predicting the choked flow can be solved by using an appropriately 
designed choked flow nozzle.  This nozzle should be designed so that the flow is predictable.  
My recommendation is to use a nozzle with a smooth, rounded entrance, one length over 
diameter long, followed by a 20 L/D straight section.  This design follows those used in the 
experiments reported in Reference (1).  The rounded entrance removes the ambiguity due to 
the shape of the vena contracta while 20 L/D's are sufficient to give a good approach to thermal 
equilibrium at the exit while not being so long as to appreciably affect the choked flow mass 
velocity. 
 
If one would like to refine or test the break flow models, a fairly recent review article (2) collects 
a tremendous amount of data.  Perhaps it might be used to put together a look-up table or test 
the equations. 
  
Specific suggestions summary 
 
(1)  Simplify the choice of a break flow model.  There is so much scatter in the break flow data 
at low quality that the elaborate calculation method suggested can't be justified.  Ultimately, I 
think a break flow mass velocity look-up table using both stagnation enthalpy and pressure as 
the independent variables will and should be adopted. 
 
(2)  Forget about the elaborate break flow models.  The breaks that will be calculated will be 
those mandated by the NRC.  We will never know where, how big and what the shape is for real 
breaks.  We will always calculate a limited number of breaks as directed by the NRC. 
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CHAN Component 
 
General discussion 
 
It is practically impossible to evaluate the models used in this component with the information 
we're given and the time allotted for this review.  Many years of work by analysts and 
experimenters have gone into the models used to design BWR cores.  As TRACE is primarily a 
system level code, I shall not pretend to have reviewed in detail the validity of the core design 
procedures.  From my knowledge of core heat transfer, I know the core designs are built on 
many measurements, often made in a variety of countries, and experiments and have a huge 
database behind them.  To the extent that these models have been based on the models in 
TRAC and RELAP, I'm inclined to accept them as these models have generally have proven to 
be satisfactory. 
 
In order to insure that these design procedures are not abused, I think a little more description is 
needed so that the users will adopt a nodalization scheme for the core that is compatible with 
the data behind it.  Specifically, the recommendations for CHF and post - critical heat flux heat 
transfer rely on the CANDU look-up tables.  The data behind these recommendations was 
largely taken in tubes while their application here is largely for rod bundles.  To make this jump 
in applying them, it is necessary to look closely at the similarities and differences between tubes 
and rod bundles.  The fluid mechanics found in tubes and annuli have been found to be quite 
similar as tube data can be used to predict pressure drop and heat transfer in annuli.  Rod 
bundle behavior can, I believe, be included if rod centered sub-channels are used.  Because of 
this I believe the authors of this section should be explicit in recommending the nodding scheme 
used to predict rod bundle behavior.  Look at the discussion of radiation in the RADENC 
Component section in this review. 
 
The reason these two geometries can be compared in this way is the mobility of the liquid phase 
is similar.  In a rod bundle, when dryout occurs, the flow is usually annular-dispersed for the 
heat fluxes found in a reactor core.  In this flow regime, some liquid is on the walls in the form of 
a film and some is entrained in the form of drops.  Dryout corresponds to the disappearance of 
the liquid film on the wall.  In a tube, liquid on one side of the wall of a tube can easily be 
transported to the other side as a rough film.  In a rod bundle, the movement of liquid from rod 
to rod is not easy while transport around the rod is.  Liquid transport by entrainment, diffusion of 
drops across the gap and deposition on solid surfaces is not nearly as rapid as the transport of 
liquid around the rods by wave action in the film.  I believe that only a rod centered control 
volume can capture the essence of the fluid mechanics during dry-out and post dry-out heat 
transfer.  For this reason, I think the state of the rods in the core can only be captured using a 
rod-centered sub-channel analysis if the heat transfer coefficients, for instance, were obtained 
from experiments performed in tubes. 
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Though the CANDU lookup tables are the best way to go for CHF and post-CHF heat transfer, 
they are not perfect.  The lookup tables are presented as functions of only fluid conditions.  
Considerable post-CHF heat transfer data shows that surface conditions also matter.  The 
surface for most heat transfer experiments is clean and without a significant oxide layer.  Fuel 
elements age while they are in the reactor, however, and experience some oxidation and will 
probably pick up some deposits too.  Both these differences will have the effect of substantially 
increasing the post-CHF heat transfer coefficients.  At some time it may turn out that it will be 
worthwhile to establish the magnitude of these effects and take the benefit of them in the safety 
analysis. 
 
Along this line, the radiation heat transfer contribution to the total heat transfer is quite small, in 
my experience, and less important than the other uncertainties in the problem.  I'm not sure that 
is worth the effort needed to put the radiation heat transfer in the code in the elaborate form 
adopted in the RADENC sub-routine. 
 
Specific suggestions summary 
 
(1)  Give explicit instructions on nodalization the core so that the lookup tables are appropriate.  
It appears that, for heated rods, a rod-centered model is the only one that is appropriate 
considering the source of the CHF and post-CHF data. 
 
(2)  Do some sensitivity calculations to see if the radiant heat transfer is significant enough to 
justify the elaborate radiation calculation that the current version of TRACE uses.  My 
experience is an effective radiant heat transfer coefficient based on the rod temperature, a 
rough environmental temperature and the rod emissivity will do the job.  The radiation model is 
so complex that trouble shooting will be difficult. 
 
(3)  If it decided to continue with the current radiation heat transfer model, some recommended 
emissivities and perhaps absorbtivities should be included in the manual.  My experience has 
been this information is difficult to obtain and is not very reliable. 
 
CONTAN Component 
 
General discussion 
 
This is a greatly simplified model of a BWR containment.  It isn't appropriate for the new     
passively-cooled BWRs.  Under the circumstances, I think the BWR models for which this 
containment model is appropriate should be explicitly listed.  Given the limited use for this 
model, the fact that it is greatly simplified probably doesn't matter.  All this model will do is affect 
the blow-down rate (or inflow rate) when the flow is no longer choked.  This implies that, in most 
transients, blow-down will be almost complete. 
 
None-the-less, a few improvements for this containment model might be considered.  The first 
should be the use of an enhanced natural convection heat transfer coefficient for the cases 
where wet steam-air mixtures rather than pure air is in the gas-filled volumes.  There is an 
excellent chance that, by the time that the containment pressure has dropped to one that affects 
the break flow, the conduction in the massive concrete and steel structures will the dominant 
mode of heat transfer and the details of how we got there won't matter. 
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The other factor that might make a difference is the uncertainty that arises from the possibility of 
containment stratification.  It isn't obvious to me whether ignoring stratification is conservative or 
not.  It's also isn't obvious whether break location matters.  If it hasn't already been done, a 
limited computer sensitivity study on the effects of these omissions on the transients of interest 
would probably settle the issue. 
 
Specific suggestions summary 
 
There are none.  For the limited use to which this program is to be put, I think it is adequate.  If 
subsequent experiments indicate what’s left out might be important, the first things that I'd look 
at are mentioned above. 
 
EXTEROR Component 
 
This is not a component, it's instructions as to how to connect the program to another Exterior 
Communications Interface (ECI) and run TRACE in a (parallel) mode.  There is no modeling 
involved. 
 
FILL Component 
 
There is no modeling involved for this component.  It consists of programming instructions and 
has not been reviewed. 
 
FLPOWER Component 
 
This should be in the appendix with no longer maintained subroutines. 
 
HEATR Component 
 
General discussion 
 
The entire write up for this component needs editing.  None of what's said, is wrong, it is simply 
not easy enough to follow as it is.  This section should be free standing and should not assume 
that the reader has read the rest of the manual and knows what is in it. 
 
I think the title should be changed or, some additional entries put into the index, referring to 
HEATR when feed-water heaters, moisture separator reheaters, and condensers need to be 
modeled.  Make it clear that this program that should be used for their analysis.  This entry 
should be free standing so that a user who wants to model a condenser need only look up 
"condenser" in the index and he will know where to go. 
 
It should start with a schematic of a closed feed-water heater, for instance, showing two or more 
streams in and out.  This should be followed by a nodalization diagram which includes each 
stream.  A water level should be included so the user will see how that is handled.  Then, 
depending on the geometry of the heat exchanger, the models for heat transfer, or the heat 
capacity will be obvious.  The problem with this entry is it doesn't start where the reader is likely 
to be. 
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Specific suggestions summary 
 
Edit this section so someone could quickly locate the instructions for modeling the components 
for which it is to be used.  Additional index entries are needed.  More detail on modeling water 
levels is needed too either in this section or, by referring to another section for the details. 
 
HTSTR & REPEAT-HTSTR Component 
 
General discussion 
 
The CHAN component is specifically set aside for BWR cores.  Is this section primarily set aside 
for PWR cores?  If it is primarily for PWR, cores I think the title should reflect this fact.  In any 
case, this section rambles and need editing.  To make it clearer, I suggest the following 
changes. 
 
Organize this section around each of the components for which it is appropriate.  This list should 
at a minimum include at least PWR cores and PWR steam generators.  I don't think the piping 
belongs here, it should be a separate item in the component list or, included in the PIPE section.  
In the same way, I think the vessel should be described under the VESSEL component.  In 
general, again, I'd like to see the instructions begin with a sketch of each component, showing 
all the flows in and out, followed by a suggested nodalization diagram.  The complications 
characteristic of each component should be discussed. 
 
If this section is to be use for steam generators, I think it should be replaced with a separate 
section devoted to steam generators.  Steam generators are complicated components with 
changing water levels that involve different heat transfer coefficients depending which phase is 
in contact with that section whether one is considering the inside or the outside of the tube.  In 
addition, thirteen possibilities for evaluating the HTCs are given with insufficient guidance as to 
which should be used where and why.  If an option is included in this list for historical reasons, I 
think that that fact should be mentioned.  A proper model for a steam generator can be very 
complicated and may be more complicated than necessary for many applications.  If this is 
actually the case let me suggest a way of simplifying the model that may be useful for certain 
applications. 
 
LOCAs are the accidents of the greatest interest.  Shortly after a LOCA occurs, the heat flux in 
all components is reduced to a low value that means the steam generators vastly oversized for 
the small amount of heat that they are actually transferring.  For all practical purposes the 
temperatures on both sides of the steam generators will be almost the same.  A simple default 
model with an overall heat transfer coefficient and effective area for heat transfer would yield a 
measure of transparency the current calculations lack and, would probably save computer time. 
 
Modeling the steam generators at part load or, for that matter, when natural circulation is driving 
the flow is difficult.  Exactly what the circulation pattern is can depend on the details of the 
transient.  If the ambiguity in the state of the system is important, some computer experiments 
should be performed to see how significant these ambiguities are.  In a word, the ambiguities 
associated with multiple circulation patterns within a steam generator or, flow patterns from 
steam generator to steam generator in a multi-steam generator system, need to be explored. 
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Specific suggestions summary 
 
(1)  There doesn't appear to be any REPEAT-HTSTR as opposed to HTSTR component 
described in this section of the report.  I think therefore, this component can be left out of the 
"Table of TRACE Components".  It doesn't appear to belong in this list. 
 
(2)  Organize this section around specific components including, at the minimum, PWR cores, 
MSRs and steam generators.  I think the modeling recommendations for the piping and vessels 
should be included in the sections with those titles.  The only thing justifying putting these 
components into this section is several components share same list of the heat transfer 
coefficients.  For each of these components I would make a separate list of heat transfer 
coefficients.  This would reduce the number of choices the user would have to make. 
 
(3)  Modeling heat exchangers can be almost as complicated as modeling a core, but the 
importance isn't nearly as great.  Under the circumstances I think an alternative simplified 
model, capitalizing on the fact that the steam generators and perhaps MSRs are hugely 
oversized for decay heat levels, should be constructed and given as an option. 
 
(4)  I think a discussion of the alternative circulation patterns possible with multiple steam 
generators and multiple inverted "U" tubes is needed to alert users that, when using certain 
nodalizations, the answer could be multi-valued.  The nodalization chosen can exclude some 
possible, real circulation patterns. 
 
JETP Component 
 
General discussion 
 
This section is well written and quite easy to follow.  The primary suggestion I'd make is to 
incorporate the slide "JETP Modes of Operation" displayed at the presentation to the review 
group, into the body of this section.  The criteria used for selecting which of the 6 modes of 
operation is appropriate should also be included. 
 
My experience has been that minor hardware differences, such as rounding of the entrance into 
a diffuser section, can have major effects on the mode of operation of jet pumps.  Operating 
history can have important effects on the mode of operation too.  The flow at which a certain 
mode of operation switches to another one can depend on whether the flow was increasing or 
decreasing, not just its value.  I wonder too if the curvature of the "U" shaped pipe immediately 
before the place where the jet meets the pumped water has an effect on when the flow in the 
diffuser section separates so the diffuser fails to be effective.  In any case, if the database does 
not include information on the details of the pump geometry, the users should be warned that 
the jet pump they are trying to model may not be close enough to the one used to generate the 
model used in the code to be valid.  Jet pumps can have a mind of their own. 
 
