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Abstract 

Model fluid technique has been widely applied in the thermal-hydraulic studies of nuclear 
engineering. In spite of growing activities of heat transfer at supercritical conditions using 
model fluids, there does still not exist any reliable fluid-to-fluid scaling methods, to transfer 
the test data in model fluids directly to the conditions of prototype fluid. This paper presents a 
fluid-to-fluid scaling method for heat transfer in circular tubes cooled with supercritical fluids. 
Based on conservation equations and boundary conditions, on set of dimensionless numbers 
and the requirements of a complete scaling are determined. Scaling of pressure and 
temperature ensures the similarity of thermo-physical properties of various fluids. A new 
dimensionless number, presenting the product of the so-called pseudo Boiling number, 
Reynolds number and Prandtl number, is applied to scale heat flux. The distortion approach is 
used to scale mass flux. The preliminary validation results show good feasibility and 
reasonable accuracy of the proposed scaling method. 

1. Introduction 

One of the most challenging tasks in the SCWR fuel assembly design of supercritical 
water-cooled reactors (SCWR) is to keep the maximum cladding temperature well below the 
design upper limit, to guarantee the integrity of the fuel rods. Thus, an accurate prediction of 
heat transfer behavior plays an important role and attracts extensive investigations. Due to the 
strong variation of thermal-physical properties in the vicinity of the pseudo-critical point, heat 
transfer of supercritical fluids shows abnormal behavior compared to that of conventional 
fluids (Cheng and Schulenberg, 2001). One of the main features of heat transfer of 
supercritical fluids is its strong dependence on heat flux, especially as bulk temperature close 
to the pseudo-critical value. 

In spite of extensive studies in the past five decades and a large number of prediction 
models, prediction of heat transfer of supercritical (SC) fluids uses mainly empirical 
approaches. In the open literature there exist a large number of empirical correlations, which 
were derived based on experimental data with limited parameter ranges, as reviewed and 
summarized by Pioro and Duffey (2005), and Cheng and Yang (2009). In the frame of the 
development of SCWR, heat transfer in SC fluids becomes a focusing topic in the research of 
nuclear thermal-hydraulics. A literature survey (Cheng and Schulenberg 2001) emphasizes 
big deficiency in experimental data in the SCWR typical parameter range, and consequently, 
big deficiency in an accurate description and prediction of heat transfer behavior at SCWR 
conditions. 

Experimental studies using supercritical water require high pressure, high temperature and 
high heat power. To reduce both technical difficulties and economic expense, heat transfer 
experiments have often been performed in a scaled model system. Two different modeling 
techniques are available, i.e. geometric modeling and fluid modeling. By the geometric 
modeling simplified flow channels, e.g. circular tubes or small rod bundles, instead of 
prototypical rod bundles are used. By using such simple flow channels it is possible to study 
systematically the effect of different parameters on heat transfer and to gain detailed 
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knowledge of heat transfer for a wide range of test parameters. By the fluid modeling a 
substitute fluid is used instead of the original fluid (water). By a proper selection of model 
fluids the operating pressure, operating temperature, and the heat power required would be 
reduced significantly. As it was successfully exercised in the nuclear thermal-hydraulics, 
experimental technique using model fluids is a feasible and effective measure to achieve 
scientific and engineering purposes and at the same time to overcome technical and economic 
problems associated with the experiments using the prototypical fluid. 

The key issue concerning the fluid modeling is the transfer of the test data obtained in the 
model fluid to the prototypical fluid (water), the so called fluid-to-fluid modeling. The success 
in the application of model fluids depends on the reliability of the scaling methods, which 
transfer the experimental data from the model fluids directly to conditions of prototypical 
fluid. Unfortunately, there are still very limited studies on fluid-to-fluid modeling of heat 
transfer at supercritical conditions. 

