
CFD ANALYSES OF HEAT TRANSFER PHENOMENA

WITH FLUIDS AT SUPERCRITICAL PRESSURE

Allievo: ANDREA PUCCIARELLI, Tutori: W. Ambrosini, M. Sharabi, S. He      Controrelatore: N. Forgione
Dipartimento di Ingegneria Civile e Industriale, DOTTORATO IN INGEGNERIA INDUSTRIALE

CONCLUSIONS and FUTURE PERSPECTIVES

Thanks to the activities performed  during the present work some improvements were obtained with respect to the previous results. In particular, the introduction of AHFM in energy equation highlighted  

a serious candidate for the lacking ingredient in the CFD receipt. With its implementation, in fact, better results were obtained; nevertheless further analyses are required in order to completely understand 

its effect on heat transfer phenomena and trying and proposing an hoc tuning depending on the flow conditions. The work performed on the fluid to fluid scaling problem may help in this regard, since it 

seems returning a reliable technique for comparing different flow conditions. In particular further validation of the proposed methodology is presently being performed by adopting DNS techniques, 

instead of the previously used RANS, in the frame of a 6 month stage at the University of Sheffield (UK). 
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ABSTRACT and BACKGROUND

Data by Watts: Water  P= 25 Mpa,  D = 25.4 mm,

Tin = 200 °C, G = 390 kg/(m2s), q’’ = 400 kW/m2

IMPLEMENTATION OF AHFM IN AVAILABLE 

TURBULENCE MODELS 

Finding a methodology for the fluid-to-fluid scaling allows obtaining advantages both from

the theoretical and the experimental side making possible comparing different fluid flow

conditions and find out possible similarities in their behaviour when being heated/cooled. The

research group in Pisa is very active on this topic considering it both for stability analysis and

heat transfer phenomena. In past works, some dimensionless parameters were introduced for

scaling attempts obtaining good results for stability analysis and limited for heat transfer.

In the frame of the present work the same parameters where adopted, nevertheless a change

of perspective was performed. Previous works showed that different fluids may need different

development L/D ratios for showing a similar behaviour, due to the differences in the thermo-

physical properties. As a consequence the geometrical equivalence was abandoned in favour of

an equivalence based on the dimensionless enthalpy h*. In order to obtain similar behaviours

the same NTPC, NSPC and FrD where imposed with the further conditions of scaling developing

lengths and the heat fluxes in accordance with the Stanton Numbers (Left).

Good results were obtained in the four addressed reference cases considering four different

fluids: H2O, CO2, NH3 and R23. A correlation for obtaining the optimal scaling factor for the

considered cases was derived and sensitivity analyses showing the suitability of the presently

developed rationale were performed.

Data by Fewster: CO2 P= 7.584 5.1 mm ID,  

Tin = 20°C, G = 631.48 kg/(m2s),  q’’ = 68 kW/m2

Most of the available experimental data concerning heat transfer to supercritical fluids consider pipe flow. In

order to understand the possible involved phenomena and widening our considered cases our group joined a GIF

Benchmark which aimed at evaluating the present capabilities of different modeling techniques when dealing with

supercritical water flowing in a rod bundle with grid spacers. Two heated cases were proposed and sufficiently

reliable results were obtained using Low-Reynolds turbulence models. Nevertheless, a general underprediction of

the measured trends was noticed even when adopting models that, according to our experience (i.e. κ-ε models),

tend to overestimate the experimental data.

Post Benchmark analyses tried to find out the reason of this behavior which were identified in a possible non

uniformity of the supplied heat due to the presence inside the rod of an helical electric wire. As a consequence,

when the thermocouple was located near the wire, it measured a higher temperature. This may justify the strange

oscillatory behavior reported in particular in the final part of the test section. A simulation considering the

assumed electric wire with a 1 mm pitch was performed returning interesting results (Bottom Left).

Several researchers suggested the introduction of the Algebraic Heat Flux Model (AHFM) as

a valid tool for calculating the turbulent heat flux to be used in association with four equation

turbulence models. A similar approach was followed in the past years by using AHFM for

calculating buoyancy effects and is its application is now widened being used also in the energy

equation.

The model was in fact implemented in the commercial code STAR-CCM+ (Cd-Adapco)

returning interesting results. In some cases, it really improves the predictions with respect to

previous results while in others it reports a lower influence. Nevertheless, in general, a positive

effect is observed. The use of AHFM even in the energy equation was also introduced in the in-

house code THEMAT. Studies are currently being performed in the frame of a BSc Thesis

returning interesting information. As a final comment, this seems to be the correct path to be

followed; nevertheless the adopted model parameters may require optimization case by case

because of the very wide range of the involved phenomena.