Specific suggestions summary 
 
Warn the users that the jet pump model may not be appropriate for the jet pump of interest 
unless the pump in question is exactly like the one behind the model. 
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PIPE Component 
 
General discussion 
 
This component has many uses for which the user needs some guidance to help him to decide 
when to use it and how.  A short index at the start of this section would accomplish this.  The 
style used in this section is almost telegraphic and I think most users will find it hard to follow.  It 
needs editing for clarity and smoothness. 
 
With the large number of potential uses for it, I think examples are needed for each one.  A 
sketch of the component in question followed by a typical nodalization diagram would help a lot.  
Among the examples mentioned are pressurizers, accumulators, heat exchanger shells and 
simple connections between components.  These components should each have its own entry 
in the section index along with an example nodalization diagram for each one.  The suggestion 
to use this component for modeling pressurizers can probably be eliminated because a more 
extensive and tested model exists under the PRIZER heading. 
 
I think an accumulator model should be created and developed in the light of the processes that 
we know can take place in a pressurizer.  In many ways an accumulator is similar.  In particular, 
I have participated in unpublished experiments in the laboratory in which we used a bubble of 
compressed air in a tank above a pool of water.  A discharge nozzle was installed at the bottom 
of the tank.  I've seen the air break through while a significant pool of water remains in the tank.  
I've also seen snow formed in the discharged air/water mixture exiting the nozzle.  Both the heat 
transfer to the air during discharge and the finite amount of water remaining in the tank can and, 
perhaps should be modeled. 
 
One of the features mentioned in this section is an interface sharpener.  It could be used in a 
pipe, a heat exchanger, an accumulator, or a pressurizer.  When it should be used should be 
stated.  Using an interface sharpener implies knowledge of the flow regime.  How does this 
code handle flow regimes?  Under what circumstances should the interface sharpener be used? 
 
Specific suggestions summary 
 
(1)  Include separate sections, along with index entries, for each component for which this 
routine is appropriate.  These sections should include a sketch of the component and an 
example of a nodalization diagram. 
 
(2)  Citing or including the heat structure part of the pipe modeling problem should be included 
here.   
 
(3)  The interface sharpener is mentioned but no guidance as to when it is to be used is 
provided.  This should be given. 
 
PLENUM Component 
 
This is an out-of-date component and should be put into an appendix for sub-routines that are 
no longer active. 
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POWER Component 
 
This sub-routine seems clear and complete but I don't know enough nuclear physics to 
comment on it. 
 
PRIZER Component 
 
General discussion 
 
Lead this section off with a picture of a pressurizer showing all the flows and potential flows that 
might be present in the course of a transient.  These flows include the surge line, the spray, and 
all the various pressure relief valves.  Not all these flows are important in all the transients of 
interest but, if they are left out the omission could lead to a significant error.  In my experience, 
many analysts think about a problem in terms of the nodalization diagram rather than the 
physical object itself. 
 
It would be good to include the "Modeling a Pressurizer" section from the "Modeling Guidelines " 
section of this volume in this section.  These guidelines appear on pages 262 and 263.  When 
this is done, the users will have a one-stop answer as to what should be considered when 
modeling this component.  Finally, I'm quite certain that the whole section will have to be edited 
to insure the prose flow smoothly. 
 
The comparison of the recommended pressurizer model with data taken in a separate 
pressurizer experiment and reported on pages B-755 to B-768 explores some of the processes 
left out of the recommended PIPE-based pressurizer model.  I think this section should be cited 
in the text here as it shows the importance of some of the processes left out of the 
recommendations made in this section.  Perhaps Reference (1) below, which is easy to get, 
should also be cited.  These processes include the following: 
 
 1.  Wall condensation in the vapor space 
 2.  Pool interfacial heat transfer 
 3.  Mixing of a cold incoming stream with the hot water already present in the pressurizer 
 4.  Heat transfer between the liquid and the wall 
 5.  Wall heat capacity 
 6.  Pool flashing during an outsurge 
 7.  The effect of non-condensibles (hydrogen mainly) on the wall condensation 
 8.  The heat capacity of the heaters.  (This leads to a 1 to 3 minute delay in the effect of 
the heating being felt throughout the pressurizer.)   
 9.  The assumption that the spray does not hit the walls of the pressurizer 
          10.  The assumption that the liquid in the pressurizer is completely drained before the 
vapor is discharged 
 
Specific suggestions summary 
 
(1)  Add a drawing of a pressurizer specifically showing all the possible flows in and out.  
Include a suggested nodalization diagram. 
 
(2)  Switch to a PIPE based model.  Consign previous or out of date models to an appendix, 
which should be cited here. 
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(3)  Look through the above list of processes left out and see if any of them matter in the 
transients of interest.  Mention any that remain. 
 
(4)  See if the data cited in reference (2) below would be of interest as a standard problem. 
 
References 
 
(1)  Kim, Sang-Nyung and Peter Griffith, "PWR Pressurizer Modeling", Nuclear Engineering and 
Design, 102 (1987) 199-209 
 
(2)  Murphy, S I, "PWR Pressurizer Transient Response", EPRI report NP-5357, 1987 
 
PUMP Component 
 
General discussion 
 
Start this section with a sketch of a pump showing the bearing flows in addition to the main 
flows and the loop seal if there is one.  The bearing flows may be important as they may be able 
to re-establish the loop seal even after the loop seal cleared during blowdown.  The sketch 
including the loop seals would be a reminder that they might be important. 
 
This is the longest section in this manual even though it was found during the CSAU 
examination of the RELAP code some years ago, that the pump model is not usually an 
important contributor to the uncertainty in the calculated peak-clad temperature during a LOCA.  
Because this section is so long, I think some reorganization is needed.  It should start with the 
simplest model for a pump and then proceed to the full four-quadrant representation.  For much 
of the blowdown the pump is turned off and functions primarily as a flow resistance.  This is the 
simplest model and may be enough.  In so far as the readers have a choice of models to 
represent the pump, some guidance is needed so they can select the model that is most 
appropriate for the system and transient of interest. 
 
It was also found during the CSAU process that the Semiscale pump was quite non-prototypical 
and should not be used for any system but Semiscale.  Perhaps one of the other models should 
be recommended as a fallback.  We spent an amazing amount of time on the pump model only 
to find that it hardly mattered. 
 
Looking ahead, the question of whether the pump should be left on or turned off during a LOCA 
transient may be raised again and to answer that, the best model for the system in question 
should be identified.  This means all these models may have a place but some guidelines as to 
which to use where are required. 
 
Specific suggestions summary 
 
(1)  The pump degradation curves given on Figures 2-58 and Figure 2-60, for instance, appear 
to be too severe for high pressure.  When the vapor density is high enough, the pump, pumping 
pure vapor, can clear a loop seal. 
 
(2)  There is a lot of pump single and two phase data that has been taken by the Canadians 
which could be used to test the models we now have or, perhaps develop a new one.  The 
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CANDU pumps are sometimes operated during some transients so two phase operation is 
important to them.  This data was included in the package of information they provided the NRC 
when it was reviewing the CANDU reactor. 
 
RADENC Component 
 
General discussion 
 
I have serious doubts as to whether this section belongs in this manual at all.  I don't believe 
that we can take credit for any radiation that is in addition to that, that must be implicitly present 
in the data that was used to determine the heat transfer coefficient to start with.  This is why. 
 
The control volumes used in TRACE appear to be approximately 0.5m long and about 0.3m 
deep.  Many fuel rods are, of necessity, included in each control volume.  In addition to the fuel 
rods, these control volumes include some non-fuel elements such as spacers, shrouds, and 
control rods.  Each of these components will, in general, have a different temperature from that 
of the rods.  I believe TRACE assigns one temperature to each surface or the fluid for each axial 
position in each control volume.  The control volumes are large enough so that the inner rods, in 
each control volume, sees largely similar nearby rods.  There will be little or no heat transfer 
between them as their temperatures are almost the same.  They will have been assumed to be 
similar to each other.  There will, therefore, be little or no net heat transfer between these 
surfaces because all the rods within a single control volume will be characterized by the same 
axial temperature distribution.  There will be some radiant heat transfer to the coolant, whether it 
is pure vapor or a two-phase mixture, as it is cooler than the rods.  I believe that such heat 
transfer will be small compared to the convection, however. 
 
The  heat transfer coefficient to the coolant is to be evaluated using the Groeneveld look-up 
table (1), the data for which was taken in tubes from 2 to 24 mm in diameter over a great variety 
of steam conditions.  Using tube data to estimate heat transfer in rod bundles is a well-
established and justified procedure.  Inevitably these data will include some radiation to the 
nearby solid surfaces but, in the absence of a strong axial temperature gradient, the net 
radiation to nearby solid surfaces will be negligible.  The data used by Groeneveld (1) is 
described as "fully developed" so the axial temperature gradient is small.  I believe the heat 
transfer rates presented in the look-up tables already include all the radiation for which we can 
take credit.  Let's look at it another way. 
 
The fuel rod we are most concerned with is the hottest rod.  This rod is most likely to be 
embedded in the hottest region of the core and is almost certain to be surrounded by a number 
of similar rods that will be at about the same temperature.  Structural elements with little or no 
radioactivity within them will be cooler that the fuel elements and will receive significant radiant 
heat transfer from the hotter rods in their vicinity but their effect on the peak clad temperature of 
the hottest rods will be small because the hot rods surrounding them are all at almost the some 
temperature. 
 
If the TRACE outputs are used as boundary conditions for a sub-channel analysis, then putting 
radiation in, in addition to the convection, is justified.  The net effect will probably be small but 
their use on the hot rod(s) is justified.  The hot rods will exchange net radiant heat with any 
surface which is cooler and which is visible to the hot rods.  In order for such a hot channel 
analysis to be justified, the details of the fuel geometry will have to be recognized in some kind 
of sub-channel analysis. 
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Specific suggestions summary 
 
(1)  Look at the potential uses for this sub-routine and decide whether it belongs in this manual.  
If it does, make it clear where it is appropriate considering the source of the recommended heat 
transfer coefficients. 
 
(2)  Give some guidelines for using it in a sub-channel analysis.  Give some values for 
emissivities as there is little agreement between the values given in most sources. 
 
(3)  If this sub-routine is considered to be only suitable for use in certain reactors, they should 
be identified. 
 
(4)  I would like to have a discussion of this question at the next TRACE review meeting as I'm 
unsure this concern is justified given the source of the post CHF heat transfer coefficients. 
 
Reference 
 
(1)  Groeneveld, D. C., L. K. H. Leung, A. Z. Vasic, Y. J. Guo, S. C. Cheng, "Nuclear 
Engineering and Design", Vol 225, (2003), 83-97. 
 
SEPD Component 
 
General discussion 
 
Start with a drawing of a separator section and a description of how the various parts work.  
Mention how they can fail.  The introductory material in this section is too skimpy and needs to 
be made more tangible.  In particular, it is important that the correct physical processes for 
normal operation and off-normal operation are identified in this section.  Reference (1) below 
provides some guidance. 
 
The separator designs that are in normal use have components that are properly sized.  When 
the design velocity, for instance, for a component is exceeded the important processes can 
change in such a way that the separated liquid is unable to drain away.  The liquid is re-
entrained.  In the limit at a high velocity, the separators simply function as an additional 
hydraulic resistance.  Simulated LOCA experiments reported in Reference (1) showed that the 
presence of a separator section can actually increase the carryover.  The flow in the drains 
reversed or the drains were insufficient to allow all the separated liquid to return to the pool.  In 
a word, the capacity of the drains, rather than the separator itself, limited the capacity.  On 
reflection, this shouldn't be surprising.  The drains were probably sized to allow the design liquid 
to flow away and failed to do the job when too much liquid was provided. 
 
The current model for the separators is based on identifying the likely limit for removing a drop 
from a flowing vapor stream.  The suggested criterion is evaluated from good experiments and 
gives serviceable answers because the answer is data based.  A well-established Yankee 
saying is "If it ain't broke don't fix it."   In this case, even though the model works well enough, it 
can lead one to worry about the wrong problem.  If a separator fails to work, the obvious thing to 
do is to replace it by a bigger one.  If the drain is the problem, however, that won't help.  Starting 
with a more physical model for the separation process would reduce the probability of making 
such a mistake. 
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An EPRI report Reference (2) below, presents operating data taken on a wide variety of 
separators from different manufacturers.  It might make sense to use that data to make separate 
separator models for each manufacturer.  A review paper published as Reference (3) puts all 
these observations in a larger context. 
 
Specific suggestions summary 
 
(1)  Get the three references below and rewrite the introductory material in the light of  the 
material in them.  Make the context of any suggests clear so they won't be misused.  The actual 
recommendations are fine but their limitations are not addressed. 
 
(2)  Lead this section off with a sketch of a generic separator/dryer section so that the possible 
modes of failure can be understood.  Mention the re-entrainment rather than poor separation is 
the usual mode of failure. 
 
(3)  Reference (2) below describes the separators from all manufacturers and present test 
results.  See if it makes sense to create a model for each one that is used in this country and 
incorporate it in the appropriate versions of the code. 
 