This paper describes some important requirements on scaling methods for heat transfer of 
SC fluids. Starting from the governing equations (continuity, momentum, energy, surface heat 
transfer), which are rearranged in dimensionless form, a set of dimensionless parameters is 
derived. Based on phenomenological analysis and the distortion approach of Ahmad (1973), a 
fluid-to-fluid scaling law is proposed, which is then validated on existing test data from 
various fluids combined with existing heat transfer correlations. 

2 Fluid-to-fluid scaling method 

2.1 Dimensionless parameters 

The purpose of this paragraph is to derive dimensionless parameters which are important 
to heat transfer and have to be taken into consideration in the scaling approach. To achieve 
this, we start the procedure from the conservation equations for developed flow at steady state 
conditions: 

Continuity: 

aPui (1) 
ax. 

Momentum conservation: 

apu, ap a 
  +ui 

. ax, ax; µ ax; pg, (2) 

Energy conservation: 

aT a  (A aT)pcpui (3) 
ax; ax; ax;

Boundary conditions on heat transfer surface: 
ui,w = 0 (4) 

aT 
(5) 

qw = )w

Integral condition of continuity 

f(uk pk1F = m (6) 

Here T' is the cross section surface at arbitrary elevation. 
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Here ‘F’ is the cross section surface at arbitrary elevation.    
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The final goal of the scaling model is to determine the scaling factor for heat transfer 
coefficient, which is defined as below: 

qw 
a — 

Tw —TB

We introduce the following characteristic values for various parameters: 
Pressure difference: 

APo = PoUO2
Velocity 

U =
G m 

- Po PoF 
Length 
Lo =d (10) 

Properties 

Po = P B 11.20 = C  P,0 
Heat transfer coefficient 

a o =  (12) 
Lo

Using the characteristic variables, the parameters in the governing equations are replaced 
by the following expressions: 

P = Po+ APoP (13) 

T =To + AT019 (14) 

u = Uou' (15) 

P = POP' (16) 

= Pole (17) 

Cp =Cps,CP (18) 

A = AoAt (19) 

x = Lox' (20) 

Inserting equations (13) to (20) into equations (1) to (7) yields dimensionless equations: 
Continuity: 
agui 

ax i

Momentum conservation equation: 

ap'u: ap 1 a , au: ,g, 
u    , = , +  (22) 

ax; Re axj ax j Fr P g 

Energy conservation equation: 

p'Cp' uj 
ae 

, = 
1  a  A,  361 

(23 
ax. Re. Pr axJ ax. 

( )

Wall boundary conditions: 
uw = 0 (24) 

= C p,B ) o = AB (11) 

( A,  ao qwL0 
ari ),„ AoATo

Integral condition of continuity: 

(7) 

(8) 

(9) 

(21) 

(25) 
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f(k' P')IF' = m 4
F Uo PAO 7r.' 
Heat transfer coefficient: 
a  

=
aLo  

— Nu — 
qw.Lo 

a o ilo A,OAT0 (Ow — OB ) 

(26) 

(27) 

We get four dimensionless numbers: 
Reynolds number: 

Lo Uo po 
Re — (28) 

Po 
Froude number 

Fr —  U ° (29) 
Log 

Prandtl number 

CP ol-to Pr —  ' (30) 
AD 

and 
q,,L0 

a — (31) q A0ATO 

The dimensionless governing equations have the same solution for different fluids, which 
have identical values of the above four dimensionless numbers and the same dependence of 
thermo-physical properties on the dimensionless temperature O. 

2.2 Scaling of parameters 

A scaling method has to take the following issues into consideration: 
(a) Scaling of parameters has to guarantee that the property variation of different fluids is 

similar. 
(b) Four dimensionless parameters, i.e. Re, Pr, Fr and Tq, dominate the flow and heat 

transfer behaviour and need to be taken into account in the scaling method. 
(c) There are totally six parameters which need to be scaled, five of which can be adjusted 

independently during the experiment. They are tube diameter, pressure, bulk temperature, heat 
flux and mass flux. The sixth parameter, i.e. heat transfer coefficient, is a dependent 
parameter. 