The next step is then understanding how to define conditions which report a similar behavior

and classifying them in order to set the optimal parameters to be adopted in each single case.

The objective of this research is obtaining a better understanding of heat transfer phenomena occurring when dealing with supercritical fluids, with aim of paving the way for the development of the Generation IV Supercritical Water

Cooled Reactor (SCWR) nuclear power plant. Unfortunately at the present time, no reliable technique for predicting heat transfer phenomena in these conditions is available, including both CFD and heat transfer correlations. The

phenomena occurring in heat transfer to supercritical fluids are in fact much more complex than the ones occurring in fluids in standard conditions.

In particular, this is due to the strong variations of the thermodynamic properties occurring in the vicinity of the so called “pseudo-critical temperature”, which marks the single-phase transition from the liquid-like to the gas-like conditions.

In addition, buoyancy phenomena may imply both impairments and improvements of heat transfer. Heat transfer deterioration (HTD) and the heat transfer recovery phase (HTR) are the hardest conditions to deal with and a better prediction

of these phenomena by using CFD analyses is the topic of the present research. The RANS techniques adopted in the study do not require high computational effort and allow studying even complicated geometries; on the other hand, they are

less reliable than LES and DNS. As a consequence, some particular phenomena may be neglected or modeled in a too simple way for dealing with supercritical fluids making the results inaccurate. Different paths were considered in the

present research in order to find out which could be the lacking ingredient in the CFD models that are now providing us with better results.

Data by Pis’menny: Water P=23.5 Mpa, D = 6.28 mm, 

Tin = 300 °C,    G = 509 kg/(m2s), q’’ = 390 kW/m2

Zhao, et al. data: comparison with 

experimental data

Dimensionless parameters adopted in the present work and 

used for imposing similar inlet and boundary conditions when 

working with different fluids

Data by Pismenny: Dimensionless enthalpy trends obtained 

with CO2 at different values of the heat flux and comparison 

with the water reference case 

(CO2 7.584 MPa : Tpc = 32.21 °C, 6.28  mm ID,  

Tin = -8.272 °C, G = 688.4567 kg/(m2s) )

Comparison with Nikuradse’s diagram

Data by Pis’menny: WaterP=23.5 Mpa, D = 6.28 mm, 

Tin = 300 °C,    G = 509 kg/(m2s), q’’ = 390 kW/m2

Benchmark: Comparison with 

Experimental data

Results obtained with the

introduction of a non-uniform heat source

In order to widen our confidence with bundle analysis, two

further cases were considered concerning supercritical

water flowing in a four rod bundle. Unfortunately, due to

the harder operating conditions which were very close to

the pseudo-critical temperature poor results were obtained

(Bottom Right).

Nevertheless, the performed work provided us with an

improved understanding of the phenomena involved when

dealing with bundles, in particular the ones related to the

presence of spacer grids. In fact, by decreasing the

available flow section, spacers induce a periodical

remixing of the flow implying a local improvement of the

heat transfer as highlighted in the Figure at the Bottom

Right of this section.

PROPOSAL OF A FLUID-TO-FLUID SCALING RATIONALE

The accounting of wall roughness effects was successful in

predicting the correct friction factor coefficient showing

good capabilities in reproducing the Nikuradse’s diagram.

Different fluids were tested returning reliable results for

an εrough/D ratio up to 5·10-3. Unfortunately, concerning

the heat transfer side this attempt was not resolutive.

Improvements were obtained in some cases (Bottom Left)

and not in others (Bottom Right) with the further

uncertainty of the wall roughness height which is usually

unknown. As a final comment, the study was important

for providing us a with a useful tool for including wall

roughness effects when dealing with Low-Reynolds

turbulence models. Its application to heat transfer to

supercritical fluids did not lead to decisive improvements.

Lots of the HTD phenomena are due to a reduction of the turbulent kinetic energy (TKE) distribution due to

buoyancy effects. RANS Low-Reynolds turbulence models can predict such phenomena but usually tend to

predict them to be too strong. In fact they often do no not predict possible recovery phases, which may occur

farther along the heated length, resulting in an overestimation of the measured wall temperature. Since this is

usually due to a too low predicted level of turbulence, our effort was setting a lower bound to the TKE

distribution by accounting for wall roughness effects. Wall roughness was implemented in the commercial code

STAR-CCM+ (Cd-Adapco) by a dedicated TKE and its dissipation rate production terms. These further terms

were modelled starting from simple hypotheses on the losses in dynamic pressure due to the wake of obstacles

of average height εrough. After a tuning procedure the final version of the mentioned production terms was

obtained highlighting a dependence on a local Reynolds number using εrough as the reference length.

WALL ROUGHNESS EFFECTS