References   
 
(1)  Paik, C Y et al, "Steam separator modeling for various rector transients", Nuc Eng and Des, 
v 108 (1988) p 83-97 
 
(2)  Carson,  W C and H K Williams, "Method of reducing carry over and reducing pressure drop 
through steam separators", EPI NP 1607, 1980   
 
(3)  Griffith, P, "Steam-water separation", Multi-phase Science and Technology, Vol 9, p 381-
437, 1997 
 
TEE Component 
 
General discussion 
 
As this sub-routine is not recommended for new applications, I suggest that it be placed in and 
appendix reserved for items that are no longer recommended.  As this is a sub-routine that most 
users might need to model a reactor system, I think a warning should be included in the entry 
for this sub-routine in the appendix. 
 
Tees are used to both join and split flows.  Though these processed appear to be similar, they 
are, in fact, very different.  When two flows, at least one of which is two-phase, are joined it isn't 
difficult to describe the resulting stream in the customary terms such as flow rate, temperature, 
pressure, quality and so forth.  On the contrary, when a two-phase flow is split, the description 
of the resulting two streams is difficult.  The details of the geometry of the Tee and the things 
like flow regime in the out flowing streams can be quite difficult to describe.  The only places 
where flow splitting occurs in reactor systems under normal operating conditions are the 
separators and in the inlet plenums of the steam generators.  They are not hard to model as the 
flows, under normal operating conditions, are single phase. 
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Under accident conditions, on the other hand, flow splitting can occur in the inlet and exit 
plenums of the steam generators, in the upper part of the downcomer (where the cold legs 
normally discharge), in the upper plenum of the vessel, at the tap in the one cold leg where the 
spray for the pressurizer is drawn, at the surge line where the pressurizer is connected to the 
primary, and in the pressurizer itself where water can flow out of the bottom or out of the 
pressure relief valve at the top and it isn't obvious how distinct a water level there is in the 
pressurizer.  Some of these places might be modeled using the BREAK module but it is not 
obvious how.  In any case, any component that has a moving liquid level during a transient may 
have a flow splitting problem if more than bounding calculations are required.  If the NRC is 
thinking of reopening the pumps on/pumps off problem, practically every Tee in the plant can 
function as a flow splitter. 
 
Specific suggestions summary 
 
Place this component model in the appendix in which the models for no longer supported are 
kept.  Discourage its use in new applications. 
 
TURB Component 
 
This should be put in the appendix for subroutines that are no longer maintained. 
 
VALVE Component 
 
General discussion 
 
This section is largely concerned with how to program a valve.  There is no concern with 
modeling as such.  Under the circumstances, there is very little to say. 
 
There are two items I'd like to touch on however.  Nowhere in this section is there any mention 
of the modeling guidelines on pages 260 and 261.  These guidelines should be incorporated 
into the body of the text so they are not ignored or overlooked.  The other item concerns a word 
that I'm unfamiliar with.  The word is "tuple" and appears several times in the middle paragraph 
on p179.  That word needs to be explained. 
 
Specific suggestions summary 
 
(1)  Incorporate the modeling guidelines p 260 and 261 into the body of the text. 
 
(2)  Clarify what is meant by RELAP5 and TRAC-B style valves on p 182. 
 
(3)  Define "tuple". 
 
VESSEL Component 
 
General discussion 
 
This section is largely concerned with nodalization, there is very little modeling involved.  There 
are no specific suggestions to be made. 
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Concluding Remarks 
 
A good deal of work is needed to make this manual easy to use.  Let us start with the suggested 
editorial changes that are general for all the text that I have reviewed. 
 
The index of component models, which introduces the section of that name, needs to be both 
extended and filtered.  There should be an entry for every sort of component and, if there isn't a 
designated model for it, but there is one that can serve the purpose, the entry should identify it.  
It shouldn't be a code name like "PRIZR"; it should be a proper name like "Pressurizer". 
 
A section called "Pressurizer" should start with a sketch that showed all the potential flows in 
and out.  This sketch should then be followed by an example nodalization diagram.  I suggest 
this way of starting because analysts often start with a nodalization diagram and forget or omit 
the minor flows that might be present like the spray flow into a pressurizer or the makeup flow 
into the primary side of a PWR.  This should then be followed by what is, essentially, the 
narrative section of the report as it is now but augmented by the appropriate parts of the 
"Modeling Guidelines".  At this time, the "Modeling Guidelines" section of the report isn't 
mentioned anywhere in the "Component Models" if the manual.  The reader wouldn't know that 
the "Modeling Guidelines" section of the report exists.  A good example of how this section of 
the manual should be is the CHAN section.  It includes the appropriate modeling guidelines in 
the text and is quite easy to follow. 
 
I don't think the "Component Models" index Table 2-1 should not include the "Not 
Recommended" or "Out of Date" component models because they might be used anyway.  
Rather, I suggest putting them in a separate list, following this one, to discourage a new user 
from adopting one of them.  This additional index would only be of use to people using earlier 
versions of the code.  The out-of-date component models would include, I believe, PLENUM, 
CONTAIN-CONTEMPT, HEATR, TURB, FLPOWER and perhaps others. 
 
As I doubt every reader will read this entire review, I'd like to repeat here some suggestions that 
were made in the "Component Models" section for experiments that might be useful for testing 
the component models.  This was one of the tasks that we were asked to do.  The details of the 
suggestions are in the appropriate component models section.  Suggestions were made in 
SEPD, PUMP, and PRIZER sub-routines reviews. 
 
I did not find the format adopted for presenting the assessment of the code altogether satisfying.  
The format adopted in the CSAU (Code Scalability, Accuracy and Uncertainty) study is much 
more graphic.  Going through the computer printouts as one has to do the construct a PIRT 
chart insures that the sequences of events and the events themselves are predicted well 
enough.  The detailed evaluation shown in the Assessment Matrices shows this is true but it 
doesn't tell us how well the code predicts the most important licensing limit, the peak clad 
temperature.  Perhaps a scatter plot or a plot of peak clad temperature versus an important 
variable, like linear heating rate, should be added. 
 
I'd like to conclude this part of my review by repeating that my comments are all suggestions 
and that it isn't essential that any particular one be adopted.  Some are probably irrelevant and 
others may not be worth the trouble it takes to implement them.  It isn't imperative that any one 
of them be adopted.  If, however, a significant fraction of them are adopted, I will feel my review 
was worthwhile.  In any case use your time where you think your time is best spent.  Getting a 
code as complex this one to give reasonable answers is, in itself, an accomplishment. 
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INTRODUCTION 
I.  BACKGROUND 
 
The U.S. Nuclear Regulatory Commission (NRC) Office of Nuclear Regulatory Research (RES) 
has organized a panel to review the TRACE/RELAP Advanced Computational Engine (TRACE) 
Version 5.0 computer code and the associated theoretical and test assessment documentation.  
RES is currently developing TRACE to provide a modernized, state-of-the-art method to perform 
thermal-hydraulic analyses of nuclear reactor systems.  Because the NRC uses TRACE to audit 
licensee calculations, an independent review of the code is important, especially since the range 
of code applications is broadening. 
 
II. OBJECTIVE 
 
The peer review panel has reviewed the TRACE code and associated documentation, which 
includes the Theory Manual, the Theory Manual Supplement, the Assessment Manual, and the 
User’s Guide.  This report summarizes the peer review panel’s opinion on the strengths and 
deficiencies of the code as documented and provides recommendations for code changes and 
improvements.  The panel will present these findings to the Advisory Committee on Reactor 
Safeguards Thermal-Hydraulic (ACRS T/H) subcommittee. 
 
III. SCOPE OF WORK 
 
Each peer review panel member has reviewed the TRACE 5.0 code and associated 
documentation, which includes the Theory Manual, the Theory Manual Supplement, the 
Assessment Manual, and the User’s Guide, where these pertain to each reviewer’s area of 
focus.  The TRACE Theory Manual describes the underlying theory, empirical models, and 
special features within TRACE.  The Theory Manual Supplement provides greater detail about 
each physical model and certain mathematical derivations.  The Assessment Manual 
documents the results of a number of TRACE simulations of experimental tests ranging from 
fundamental tests such as a manometer problem to complex integral effects tests such as the 
loss-of-fluid test (LOFT) series of experiments.  The review is not intended to be a line-by-line 
review of the coding; however, the source code has been made available to the reviewer panel.  
The panel members were not expected to run the code but have received sample inputs and 
outputs, as well as guidance in executing the code, so they can run the code if they choose to 
do so. 
 
NRC-furnished material includes the following: 
 
• TRACE 5.0 documentation 

– TRACE Theory Manual 
– TRACE Theory Manual Supplement 
– TRACE Assessment Report 
– TRACE User’s Manual 

• TRACE 5.0 executable and source code 
• TRACE sample input and output files 
 
The panel members should consider the following topics when reviewing the documentation: 
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• capabilities and limitations 
– Is there a description of the code mission, its purpose, objectives, capabilities, 

and range of applicability? 
– Is there a description of the code limitations? 

 
• numerical solution methods 

– Is the numerical solution scheme described? 
– Are the time and space averaging approaches described? 

 
• fundamental equations, models, and correlations 

– Are descriptions included for all models and correlations? 
– Are the original published sources referenced along with supporting data and a 

description of the accuracy and applicability of the model or correlation to power 
reactor conditions? 

– Is the model or correlation implementation approach described including any 
modifications used to overcome computational difficulties? 

 
• general quality 

– Is the documentation well written, well organized, and understandable? 
 

Each panel member has commented on all portions of the code and documentation; however, 
each member has also paid special attention and has provided a more detailed review in 
specific focus areas.  The focus areas requiring special attention and detailed review by one or 
more of the panel members include the following: 
 
(1) conservation equations as applied in the code 
 
(2) numerical solution scheme 
 
(3) thermal-hydraulic closure relations and physical models 
 
(4)  nuclear system components and features, such as pumps, valves, fuel rod models and 

reactor kinetics 
 
(5)  the test assessment matrix, specifically its sufficiency and completeness relative to other 

thermal-hydraulic computer codes 
 

Marvin Thurgood has provided specific comments regarding (1) the application of the 
conservation equations and (2) the numerical solution methods used in TRACE. 
 
Each panel member has provided a draft report which includes an evaluation of the topics and 
focus areas.  Following review of each other’s reports and discussions by the panel members, 
the panel members will assemble a final opinion statement that addresses the findings of all the 
panel members.  The opinion statement will address the adequacy of the TRACE Version 5.0 
computer code based on the documentation review.  This opinion statement indicates areas 
where a consensus exists among the panel members and specific areas where there are 
differences of opinion.  The NRC project manager will confer with the panel members to reach a 
consensus when possible.  The NRC will also provide logistical support (e.g., editing and 
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printing) to the review panel members in preparing the final report of the panel’s findings and in 
preparing the presentation of its findings to the ACRS T/H subcommittee. 
 

TRACE PEER REVIEW CONDUCTED 
 BY MARVIN THURGOOD 

 
My area of focus is to provide specific comments regarding (1) the application of the 
conservation equations and (2) the numerical solution methods used in TRACE. 
 
The shear magnitude of the documentation and equations presents a daunting task for any 
reviewer.  It is not possible to review the material in its entirety within the available time.  I have, 
therefore, focused most of my attention on the Theory Manual.  
 
First, I will make some general observations.  Next, I will briefly address some of the general 
questions that we have been asked to consider in our review.  Finally, I will present my 
concerns and findings from the review. 
 
GENERAL OBSERVATIONS 
 
I find the documentation generally well written and complete with regard to equations, 
references, and nomenclature. 
 
The code developers have indicated their intent to add a liquid droplet field to TRACE as the 
current model is inadequate to address the flow phenomena during stratified/dispersed and 
film/dispersed flow and re-flood.  I agree with this assessment.  I do find it unfortunate that it has 
taken this long to come to this conclusion.  A great deal of effort has gone into developing the 
solution strategies and the constitutive models required for closure of the equation set.  These 
will have to be reworked with the addition of another field.  This will undoubtedly require that 
some of the interfacial models be reformulated, as well as some of the wall momentum and heat 
transfer models. 
 
Will the addition of the drop field be adequate, or should there be four fields (continuous liquid, 
continuous gas, dispersed gas and dispersed liquid)?  There is some indication that the latter is 
required, as an essentially four-field model is used by the level tracking method.  Might using 
four fields to represent two-phase flow eliminate the need for a separate level tracking method 
and eliminate some of the checks required to turn the level tracking on and off, as well as some 
of the numerical problems inherent in using such a model in concert with the normal field 
equations?  My recommendation is that, based on all of the experience gained in modeling two-
phase flow in reactors, we carefully evaluate the complete model needed and set out in that 
direction from the start, thereby avoiding excessive costs in developing an incomplete model. 
 
Also, I wonder if some consideration should be given to solving the conservative form of the 
momentum equations rather than the nonconservative form.  It is not always clear that the code 
will obtain the correct temperature when large pressure gradients exist within the system.  This 
is spelled out in the documentation, but I did not really see what the user should do to determine 
if this is happening and, if it does, what the user should do with the results.  This has been 
treated in the specific case of the connection of the primary system to the containment where 
adjustments to the energy flux between TRACE and CONTAIN have been made to preserve the 
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correct temperature change in the fluid as it moves from a high-pressure volume in TRACE to a 
low-pressure volume in CONTAIN. 
 
It is also not clear that the nonconservative form of the momentum equation does, in fact, 
exactly conserve mass, in the way that some terms of the cross-convection terms are handled, 
although it seems to do so in general. 
 
CAPABILITIES AND LIMITATIONS 
 
Is there a description of the code mission, its purpose, objectives, capabilities, and range 

of applicability? 
 
There is a description of the code’s mission, its purpose, objectives, and capabilities.  Its range 
of applicability is also discussed.  The code uncertainty analysis relative to various transients in 
both advanced and existing pressurized water reactors (PWRs) and boiling-water reactors 
(BWRs) has not yet been conducted.  It is stated that this will be provided in a future update to 
the code and manuals. 
 
Is there a description of the code limitations?  
 
Based on my review of the documentation, I conclude that there is an adequate description of 
the code limitations.  Comments and findings I have made with respect to my area of focus 
should be tempered in view of these specified limitations.  Specific limitations are also found 
where specific equations, numerical schemes, and models are discussed. 
 
The general discussion of the limitations of TRACE contained in the Preface to the Theory 
Manual is reproduced below for reference. 
 

Limitations on Use 
 
As a general rule, computational codes like TRACE are really only applicable 
within their assessment range.  TRACE has been qualified to analyze the 
ESBWR design as well as conventional PWR and BWR large and small break 
LOCAs (excluding B&W designs).  At this point, assessment has not been 
officially performed for BWR stability analysis, or other operational transients. 
 
The TRACE code is not appropriate for modeling situations in which transfer of 
momentum plays an important role at a localized level.  For example, TRACE 
makes no attempt to capture, in detail, the fluid dynamics in a pipe branch or 
plenum, or flows in which the radial velocity profile across the pipe is not flat. 
 
The TRACE code is not appropriate for transients in which there are large 
changing asymmetries in the reactor-core power such as would occur in a 
control-rod-ejection transient unless it is used in conjunction with the PARCS 
spatial kinetics module.  In TRACE, neutronics are evaluated on a core-wide 
basis by a point-reactor kinetics model with reactivity feedback, and the spatially 
local neutronic response associated with the ejection of a single control rod 
cannot be modeled.   
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The typical system model cannot be applied directly to those transients where 
one expects to observe thermal stratification of the liquid phase in the 1D 
components.  The VESSEL component can resolve the thermal stratification of 
liquid only within the modeling of its multi-dimensional noding when horizontal 
stratification is not perfect. 
 
The TRACE field equations have been derived assuming that viscous shear 
stresses are negligible (to a first-order approximation) and explicit turbulence 
modeling is not coupled to the conservation equations (although turbulence 
effects can be accounted for with specialized engineering models for specific 
situations).  Thus, TRACE should not be employed to model those scenarios 
where the viscous stresses are comparable to, or larger than, the wall (and/or 
interfacial, if applicable) shear stresses. For example, TRACE is incapable of 
modeling circulation patterns within a large open region, regardless of the choice 
of mesh size. 
 
TRACE does not evaluate the stress/strain effect of temperature gradients in 
structures. The effect of fuel-rod gas-gap closure due to thermal expansion or 
material swelling is not modeled explicitly.  TRACE can be useful as a support to 
other, more detailed, analysis tools in resolving questions such as pressurized 
thermal shock. 
 
The TRACE field equations are derived such that viscous heating terms within 
the fluid are generally ignored. A special model is, however, available within the 
PUMP component to account for direct heating of fluid by the pump rotor. 
 
Approximations in the wall and interface heat flux terms prevent accurate 
calculations of such phenomena as collapse of a steam bubble blocking natural 
circulation through a B&W candy-cane, or of the details of steam condensation at 
the water surface in an AP1000 core makeup tank. 

 
FUNDAMENTAL EQUATIONS 
 
Are descriptions included for all models and correlations?  
 
The conservation equations are described in complete detail, starting with the time-averaged 
mass, energy, and momentum equations and ending with the volume-averaged mass, energy, 
and momentum equations which are rearranged for numerical solution. 
 
Are the original published sources referenced along with supporting data and a 

description of the accuracy and applicability of the model or correlation to power 
reactor conditions? 

 
References are provided for the origin of the conservation equations used in TRACE along with 
the numerical methods used to solve the equations.  These are adequate to allow a person 
knowledgeable in numerical modeling to understand the methods being used. 
 
Are the conservation equations and implementation approach described, including any 

modifications used to overcome computational difficulties? 
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Yes, they are described in sufficient detail that they can be followed by someone experienced in 
solving the two-fluid conservation equations. 
 
NUMERICAL SOLUTION METHODS 
 
Is the numerical solution scheme described? 
 
Yes, the scheme is described in sufficient detail to allow someone experienced with the 
numerical solution of the conservation equations to understand the method. 
 
Are the time and space averaging approaches described? 
 
This is done in detail. 

 
REVIEW OF THE APPLICATION OF THE CONSERVATION 
EQUATIONS AND OF THE NUMERICAL SOLUTION METHODS USED 
IN TRACE 
 
I have reviewed the following sections in their entirety: 
 
1.  Field Equations 
2.  Solution Methods 
3.  Heat Conduction Equations 
A.  Quasi-steady assumption and averaging operators 
B.  Finite Volume Equations 
 
I have also reviewed the entire section on level tracking, numerical experiments, the off-take 
model, and form loss models.  I have also reviewed some of the fluid properties, especially 
those of the gas mixture. 
 
I have the following questions and findings: 
 
(1) The manual states that exaggerated momentum transfer can occur in TRACE 5.0 when 

a steam/water droplet mixture flows down towards the surface of a liquid pool because 
of the use of the nonconservative motion equations rather than using the fully 
conservative momentum equations.  It is recommended that the solution to this problem 
is to engage the TRACE interface tracking model, when practical.  It is not clear to me 
when the interface tracking model is activated.  Is it activated only when the user 
specifies its use and only then when the criteria specified for interface recognition are 
met?  If so, how does the user know when he or she should activate it?  What are the 
chances that the user will invalidate the code assessment by specifying this model 
inappropriately? 

 
(2) Solving n noncondensible gas equations need not require any more than one additional 

equation if the conservation of mass and energy equations are partitioned appropriately. 
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(3) The V V∇  term in the momentum equations is not treated correctly for tees (side 
connections), connections of one-dimensional (1-D) components to the three-
dimensional (3-D) vessel that face a solid surface, and the bottoms and top nodes of the 
3-D vessel which face solid boundaries.  The velocity in the V∇ term that is nearest the 
solid surface should be set to zero for connections that are at 90  to the solid surface.  
This velocity should be set to Vcosφ for side connections to a 1-D component or for the 
tee secondary tube.  Cos φ is equal to zero when the side connection is perpendicular to 
the 1-D component wall.  It is non-zero when φ is an acute or obtuse angle and removes 
the same momentum from the side connection that is currently added to the 1-D 
component receiving the flow from the side connection or when flow is entering the side 
tube. 

 
The code developers have modified the momentum flux terms in Version 5.07 in 
response to this review, such that the velocity that is nearest the solid surface is set to 
zero for connections that are at 90  to the solid surface.  Thus, the momentum gradient 
term 
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This will correctly result in the Bernoulli pressure drop of 22/1 Vρ in this situation.  It is 
not clear that the code developers have treated the side connections in the manner that I 
have recommended above, or if they use the same method as used for connections that 
are at 90  to a solid surface. 
 

(4) Having both the wall temperature and the fluid temperature at the same time level is a 
significant improvement over earlier code versions. 

 
(5) Equation 1-126 should have a ~ over the 1

2/1
+
+
n
jV  on the left-hand side of the equation. 

 
(6) The first equal sign in Equation 1-197 should be a + sign. 

 
(7) The checks for water packing are overly restrictive allowing water packing to occur when 

it should not.  Too much attention is given to allowing the calculation of true water 
hammer.  Is this realistic given that the code is set up not only to violate the sonic time 
step limit but also the Courant time step limit, not to mention the diffusive effects of 
upwind differencing and the implicitness of solution method will tend to smear real 
pressure waves?  Water packing often occurs in several problems.  Is the level tracking 
model versatile enough that it can be used in all cases where water packing may occur? 

 



 C-9

(8) The level tracking model is very innovative and useful and appears to hold a solution to 
water packing and attenuation resulting from numerical diffusion. 

 
(9) The equation of state for the saturated vapor internal energy is inadequate between the 

pressures of 1x105 and 2x106 Pascals.  The derivative of the internal energy with respect 
to pressure or temperature actually changes sign in this region.  This can be seen more 
clearly on a plot of vapor internal energy versus temperature.  This is in a pressure 
range of primary interest and small and large breaks.  This also results in an error in the 
superheated vapor internal energy calculation. 

 
(10) The noncondensible gas species specific heats should be temperature dependent.  They 

are currently constant. 
 

(11) The specific heat of the gas/vapor mixture is calculated incorrectly.  The current 

definition used is 
p
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(12)  The gas mixture properties, viscosity and thermal conductivity, should be based on 
accepted methods for calculating gas mixtures properties rather than using pressure 
ratios to define the mixture properties. 

 
The semiempirical formula of Wilke is quite adequate for most purposes: 
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The additional energy transferred by diffusional transport for mixtures containing 
polyatomic gases is given by 
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These equations may have to be modified for the bipolar effects when the bipolar steam 
molecule is present. 

  
(13) I have not attempted to do an independent derivation of the SETS method nor have I 

done an independent derivation of the elements of the transform matrices used to obtain 
a numerical solution as these are beyond the scope of the time allotted for this review.  I 
have reviewed the solution method and believe it to be an innovative method for 
obtaining a solution using time steps that exceed the material Courant limit.  Some 
portions of the method required numerical experimentation that I cannot reproduce.  The 
method seems rational and, based on my knowledge of the semi-implicit method and the 
assessment that has been done with the code, I conclude that this method produces 
acceptable results. 

 
(14) There are several typos and grammatical errors in the theoretical manual.  I recommend 

a complete review of the documentation by a technical editor to eliminate these errors. 
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Background 
The U.S. Nuclear Regulatory Commission (NRC) Office of Nuclear Regulatory Research (RES) 
organized a panel to provide an independent review of the TRACE Version 5.0 computer code 
(referred to as the “TRACE code” in this report) and the associated theoretical and test 
assessment documentation.  The author of this report is one of the four members of this review 
panel, and the final panel report incorporates his report. 

Objective 
The objective of the work of the peer review panel was to review the TRACE manuals, including 
the Theory Manual, the Assessment Manual, and the User’s Guide, and to produce a report that 
summarizes the strengths and deficiencies of the code as documented and provides 
recommendations for code changes and improvements.  These findings were presented to the 
Advisory Committee on Reactor Safeguards, Thermal-Hydraulic Subcommittee on July 7, 2008. 

Scope and Conduct of the Work 
Each member of the peer review panel confined his evaluation primarily to certain sections of 
the TRACE manuals.  The panel did not conduct a line-by-line review of the coding; however, 
the source code was made available, although the panel members were not expected to run the 
code.  The author of this report was asked to provide specific comments regarding the 
application of the conservation equations and the thermal-hydraulic closure relations and 
physical models.  Given the resource and time limitations, the following evaluation is mainly 
based on the Theory Manual, and to a lesser extent on the Assessment Manual.  The author did 
not review the User’s Guide or run the code, as this was not feasible within the time constraints 
of the project. 

During two very helpful meetings, the code developers and members of the NRC staff provided 
review panel members with information on the code and answered questions.  Review panel 
members provided their interim reports to the developers before the second meeting, and 
meeting participants discussed some of the issues raised in these interim reports during the 
second meeting.  In April 2008, panel members received written replies to all the comments 
made.  Nearly all the replies acknowledged the comments made and promised actions for most 
within two years, as “mid-priority issues.” Therefore, the comments, conclusions, and 
recommendations of the present final report do not differ significantly from those of the author’s 
interim report of February 22, 2008.  (The present report does not repeat the minor 
typographical-error and editorial remarks made earlier, as these were given high priority for 
immediate correction.) 

This report numbers the comments in the same way as the interim report for ease of reference.  
In addition, it incorporates the early remarks made by the author on October 21, 2007, within the 
main set of comments without changes to the numbering, to provide continuity and hopefully 
facilitate the review process. 

The author included comments only when there was something special to remark, in particular 
regarding perceived deficiencies and need for improvement.  To improve the efficiency of the 
review process, the author did not include observations about the (numerous) positive qualities 
of the manuals. 

 

 



 D-3 
 

Review of the Theory Manual 
This reviewer’s work concentrated primarily on the completeness and readability of the Theory 
Manual, the overall modeling approach and the sections on 

• Drag Models 

• Interfacial Heat Transfer Models 

• Wall Heat Transfer Models  

and related, selected, assessment cases from the Assessment Manual. 
 
The reviewer also examined Appendix A, “Quasi-Steady Assumption and Averaging Operators,” 
to the Theory Manual. 

 
Comments 

0. General comments 
 
0.1 Code validation matrix.  The introductory parts of the TRACE documentation list the 
physical phenomena that are important in large-break and small-break loss-of-coolant accident 
(LOCA) analyses.  Phenomena identified as important on the basis of phenomena identification 
and ranking tables (PIRTs) appear in Tables 3-1 to 3-4 of the Assessment Manual.  The section 
of the Assessment Manual on the TRACE assessment matrix summarizes the pressurized-
water reactor (PWR) and boiling-water reactor (BWR) modeling requirements.  To arrive at 
some certainty regarding the completeness of the code validation work, it would have been 
necessary to provide information such as a cross-reference table showing how the capability of 
the code was assessed for each phenomenon considered and where this information can be 
found.  (The reviewer received no additional information in response to this comment during the 
review process.) 

0.2 Lack of information on the developmental assessment.  In general, although the 
interfacial and wall laws (e.g., the interfacial shear/void fraction correlation) may have been 
assessed extensively at a basic level (either in TRACE or in the older codes where some of 
them originated), this is not evident in the Theory Manual.  In particular, the Manual mentions 
extensive developmental assessment or model development tests of the correlations but 
provides no information and results.  Information would have been useful on the model 
development tests that were used to study thermal-hydraulic interactions on a much more basic 
level. 

0.3 Limits of reviewing code validation.  It was not possible to review the details of the 
validation work in relation to the adequacy of the models implemented in TRACE, in particular in 
view of remarks 0.1 and 0.2 made above.  Years of peer validation will be needed for this. 

0.4 Limitations of the review work.  A very large number of models and correlations have 
been rather ingeniously assembled to produce a code that can cover the phenomena of interest.  
The manual describes the models and correlations clearly and in sufficient detail and often 
includes the reasons or the history that led to their selection and the relevant references.  In 
spite of this, it is not possible within the limits of this review to verify the adequacy of all the 
models used and the ways they were implemented or coded.  To do this, one would have to 
revisit some of the original publications to ensure their adequacy for their intended use in 
TRACE. 
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0.5 State of the code.  The manual indicates that some important changes will be 
implemented.  Some of these may make some negative comments below obsolete.  The 
responses from the code development team state that most of the panel’s recommendations will 
be considered within two years. 

0.6 Top-level approach in modeling.  Development of the code appears to have (partly at 
least) lacked a strategic approach to modeling.  Although much work has gone into the selection 
of the best available models and correlations, the top-level guiding lines and strategy employed 
in selecting flow regimes, phenomena, and situations to be simulated and the selection of 
methods and models for these regimes are not clear.  For example, a three- (or if necessary 
four-) field model should have been implemented before the modeling work was undertaken.  
The flow regimes should have been selected based on the physical situations and then applied 
to both hydraulics and heat transfer; this is apparently only partly the case now.  A chapter in 
the manual outlining the top-level modeling would have helped define this strategy. 

0.7 Models used to simulate various situations.  The elements of the various models used to 
simulate various situations, such as dispersed flow in post-dryout situations or inverted-annular 
film boiling (IAFB), appear in the chapters on drag, heat transfer, and other topics.  For the user 
interested in a particular situation, it would have been useful to present in one place, either in 
matrix form or in a table, all the pieces of the model for a particular situation or flow regime. 

The manual introduces detailed modeling and sophistication “locally,” in, for example, the 
package of interfacial drag correlations and interfacial heat transfer, or in annular flow and 
stratified flow.  Top-level modeling (e.g., interfacial heat transfer in general) would have made 
the modeling more uniform and perhaps fundamentally easier to justify (see, for example, the 
discussion of annular flow versus stratified flow in the section regarding interfacial heat transfer). 

0.8 Mixture models.  Most of the existing correlations in the literature were developed for 
mixture models (e.g., in annular flow, heat transfer from wall to mixture rather than from the wall 
to the interface, followed by evaporation at the interface).  This requires “reverse engineering” of 
these correlations to extract the interfacial information needed.  For this purpose, one has to 
consider the entire problem (e.g., for annular convective-boiling flow, the heat transfers from 
wall to interface to steam and interfacial vaporization) and reanalyze the data (or the correlation 
that the data represent) in this light.  This does not seem to have always been done; instead, ad 
hoc local adjustments were often made to existing correlations to adapt them to the needs of the 
code.  The choice of correlations was often made in an ad hoc, piecewise way for discrete 
issues (i.e., to fix an existing problem).  A good example of this appears below in the discussion 
of interfacial heat transfer in annular flow. 

0.9 Recent changes in the correlations and models.  Although the following comments may 
not give credit to the extensive recent work done in selecting correlations and models, one 
sometimes gets the impression that changes were made to previous correlation packages as 
“quick fixes” or by choosing an alternative correlation that performs better in another range.  
This may be inevitable to some extent, but it would have been necessary for validation purposes 
to have systematic verification of all the correlations over the entire range of applications with 
available data.  

Very often, constants in the models have been modified to better match a particular set of 
relevant data.  The models have often been “mixed” by picking pieces here and there from the 
work of various authors; consistency is not evident.  Many of the original correlations have a 
narrow range of applicability (or in other words, the database used in their derivation has a 
narrow range, at least for some variables); this is often mentioned in the Theory Manual and ad 
hoc measures are taken to ensure that no unphysical behavior is produced.  The work of the 
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code developers seems to be well guided and reasonable.  In spite of this, our review cannot 
provide a statement regarding the adequacy of the models without a very extensive validation 
effort.  On this point, see comments 0.1 – 0.4 above regarding the need for a cross-reference 
model validation table and other needs. 

I do not find anywhere the assurance that the closure laws used perform adequately over the 
entire range of applicability claimed.  A systematic evaluation of the set of correlations 
implemented in the code against the best available relevant range of basic data sets would have 
been necessary.  In essence, I would have liked assurance that, for example, the interfacial 
drag laws used provide the correct void fraction in all possible situations of interest (upflow, 
horizontal, downflow, mass flux range, pressure range, diameter range, etc.). 

0.10 Logic.  To help the user of the code and to provide a check on the logic used in 
selecting flow and heat transfer regimes and the corresponding models and correlations, a clear 
graphical presentation of this logic (with references to the section of the manual where 
explanations are given) is necessary.  This logic should include the various interpolation 
schemes or “ramps” used to bridge between regimes.  A good graphical presentation is a 
challenging undertaking but worth the effort (it also serves as a check of the code logic).  
Inclusion in this graphical presentation of the origin of the models in TRACE imported from older 
codes would also aid the user.  (Most of this information is available in the Theory Manual but 
dispersed in different sections and difficult to find.) 

0.11 Numbering.  Assigning numbers to the sections and subsections of the Theory Manual 
would help the reader and outline the logic of the code. 

0.12 Traceability of developmental history and reasons.  In general, there is not always 
visible traceability (in the documents provided) of the history of the closure laws and of the 
reasons for the decisions made in selecting closure laws (based on previous work and the 
experience of the code development team; acknowledging, however, in this regard, the 
excellent but oral presentation made by J. Kelly at our first meeting). 

On the other hand, although the historical presentation of the model development included in 
certain sections is interesting and helps the user understand the choices made, the presentation 
should be written in such a way as not to mislead the reader regarding the latest state of the 
code.  For example, the historical remarks could be printed in smaller font or as footnotes, or 
assembled in a separate report.  The reader should be able to find rapidly the model actually 
implemented without having to read the history. 

0.13 Flow regimes and heat transfer regimes used in the code.  Before discussing 
closure laws, a chapter should be devoted to the flow and heat transfer regimes used.  The 
definition of the flow regimes is included now in the closure law chapters.  Are the flow regime 
definitions in the following chapters (interfacial drag, wall drag, interfacial heat transfer, etc.) 
consistent and unique? The reader should not have to gather this information from various 
places in the following chapters.  For example, is the description of the flow regimes given on 
page 200 for interfacial heat transfer the same as that on page 124 for interfacial drag? Are the 
definitions of interfacial area for interfacial drag and heat transfer the same?  Are the 
interpolations between flow regimes also done consistently?  If not, why not?  The inclusion of 
such a chapter will also eliminate unnecessary or confusing duplication of descriptions.  If the 
flow regimes and the definitions of their boundaries are defined and discussed first, repetitions 
(and differences) in the following closure law chapters will be eliminated (or be brought to light); 
if any differences in the flow regimes are required, these will become evident and be explained. 
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0.14 Proposed future improvements.  In several places, future improvements of the code 
are proposed.  These would be generally welcome (see also Comment 0.5). 

0.15 Feedbacks from in-house and international code assessment efforts.  A number of 
cases are reported in the Assessment Manual.  They are necessarily limited and probably report 
mainly the successful outcomes.  There is no way that the evaluation team can anticipate 
problems with use of the code in other cases, short of doing very extensive testing.  Instead, the 
team would have benefited from feedback from those who used or are using the code and have 
encountered problems. 

0.16 Uneven level of detail in models. Some (easy to model, but not necessarily very 
important) items are modeled with (unnecessary) extreme detail and unwarranted precision, 
while other, more difficult to model items are still to be improved.  Avoidance of not justified 
detail and precision is recommended. 

1. Drag Models — Interfacial Drag 
 
1.1 A clear summary of the various regimes defined in the code and pointers to the sections that 
deal with these regimes, placed at the very beginning of Chapter 4, would help greatly.  The 
following comments show the need for such a summary: 

• On pages 123–124, it is not clear whether the classifications apply to both vertical and 
horizontal flows; at the top of page 124, the statement “four principal flow regimes are 
considered for vertical flow…” appears, but then four lines below the text states “…are 
applied to both vertical and horizontal geometries.” This could be rewritten to make it more 
straightforward and clear. 

• It is not clear at this point what is applicable in the different flow directions. 

1.2 Extracting Interfacial Shear from Void Fraction Data  
My understanding of the method for obtaining the interfacial shear starting from void fraction 
data is outlined here.  The method is used, for example, in the old TRACB02 code (developed 
by the General Electric Company around 1984).  The approach, discussed by Andersen and 
Chu (1981) and Putney (1988, 1991), was also used in RELAP5/MOD3.  Weisman and Du 
(1992) extend it to diabatic conditions to explain the observed increase in interfacial shear 
resulting from the presence of bubbles near the wall. 

The basic premise is that, for adiabatic, fully-developed, and steady-state conditions, the two-
fluid model and the drift-flux model (or in fact any other mixture void fraction model) are 
equivalent, and the drift flux parameters or information from the void fraction correlation can be 
used to characterize the relative velocity (and the phase and flow distributions in the case of the 
drift-flux model).  It is then implicitly accepted, as usual, that the correlations for interfacial shear 
derived in this manner from adiabatic steady-state information are applicable under transient, 
not fully-developed, and non-adiabatic conditions. 

Starting from the phase momentum equations at steady state and without the convective terms 
(fully-developed, steady flow), and neglecting the terms resulting from interfacial mass transfer, 
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where P is the perimeter, A the cross-sectional area, τ the shear stress, θ the angle between the 
z coordinate and the vertical direction and the subscripts w, l, g, i denote the wall, the liquid, the 
gas and the interface, respectively. Multiplying the first equation by <α>, the second by <1-α>, 
and subtracting, one obtains, 

1
( ) 1 cos wg wgi i wl wl

l g

PP Pg
A A A

τ ατ τ α
ρ ρ α α θ

< − >< >
= − − < − >< > + −  

This equation also contains the wall shear terms that were neglected in the Theory Manual (Eq. 
(4-2)).  These terms may be small, but a justification of their neglect is needed.  If we have an 
expression for wall shear (a two-phase pressure drop correlation) and we know how to 
apportion wall friction between the two phases, and if we dispose of an expression for <α>, then 
the equation above can be used to calculate the interfacial shear, or rather the product of 
interfacial shear and interfacial area.  For certain regimes, such as bubbly flow or dispersed 
droplet flow with a dry wall, the distribution of the wall shear between the two phases is obvious.  
It is more difficult to decide in certain other regimes. 

For TRACE, void fraction data obtained in vessels was used.  In this case, there is no wall 
shear, but the correlations for void fraction in vessels may not be applicable to flows in pipes.  
Justification of the use of vessel void fraction data for developing the interfacial shear correlation 
is needed. 

Apparently the interfacial shear correlations obtained using this method for vertical flows are 
also used for horizontal flows, where, however, the gravity term in the equation above vanishes.  
Although horizontal bubbly/slug flows may not be the primary interest for TRACE, they would 
be, for example, very important for horizontal CANDU bundles. 

In the end, the way the correlation was developed in TRACE may be fine, as long as it properly 
predicts the data in pipes and bundles.  There is limited testing in the Theory Manual with 
FRIGG data only (Figure 4.6). 

References for Section 1.2: 

Andersen, J. G. M. and Chu, K. H. (1981) “BWR Refill-Reflood Program Task 4.7 — 
Constitutive Correlations for Shear and Heat Transfer for the BWR Version of TRAC,” 
NUREG/CR-2134, EPRI NP-1582. 

Putney, J. M (1991) “Development of a New Bubbly-Slug Interfacial Friction Model for RELAP5,” 
Nucl. Eng.and Design, 131, 223–240. 

Putney, J. M. (1988) “Implementation of a New Bubbly-Slug Interphase Drag Model in 
RELAP5/MOD2,” CEGB report RD/L/3306/R88, PWR/HTWG/P(88)597 (August 1988). 

Weisman, J. and Du, L. (1992) “Computation of the Effect of Heat Addition on Interfacial Shear 
in Bubbly Flow,” Int. J. Multiphase Flow, 18, 623–631. 

1.3. Making the difference between the true average relative velocity (denoted as  
<Vg–Vl>) and the difference of the true phase velocities, r g lV V V≡ − . 

Although I agree with the importance of the difference, I find the text and the derivations 
complex and rather confusing.  First of all, Ishii and Mishima (I&M) correctly point out that the 
average drag should be computed using the true average <Vg – Vl> (see Eq. 66 in their paper), 
while the TRACE manual uses, at the first encounter with the subject, Eq. (4-2), the difference 
of the phase velocities, r g lV V V≡ − ; the I&M concern could have been raised right there to 
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prepare the reader.  The text then continues with a rather convoluted development of the 
difference between the two (using, among other things, the “profile slip factor,” a rather 
“unhappy” name for this term). 

I understand the real problem to be the following.  Having properly defined the drag using the 
true average relative velocity (which is not definable in an obvious way, as hinted at the end of 
this paragraph), this velocity is not available within the framework of the two-fluid model where 
only the cross-sectional-average phase velocities and their difference can be calculated.  The 
problem is then linking the two, or computing <Vg – Vl> in terms of available quantities.  
Equation (4-16) of the Theory Manual (taken from I&M) does this.  I believe that it should also 
be possible to derive an exact equation linking the true average relative velocity to the 
difference of the true phase velocities, although I see some conceptual difficulties in the 
definition of the local value of Vg – Vl.  Indeed, instantaneously and at a point, the two should be 
identical (no local slip between the phases), and Vg – Vl implies some local averaging already.  I 
recommend revisiting this issue from a very basic point of view. 

1.4. Other remarks 
1.4.1 Page 124, Bubbly/Slug Flow Regime.  The non-justified abrupt introduction (“Equating 
the magnitude of the interfacial drag force per unit volume to the buoyancy force yields…”) is 
followed by explanations of the details.  Where are these two terms (drag, buoyancy) defined 
previously or discussed in the Theory Manual? The justification for their equation should be 
given. 

Some explanation of the logic behind this (as outlined above) would be welcome.  The 
reference to Ishii and Mishima does not concern the method used to translate the void fraction 
correlation into an interfacial drag correlation. 

1.4.2 Page 125, after Equation (4-5).  The wording “void-weighted area-averaged phase 
velocities” is rather poor.  These are simply the true average phase velocities (necessarily, liquid 
and gas fraction weighted).  Equation (4-6) gives the difference of the true average phase 
velocities.  It is not the average relative velocity. 

1.4.3 Pre-Critical-Heat-Flux Drag Models.  The selection of the correlations used and its 
justification seem weak, in particular for the bubbly/slug transition.  The data used for 
justification of the choice (Figures 4-4 and 4-5) are for pool boiling. 

Although there is one “CISE Adiabatic Tube” test in Volume A of the Assessment Manual and 
several “Interfacial Drag and Mixture Level Swell Tests” in Volume B, some additional, simple 
assessment of the interfacial drag correlation (leading to the determination of the void fraction) 
versus basic void fraction data would be welcome for both tubes and bundles (only one 
comparison with FRIGG data is given in the Theory Manual). 

1.4.4 Page 137.  The modification of the Andreussi and Zanelli correlation (replacement of the 
interfacial shear by that given by Eq. (4-41)) raises some suspicion, although the choice is later 
justified by tests with their data. 

1.4.5 Middle of page 137.  The fact that c must be constrained to have a negative value also 
raises some suspicion regarding the adequacy of the equations used; if the physics was 
represented properly, the sign of c would have been expected to be automatically correct. 

1.4.6 Middle of page 139: The pressure range of the Ishii and Mishima correlation (1–4 
atmospheres) is limited.  Is the correlation still meaningful at higher pressures? Is there any 
validation? 
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1.4.7 Pages 147–149.  The implementation of a power-law weighting scheme is claimed to 
have almost totally eliminated flow oscillation problems.  Was this really their origin? (I recall 
that similar oscillations were observed during code assessment work at PSI, where a “fix” was 
also proposed.  See Figure 17 of Aksan, Richner and Analytis, EIR Report 624, also published 
as NRC code validation report, “Boil-Off Experiments with the EIR-NEPTUN Facility: Analysis 
and Code Assessment Overview Report,” NUREG/IA-0040, March 1992.)  

The orders-of-magnitude difference of bubbly/slug and annular flow interfacial drag coefficients 
(Figure 4-7) is true only away from the region where interpolation takes place, as Figure 4-8 
shows. 

From Appendix A to the Assessment Manual:  “It is seen from Figure A.4-2 that the TRACE 
code yielded stable and well-defined void fraction predictions for computed channel voids of up 
to ~70%.  For higher test section void fractions, the code predictions were highly transitory in 
nature exhibiting high-frequency oscillations of significant amplitude.”  The figure does not show 
a stable situation. 

1.4.8 Page 157, Post-Critical-Heat-Flux Interfacial Drag Models.  I object to the use of the 
“generic” term “Leiden frost point” to describe the particular rewetting taking place during 
reflooding, which has very little in common with the classical, well-defined Leiden frost droplet 
on a hot plate. 

1.4.9 Multiple quenches and rewetting fronts are apparently not possible with the logic of the 
code, and this should be made clear (as a code limitation).  Top quenches may be important for 
certain PWR emergency core cooling systems. 

1.4.10 Accessibility of references.  The original work of Ishii and collaborators is contained in 
a few Argonne National Laboratory reports that may not be accessible to all users.  Some way 
of making these accessible (e.g., mentioning the source in the list of references) would be 
welcome. 
 
Concluding Remarks on Drag Models 
Although this may not give credit to the extensive work done in selecting correlations and 
models, one sometimes gets the impression that changes were made to previous correlation 
packages as “quick fixes,” which involved choosing an alternative correlation that performs 
better in another range.  Such fixes may be inevitable, but it would have been much better to 
have systematic verification of all the correlations over the entire range of applications with 
available data. 

In general, although the basic interfacial shear/void fraction correlations may have been 
assessed more extensively (either in TRACE or in the older codes where some of the TRACE 
models came from), this is not evident in the Theory Manual.  I would have liked to see a 
systematic evaluation of the set of correlations implemented into the code against the best 
available relevant data sets. 

2. Drag Models — Wall drag 
2.1 Middle of page 175.  Why was a different single-phase friction factor (Haaland) used for the 
annular flow regime instead of the Churchill equation used elsewhere? 
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3. Interfacial Heat Transfer 
3.1 It would have been very helpful to the (novice) reader if the Theory Manual recalled briefly at 
the very beginning the logic and the scheme used in the two-fluid model for heat transfer (wall to 
fluids to interface) and made a general statement on how the model will be implemented. 

An explanation is also needed for the difference between vapor-interface and “sensible” heat 
transfer coefficients (HTCs) on page 199. 

3.2 Introduction, page 197.  Why is subcooled boiling not included in the general formulation 
given for interfacial heat transfer but added to the mass transfer rate from interfacial heat 
transfer in Eq. (5-1)? An explanation should appear at the beginning of the chapter. 

3.3 Page 199, bottom.  What is the justification for multiplying the interfacial HTCs by the 
relative partial pressures? 

Why for interfacial drag does TRACE consider only the bubbly/slug regime, while for interfacial 
heat transfer there is a distinction between dispersed bubbles and cap/slug bubbles (Figure 5-
1)? 

3.4 Page 207, Lahey and Moody Condensation Model.  After publication of the Lahey and 
Moody book, Lahey and coworkers proposed improved versions of their H0 heat transfer 
coefficient (Eq. (5-40)), which may be worth considering.  (See G. C. Park, M. Podowski, M. 
Becker and R.T. Lahey, Jr., “The development of NUFREQ-N, an analytical model for the 
stability analysis of nuclear coupled density-wave oscillations in boiling water reactors,” 
NUREG/CR-3375, U.S. NRC (1983).) 

3.5 Page 208 and following, Annular/mist flow 
3.5.1 Liquid-to-interface HTC, page 209.  “The model for the liquid-side film interfacial heat 
transfer, hli,film, has to be valid over a wide range of film Reynolds numbers: from a laminar 
falling film during condensation to a highly sheared turbulent film during forced convection 
evaporation” (my emphasis).  This is a rather ambitious goal and I doubt that it can be achieved.  
Given the importance of condensation (in the presence of noncondensibles) for the passive 
LWRs, I would have devoted special modeling to this situation (based on the extensive work 
done at Northwestern Univ. and more recently for the SBWR/ESBWR) and modeled the 
classical forced-convection evaporation separately, based on the extensive information 
available for this regime in the literature for a long time.  (This criticism may become obsolete if 
the future work outlined at the end of the Chapter under Special Model for Film Condensation is 
indeed implemented, but that clarification comes too late in the text!) 
 
3.5.2 Why is interfacial heat transfer for stratified flow treated separately and differently? More 
specific and detailed comments follow: 

a. I fear that the general scheme used in TRACE to compute the film thickness may not 
produce accurate results in downwards condensation when the gas is almost stagnant (e.g., 
the case of the ESBWR passive containment cooling system (PCCS) condenser when the 
bottom vent is closed).  In this case, it may be difficult to define the interfacial shear properly.  
A computation of the film thickness based on continuity of the liquid flow, starting from the 
top and integrating downwards seems much more suitable and “physical” although it may 
not fit in the code scheme (but then a specialized condenser model may be the solution). 
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b. What is the logic of “adding” (Eq. (5-49)) the laminar and turbulent interfacial HTCs (liquid to 
interface)? Interpolating seems more physical, especially recalling that we are dealing often 
with a sheared film situation (see also item d below). 

c. For laminar film, TRACE uses the condensation correlation of Kuhn et al., while for turbulent 
films, the Bankoff approach is adopted.  In my opinion, the Kuhn et al. and Bankoff 
correlations are rather alternative options.  The Kuhn et al. correlation converges to laminar 
flow (Nu = 1), but there is a convective term added to the laminar “1”, function of Ref 
(signifying turbulent flow). 

d. The classical textbook by Bird Stewart and Lightfoot, Transport Phenomena, gives the 
following Reynolds numbers, Re, for falling films: 
 Laminar without rippling   Re < 4-25 
 Laminar with rippling        4-25 < Re < 1000-2000 
 Turbulent        Re> 1000-2000  (same definition of Re as in TRACE) 
In the presence of any shear on the film, the transitions are likely to take place earlier. 

e. Then an arbitrary split is made (page 210, before Eq. (5-53)) to separate wall-to-liquid from 
liquid-to-interface.  If this is really laminar flow, an analytical solution could have been used. 

f. The Bankoff correlation is then manipulated (page 211, before Eq. (5-56)), maybe rightly so, 
but not in a fully satisfactory way and finally “mixed” with the Gnielinski correlation. 

g. The “over prediction” mentioned after Eq. (5-56) was perhaps the result of item a above. 

h. Figure 5-3 shows that the Kuhn et al. model (labeled K-S-P) works fine over its entire range.  
Why mix it with Bankoff and Gnielinski and add all the weighting factors? 

3.5.3 Page 212, Gas-to-Interface Heat Transfer Coefficient.  The statement “For the 
annular/mist flow regime, the gas-side interfacial heat transfer is considered to be of secondary 
importance” is true for forced-convection vaporization and condensation of pure steam (in both 
cases, the driving temperature difference is zero) but not for condensation in the presence of 
noncondensibles or sensible heat transfer from the gas to the interface, as stated later in the 
manual.  The opening quotation may be misleading.  How is condensation with 
noncondensibles treated? 

3.5.4 Page 213 and following, Entrained Droplet Models.  The Ryskin correlation (page 214, 
after (Eq. 5-63)) for heat and mass transfer from a moving droplet should be okay for heat 
transfer from superheated steam to a saturated drop (resistance in the film around the drop).  
However, for steam condensing on a subcooled drop, the resistance is on the liquid side.  
Whatever the interfacial HTC, Tgas-Tint = 0 in saturated steam, so the choice of an interfacial 
HTC is not important, but for steam with noncondensibles, this is not the case, as there is also 
resistance on the gas side.  Is this treated properly in TRACE? 

3.5.5 Page 216.  Stratified Flow Interfacial Heat Transfer.  Why would the interfacial heat 
transfer relationships be different for annular flow and stratified flow? If these were written in 
terms of the proper scales (e.g., hydraulic diameters, turbulence scales, Re numbers, etc.), they 
should be applicable to all geometries.  Why are there a Figure 5-3 for annular flow and then a 
Figure 5-4 for stratified flow (with partly the same data)? 

3.5.5.1 Page 216, 2nd line from bottom.  “The critical length for the liquid-side heat transfer is 
the height of the liquid layer, hl.  This height is calculated from the void fraction assuming that 
the pipe has a cylindrical cross-section.  To facilitate this calculation, a curve-fit to the 
geometrical formula is used.”  Is this fit used here only for interfacial heat transfer and not for 
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drag? (This is an example of the unfortunate separation between hydraulic and heat transfer 
models.) 

3.5.6 Page 217.  In my opinion, the Taitel-Dukler relationship between liquid level height and 
interfacial area is taken much too seriously and given too much detailed attention (four different 
curve fits).  At the limits, the fluid-fraction height relationship is certainly not linear — a look at 
the pipe geometry shows that it is more linear-like near the equator.  Any waviness of the 
surface will modify this relationship.  An approximate relationship between void fraction and 
liquid height (e.g., square pipe) would have made equal sense.  Why is this discussed here and 
not in the “Interfacial Drag” section? 

3.5.7 Page 218.  There are (again) many interventions in the original correlations used to match 
data rather than looking at the physics of the problem and its scales.  If interfacial heat transfer 
were correlated in terms of the appropriate local scales (related to the interface and not the pipe 
diameter), then the concerns about large pipe diameters (described near the bottom of page 
218) would not have existed.  Also the statement at the top of page 219 about lack of high-
pressure condensation data could have been addressed.  See, for example, the following recent 
publications on interfacial heat transfer that show that the problem can be approached in this 
way: 

D. Lakehal, M. Fulgosi, G. Yadigaroglu, and S. Banerjee (2003) Direct Numerical Simulation of 
Turbulent Heat Transfer Across a Mobile, Sheared Gas-Liquid Interface, Journal of Heat 
Transfer, 125, 1129. 

D. Lakehal, M. Fulgosi, S. Banerjee, and G. Yadigaroglu (2008) Turbulence and Heat Exchange 
in Condensing Vapor-Liquid Flow, Physics of Fluids 20, 065101. 

D. Lucas, D. Bestion, et al. (2007) On the Simulation of Two-Phase Flow Pressurized Thermal 
Shock (PTS). The 12th International Topical Meeting on Nuclear Reactor Thermal Hydraulics 
(NURETH-12) Pittsburgh, Pennsylvania, September 30 – October 4, 2007. Log Number 35. 

3.6 Page 219 and following, Post-Critical-Heat-Flux Interfacial Heat Transfer 
3.6.1 General comment.  Clearly, the adequacy of the models will be finally judged by their 
performance in code validation.  It was not possible within the time limits allocated to this work 
to “enter” into the validation cases done and “extract” the behavior of the individual models.  I 
believe my earlier request of a validation “matrix” is certainly justified. 

3.6.2 Page 221, 2nd line.  The statement “The width of the vapor film simply adjusts so that the 
heat transfer rate across the film matches the maximum that can be convected into the liquid 
core region” is not quite correct in that it ignores superheating of the vapor film. 

3.6.3 Page 221, 2nd paragraph.  There is much more information on the superheated-vapor-to-
interface heat transfer than is considered and quoted.  See, for example, the literature reviews 
in the work of De Cachard used in TRACE and reviews in the predecessor paper of Analytis and 
Yadigaroglu (G. T. Analytis and G. Yadigaroglu (1987) “Analytical Modeling of Inverted Annular 
Film Boiling,” Nucl. Eng. and Design, 99, 201–212). 

3.6.4 Page 222, Interface-liquid and vapor-interface HTCs in Inverted Annular Flow.  The 
De Cachard method (Reference 4-38 or 6-63 of TRACE) was used for interfacial drag.  Why not 
use it also for interfacial heat transfer and be consistent, instead of applying the trial and error 
methods on pages 222-223? These methods start from data of admittedly doubtful applicability 
(Fung et al.) and make simplifying assumptions (Nu = 200 for the “proposed model”) that have 
to be modified again to match the data (Nu = 100 to match FLECHT-SEASET high-reflooding 
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rate tests).  All this has no physical basis.  Yes, there is enhancement of heat transfer as 
suggested in TRACE, it is real, and has been considered by, for example, De Cachard. 

3.6.5 Page 223.  The statement is made that “Two heat transfer coefficients remain to be 
specified: that for gas-liquid sensible heat transfer and that for flashing.  Neither of these is 
considered to be important for inverted annular film boiling….” The fact that the vapor film may 
be highly superheated seems to be ignored.  Also, this brings to light the comment above about 
the need to define the difference between “sensible” and vapor-interface HTCs.  (See comment 
under 3.1.) 

Does the statement “First, for the case of sensible heat transfer, the gas-liquid heat transfer 
coefficient is taken to be the same as that for the vapor interface” mean that the gas/vapor-
interface heat transfer is counted roughly twice, as it appears? 

3.7 Page 229 and following, Noncondensible Gas Effects.  The statement that “However, to 
improve TRACE’s predictive capability for both in-tube condensation for the PCCS component 
and for wall condensation in the drywell of the proposed ESBWR design, a new model for the 
effects of non-condensable gases upon film condensation was added to the TRACE code.  This 
new model is described in Special Model for Film Condensation below and is expected to 
replace the default model in a future code release after more testing has been completed,” as 
already suggested above, may invalidate some of the comments made earlier, but this report 
work was commissioned to review the current version of TRACE. 

3.7.1 Page 230, 2nd paragraph.  In the statement “The models used by TRACE to modify the 
liquid-side interfacial heat transfer when noncondensible gases are present are described 
below,” it is not clear why the liquid side HTC (I assume interface-liquid) should be affected by 
noncondensibles.  It should be the vapor/gas-interface HTC. 

The logic used in Eq. (5-119) etc. on page 231 should at least be explained. 

3.7.2 Page 231.  Using the 1976, TRACE Reference 5-24, (G. G. Sklover and M. D. Rodivilin, 
“Condensation on Water Jets with a Cross Flow of Steam,” Teploenergetika, 23, 48–51, 1976) 
correlation is rather surprising (because of the date produced, because it deals with water jets, 
etc.).  As mentioned above, there is abundant recent work on condensation in PCCS tubes, etc. 
(from Massachusetts Institute of Technology, University of California-Berkeley, Paul Scherrer 
Institute (PSI)). 

3.7.3 Page 232 and following, Special Model for Film Condensation.  I applaud the use of 
models such as Kuhn et al., but this comes too late (are we reviewing an intermediate, obsolete 
version of TRACE?).  I note, however, that the Kuhn et al. model was again modified.  I must 
confess that I have lost track with all the modifications and alternative models introduced on 
pages 235–237 (to also use the model for condensation on containment walls is not a good 
idea, given the physical differences). 

Alternative models/publications could be considered before implementing the Kuhn model in a 
consistent way (see, e.g., an internal PSI report by M. Meier, TM-42-94-08, “SBWR-PCCS 
numerical integration programme and test results,” July 25, 1994). 

If PCCS performance accuracy is needed, it would be best to combine such development 
considering the earlier comment made on the film thickness (see page 208 and following 
Annular/Mist flow item and the work of M. Meier just mentioned). 

3.8 Page 238, Model for Evaporation.  A clear display of the heat transfers and definition of 
the meaning of each term is needed.  I do not understand the logic of adding the evaporation 
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resistance to the liquid-interface HTC rather then the gas-interface.  Is the combined HTC going 
to be multiplied with the correct ∆T? (For saturated liquid, this ∆T will vanish.) 
3.9 Page 283, 2nd paragraph.  “DNB is one of the types of CHF and for each fuel type there are 
specific DNB correlations with high accuracy.  Most of these correlations employ the boiling 
length concept, in which the core inlet quality or enthalpy explicitly appears in the correlation.” 
Departure from Nucleate Boiling (DNB) takes place with nucleate boiling (low-quality situations) 
while the boiling-length type correlations are used for BWRs where dryout occurs at relatively 
high quality.  The statement should be reworked. 

4. Wall Heat Transfer 

4.0 General remarks 
4.0.1 There seems to be no general strategy in modeling boiling (or the strategy is not made 
explicit), and the various conditions are treated on a “local,” ad hoc basis.  In particular, I object 
to the “mixing” of various model components from various sources (particularly when this is 
done without apparent testing). 

4.0.2 Although it is understandable that a code like TRACE is not meant to produce critical heat 
flux (CHF) limits as exact as those of more specialized models, the limits of the representation 
of the boiling heat transfer process by Figure 6-1 should be at least mentioned.  In many cases 
(and particularly in BWRs), there is an important flow history effect that is not considered by a 
“local-conditions” type display like that of Figure 6-1.  This is later stated in the last paragraph of 
page 283. 

4.1 Heat Transfer Regime Selection 
Page 253, Figure 6-2: I find no obvious relationship between the “end boxes” (the square ones) 
and the sections of the chapter that follow. 

Where is the box for “Pre-CHF, Single-Phase Liquid Convection”? 

There are two end boxes “Two-Phase Convection” not related to exactly the same models. 

The distinction between “Two-Phase Convection” and “Film Condensation” on the basis of void 
fraction is not obvious to me. 

4.2 Pre-Critical-Heat-Flux Heat Transfer 
Page 254. It is stated that “Also, the effect of variable fluid properties upon the heat transfer 
coefficient in laminar flow is neglected.” However, Eq. (6-12), two pages later, proposes a 
correction for turbulent flow. 

4.3 Laminar HTC. 
Pages 255–256.  The worry about nine air flow data points from an unidentified data source not 
falling near the laminar flow HTC is greatly exaggerated; it is not worth spending time on this.  
There are probably hundreds of other data points. 

4.4 Onset of nucleate boiling 
Page 276 and following.  The complication introduced by including the wetting angle in the 
onset of nucleate boiling (ONB) formulation is not justified.  (At best, it could have been 
introduced as a correction factor for zirconium versus stainless steel. ) The effects of crud 
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deposition and surface condition are likely to be more important than the effect of wetting angle 
on a clean surface. 

4.5 Nucleate boiling 
Page 271 and following. The well-established and hopefully self-consistent Chen correlation 
should not be manipulated by adding or subtracting other components, especially if the end 
result is not extensively tested with data.  In fact, I do not find any tests of the resulting “nucleate 
boiling” package with data. 

My impression is that the authors looked extensively in the literature and picked models that met 
their needs (programming efficiency, code stability, etc.) without questioning the validity and 
applicability of the models.  Mixing models from different sources does not necessarily produce 
a consistent way of correlating the data upon which they are based. 

4.5.1 The manual ignores the fact that, in pool boiling, surface conditions play a major role, and 
comparison of correlations without considering this is questionable. 

4.5.2 Although I agree that it makes sense to translate the correlation from being quality-based 
to being void-fraction based, further manipulation is suspect. 

4.5.3 Pages 273–274.  Comparing various correlations (in fact, a mix of flow (Steiner and 
Taborek) and pool boiling correlations (Cooper and Gorenflo) and concluding that none is 
“superior” without any comparisons with data is not an acceptable practice.  The choice finally 
made is not on physical grounds (see bottom of page 274). 

4.5.4 Bottom of page 274.  It is not clear why and it is questionable whether the Gorenflo 
correlation will be less sensitive to pressure variations than the others. 

4.5.5 Page 276.  The nucleation suppression effect is real; omitting the suppression factor may 
or may not be correct with the composite model used, but the omission has to be proven right.  
The statement that “While an explicit suppression factor has not been included in the TRACE 
model, the effect of the two-phase forced convection heat transfer coefficient upon ∆TONB 
provides an implicit suppression of the nucleate boiling component of the wall heat flux” is not 
justified.  ONB and nucleation suppression take place at different locations. 

Also, for the same reason, I find no solid basis for the statement on page 277, after Eq. (6-71), 
“Furthermore, as noted above, this approach provides an implicit suppression factor.  For 
example, as the forced convection component increases, TONB increases, so that q”BI increases 
and the nucleate boiling component of the total heat flux decreases.” 

4.5.6 Page 278 and following, Subcooled Boiling Model.  The model implemented here, 
partly based on Lahey and Moody’s book, does not seem to be fully consistent with the model 
used in Chapter 5, page 207, “Modifications for Subcooled Boiling.” The HTC H0 (Eq. 5-40) that 
is an essential part of this model has now disappeared; therefore, something is wrong. 

4.5.6.1 Middle of page 279.  “In the nucleate boiling regime, the wall heat flux is comprised of 
both forced convection and pool boiling components.  The fraction of the wall heat flux that 
results in subcooled vapor generation only derives from the pool boiling component as the 
forced convection component should only result in a change in the sensible heat.” The logic of 
this statement is not clear; you would not expect subcooled boiling in annular flow where forced 
convection vaporization will take place. 
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4.5.7 Pages 280–282, Implementation of the Saha-Zuber Net Vapor Generation (NVG) 
criterion.  Following discussion with the authors, it turns out that, indeed, Eqs. (6.89) or (6.93) 
of the manual, 

( ) ( )
" "

, ,
Pe St Pe St

NB h p l NB h
l ld l ld

q D c q Dh h T T− = − =  

and the definition of the Peclet number, Pe describe the two cases of the Saha-Zuber criterion, 
but the thermal conductivity of the liquid kl is missing from the denominators of Eqs. (6.89) and 
(6.93).  (Clearly, the equations are dimensionally incorrect.) 

4.6 Critical Heat Flux 
4.6.1 Page 283, 2nd paragraph.  The statement mentions some limitations, while the most 
important one, that all CHF correlations are for steady-state situations while CHF occurs during 
a LOCA under transient conditions, is ignored. 
4.6.2 Middle of page 283.  The statement “To define the CHF point, the wall temperature at 
which the critical heat flux occurs must be determined” is at least misleading.  The temperature 
at the CHF point is the result of CHF, not the cause.  To find whether we are dealing with pre- or 
post-CHF heat transfer, it would seem sufficient to compare the local heat flux computed by the 
pre-CHF models and the local wall temperature to the CHF (under the prevailing local flow 
conditions) from the look-out tables.  It is unclear why Eq. (6-94) should be solved iteratively. 

4.6.3 Mixture enthalpy for CHF correlation.  When one of the mass fluxes is negative, a 
volume-based mixture enthalpy is apparently defined. This definition makes sense and is 
practically inevitable, but the reader should be warned about the consequences of using 
correlations produced for co-current flows under counter-current flow situations about which 
there is essentially no published work.  If there are important cases when CHF is expected in 
countercurrent flow conditions in the core (e.g., perhaps in spray cooling of BWR cores), this 
could be an important limitation. 

4.6.4 CHF model.  This set of models seems also to be largely untested.  The comparisons to 
the Biasi correlation are not very illuminating; in the absence of any data, the basis for claiming 
“improvements” is weak. 

4.6.5 CISE correlation.  How is the boiling length computed during a transient? 

4.7 Minimum Film Boiling Temperature 
4.7.1 Difference between quench temperature and rewetting temperature in reflooding.  
Although the manual makes a distinction between the Tmin observed in hot-patch-like tests and 
the knee temperature observed in reflooding, it gives only a vague explanation regarding the 
difference “due to the axial conduction effects present at a quench front.” 

The physical meaning of the knee temperature was explained long ago (see, e.g., 
Reference 3.5 of the manual, G. Yadigaroglu, R.A. Nelson, V. Teschendorff, Y. Murao, J. Kelly, 
and D. Bestion, “Modelling of Reflooding,” Nucl. Eng.and Des., 145 (1993) 1–35), but many 
authors persist in defining this knee temperature as some kind of thermodynamic property, while 
I am convinced that it is simply the rod temperature at the time the reflooding front reaches the 
particular location.  If there is indeed a rewetting temperature, it is somewhere between the 
knee temperature and saturation temperature and not measurable in classical 
reflooding/rewetting experiments.  The large scatter of the data obtained by the authors of the 
manual when they examined the FLECHT-SEASET and the THTF tests tends to support my 
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point of view.  The spread of the data in Figure 6-18 also supports this.  Finally, the figures 
around B.7-18 in Appendix B to the Assessment Manual seem also to support my point (failure 
to predict correctly the knee temperature).  However, it would have taken several hours to read 
and fully evaluate this section of the volume. 

The correct way of treating the quenching problem is to track the quench front and use models 
for the physics taking place in its vicinity, as well as the axial conduction effects.  This is in 
principle possible with the fine mesh conduction scheme of TRACE, although the actual 
capabilities of the fine-mesh scheme in practice should be described.  However, I object to the 
implemented “modification in the vicinity of the quench front to improve… performance.” 

4.8 Post-Critical-Heat-Flux Heat Transfer 
4.8.1 The differentiation between pre- and post-CHF heat transfer was given on page 282 
based uniquely (and erroneously according to my comment 4.6.2 above) on TCHF.  Now, in 
Figure 6-19, we have two criteria based on both TCHF and xcrit.  There should be only one 
criterion (at least in the direction pre- to post-CHF): exceeding or not exceeding the CHF. 

4.8.2 The logic diagram (or the code logic) is not easy to grasp or seems to be flawed also at 
the point “Tw > Tmin .” Coming from high temperatures, we can very well be above Tmin in, say, 
IAFB and not in transition boiling.  How the code does “rewet” and enter the wetted-wall heat 
transfer regimes? 

4.8.3 General remarks on modeling of Inverted Annular Flow Boiling (IAFB) and 
Dispersed Flow Film Boiling (DFFB).  These two regimes have been studied and modeled for 
three decades now.  The TRACE manual authors seem to have ignored all this work and 
embarked on modeling from scratch.  Both regimes are excellent candidates for two-fluid 
modeling because of the two-step exchanges wall-steam-liquid.  Figure 6-22 correctly illustrates 
these.  However, the following developments allocate directly the wall heat flux to the liquid and 
do not consider/solve for the superheating of the steam by wall-to-steam heat transfer and 
cooling/desuperheating by steam-to-liquid heat transfer explicitly.  I understand that, because of 
the small heat capacity of the steam, this may be numerically difficult, but if this is the case, a 
full explanation should be given. 

At the end of the section, the manual shows a rather miserable success in post-CHF modeling 
(Figure 6-34) and states the following: “The large scatter in this comparison and the model’s 
conservative bias, necessary for TRACE during reflood calculations, point to inaccuracies in this 
modeling approach.  These inaccuracies are due to the uncertainties in the experimental data, 
to the larger uncertainties associated with the analysis technique to infer local flow conditions, 
and to the correlation itself.  Resolving this two-phase convective enhancement, in addition to 
the models for droplet diameter, is necessary for future improvement in the code’s predictive 
capability for dispersed flow heat transfer.” I certainly agree that radical improvements are 
necessary and urge the developers to look at already existing models. 

4.8.4 Allocation of the heat fluxes in transition boiling.  The explanation given in the middle 
of page 308 is not clear.  Again, is this formalism considering the wall-steam, wall-liquid, and 
interfacial transfers? Is there a heat balance for the steam taking heat from the wall and giving 
heat to the liquid? 

4.8.5 Inverted Annular Film Boiling, Page 309, paragraph after the figure.  The statement 
“As indicated in Figure 6-22, the convective heat transfer between the wall and the liquid 
interface has two components” is not correct.  The transfer does not have two components, it 
has two steps, wall to vapor and vapor to interface.  These are not necessarily equal, and the 
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difference superheats or de-superheats the steam.  The text after Fig. 6-22 makes an 
unnecessary simplification by taking the average between the wall and interface temperatures 
for the steam. 

4.8.6 IAFB. Here and there, TRACE uses pieces of the IAFB model by De Cachard but then 
mixes these with other elements.  Why not use the full model? 

4.8.7 The film boiling regime created experimentally by hot patches stabilizing the cooling of the 
test section and freezing this regime is not necessarily identical to IAFB during reflooding.  In 
the case of reflooding, there is an additional important heat flux near the Quench Front (QF) due 
to the cooling of the wall and of the fuel as the QF progresses and “empties the wall of its heat” 
that produces extra vapor. There are hundreds of reflooding experiments in tubes and bundles.  
Why are these data not used? 

Instead of considering fundamental differences like this one, the developers correct here and 
there to match data (see the example near the bottom of page 314). 

4.8.8 Top of page 316.  In the statement “As the wall-liquid radiation is absorbed within the 
liquid, as opposed to occurring at the surface, it can be considered as a sensible heat input,” if 
the authors mean that radiation heat transfer will only heat the liquid without producing vapor, 
they are wrong.  Both convective heat transfer at the interface and radiative heat transfer will 
bring a heat flux to the interface from the vapor and directly from the wall, respectively.  Some of 
this heat will heat the liquid and the difference will produce steam according to the jump 
condition at the interface.  (Think of the case of saturated liquid.  Clearly, the radiation heat flux 
will produce vapor.) 

4.9 Convection — steam 
(Discussed as Convective Heat Transfer Models, starting on page 317).  One has to wait for the 
discussion of DFFB under post-CHF heat transfer to find the models used for convection to 
gas/steam.  It would have been much more logical to consolidate liquid and gas convective heat 
transfers at the beginning of this chapter (to avoid repetitions, present a uniform framework, 
etc.). 

4.10 DFFB 
Two-Phase Enhancement of Convective Heat Transfer.  In my opinion, this is not the best 
approach for modeling DFFB, as true two-fluid mechanistic models of the process exist.  The 
efforts of the authors face serious difficulties as they state (see comment 4.8.3 above). 
 
4.10.1 DFFB, page 329, 3rd paragraph.  The statement, “This was accomplished by performing 
a heat balance between the imposed wall heat flux and the interfacial heat transfer, with the key 
assumption being that all of the wall heat flux (minus the radiative component) was assumed to 
be transferred to the liquid droplets via interfacial heat transfer,” is certainly not true and ignores 
the superheating of the steam.  Further we read, “This assumption tended to overestimate the 
vapor temperature and…,” but the reverse should be true. 

4.10.2 DFFB.  The modeling of enhancement based on “turbulent enhancement” is not a good 
choice since it is the presence of the droplets that controls the vapor temperature.  (See, for 
example, the extremely detailed work of Andreani which contains many details and usable 
DFFB data sets. 
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Reference: 

M. Andreani and G. Yadigaroglu, “A 3-D Eulerian-Lagrangian Model of Dispersed Flow Film 
Boiling Including a Mechanistic Description of the Droplet Spectrum Evolution — I.  The Thermal 
Hydraulic Model,” and “A 3-D Eulerian-Lagrangian Model of Dispersed Flow Film Boiling — II.  
Assessment Using Quasi-Steady State Data and Comparison with the Results of 1-D Analyses,” 
Int. J. Heat and Mass Transfer, 40 (1997) 1753–1772 and 1773–1793. 

4.11 Condensation Heat Transfer 
It is understood that this part of the model will be reworked, so no comments are provided. 

4.12 Heat Conduction Equations 

Page 115, Fine-Mesh Algorithm: Concerning ∆Tmax value fits: some explanation and 
justification of the physics, if any, behind these fits is necessary, as well as their validation with 
experimental data. 

5. Review of Appendix A to Theory Manual 
The appendix discusses at length the somewhat related issues of the quasi-steady-state 
assumption universally made in applying any correlation (necessarily derived from steady-state 
data) and of sudden change of the closure laws. 

These comments are related to the discussion of the quasi-steady-state assumption.  Although 
the appendix discusses several ways of addressing the issue and attempts to provide criteria (of 
very limited use to the TRACE user, except for the comparisons to the inherent time constant of 
the phenomenon), the main explanation of the difficulty is not clearly displayed: 

Consider the closure laws that describe the relationship between interfacial and wall transfer 
and the local fluid and wall properties (in particular the wall temperature).  It is simply impossible 
to formulate such closure laws for transient situations as the relationship being described varies 
continuously in time and depends on the particular time history of the transient. 

For example, consider the simplest case of conjugate, transient, laminar heat transfer from the 
wall to the fluid in a pipe.  This problem can be treated in a two-dimensional (say, axisymmetric) 
and time-dependent manner.  The boundary condition at the wall (not a closure relationship) will 
determine the coupling between the wall and the fluid by matching the heat conduction flux in 
the wall to the heat flux into the liquid.  The full solutions in the wall and in the fluid are needed 
to perform this matching.  If, after having performed the transient computation, we were to 
extract a “closure law” for the “instantaneous heat transfer coefficient”, defined as 
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we already face a typical problem — the computation of the time-dependent bulk temperature 
Tb(t) requires knowledge of the time-dependent instantaneous velocity and temperature profiles.  
Moreover, h(t) computed this way will be different for a different transient, showing that it is not 
useful at all (unless we could define a family of transients for which h(t) could perhaps have 
some systematic, correlatable behavior). 

However, if we consider now the steady-state, fully-developed case, h becomes a constant that 
depends only on the fluid properties and in fact can be correlated as Nu = constant.  The bulk 
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temperature can also be easily computed since the steady-state velocity and temperature 
profiles are known. 

The appendix discusses the quasi-steady-state difficulty, mainly comparing time derivatives, 
etc., which does not lead to a usable result.  The approach that consists in considering the 
inherent time constant of the problem is probably the only useful one: “If the time constant of the 
transient is much greater than the time constant of the representative phenomenon, then the 
problem is quasi-steady.”  

It would have been much more useful to the reader to clearly state the difficulty (see, for 
example, the text above) and, rather than present a lengthy discussion that leads nowhere, 
provide some guidance on how to estimate the inherent time constant of the phenomenon.  The 
works of Zuber (hierarchical scaling), Wulff (time constants), and even Lykoudis (who expressed 
the nondimensional numbers in terms of characteristic time constants) could be much more 
useful: 

References: 
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integrated structure and scaling methodology for severe accident technical issue resolution.” 
U.S. Nuclear Regulatory Commission, Washington, DC 20555, November 1991. 
 