2.2.1 Scaling of tube diameter 

For simplicity we assume in our model that identical tube diameter is used for both model 
fluid and prototype fluid, i.e.: 

(D)M = (D)p (32) 

2.2.2 Scaling of pressure and bulk temperature 

The target of the pressure and bulk temperature scaling is to achieve similar property 
variation of both fluids. For fluid-to-fluid scaling of heat transfer at sub-critical conditions, 
pressure is often scaled either using their critical values or using density ratios. At sub-critical 
conditions, there are two characteristic density values at a fixed pressure, i.e. density of 
saturated liquid phase and vapour phase. However, supercritical fluids do not undergo phase 
change. Examination of using various density values as characteristic values shows that the 
approach using density ratio is not feasible for supercritical conditions. Therefore, the present 
model scales pressure by taking the critical pressure into consideration, such as 
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(  

P 
PC  M = 

P
(33) 

In the open literature there are different options for scaling bulk temperature. Two most 
widely applied parameters are normalized with the critical temperature and pseudo-critical 
temperature, respectively 

T T
(34) 

Tc )pTc M

T 

= 

T 
(35) 

T pc pc p

Here all the temperatures are in Kelvin. 
The feasibility of the above scaling approaches is assessed by the variation of properties 

with dimensionless temperature. Figure 1 shows the dependence of dimensionless heat 
capacity versus dimensionless temperatures at a normalized pressure of 1.13 for three 
different fluids, i.e. water, CO2 and Freon R134a. 
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Over a wide range of temperature, all three fluids show very similar behaviour with 
respect to the variation of specific heat. Large deviation occurs between the curve for CO2 and 
the other curves, in case the relative specific heat is presented versus the relative temperature 
based on the critical value. The agreement is significantly improved if the relative temperature 
based on the pseudo-critical value is applied. 
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The parameter 0 has negative values, when fluid temperature is below the pseudo-critical 
point, whereas it gives positive values, if the fluid temperature exceeds the pseudo-critical 
value. Therefore, this parameter is characterized as 'pseudo steam quality' in this paper. 

Figure 2 shows the relative specific heat and the relative density versus pseudo steam 
quality in the region close to the pseudo-critical value. Compared with Figures 1, better 
agreement is achieved with the new dimensionless temperature for both relative specific heat 
and relative density. Thus, the present paper proposes the temperature scaling as below: 

(a) T - Tpc, T - Tpc,

Trc -Tc)m TPc - Tc p
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Figure 2: Dependence of dimensionless properties versus pseudo steam quality at a 

normalized pressure of 1.13 for three different fluids 

2.2.3 Scaling of heat flux 

The purpose of heat flux scaling is to achieve similarity in the effect of heat flux on heat 
transfer. Among the four dimensionless numbers, only the Acceleration number contains heat 
flux. Rearrange this dimensionless number, we get 

qw.L0 - W -T B)  \- NU(19 ) (38) 
Ao (rpc Tc) Ao kTW TB kTPc Tc / 

W - e B 

This parameter contains two terms, i.e. Nusselt number and the dimensionless temperature 
difference between the heated wall and the bulk. In case that we require the similarity in 
Nusselt number to scale heat transfer coefficient, the parameter Tq corresponds directly to the 
temperature variation across the tube cross-section. As it is pointed out in the previous papers 
(Cheng et al. , 2009) that the effect of heat flux is mainly resulted by the strong property 
variation across the flow channel cross section, especially in the area close to the heated wall. 
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The temperature variation over the cross-section does play the key role in the heat transfer. 
Therefore, for the scaling of heat flux we propose: 

(  qwL,3 qw.L0 
(39) 

( TP C TC )).m ( (T PC —7'c)) p 

2.2.4 Scaling of mass flux 

There are still three dimensionless parameters remaining available for mass flux scaling. 
Referring to the distortion approach of Ahmad (1973), these three remaining dimensionless 
numbers are combined into one single dimensionless parameter: 

_ = Re"' prn2 Frn3 (40) 

The task now is to select values for the three exponents nl, n2 and n3. Heat transfer of 
supercritical fluids can be divided into two regions. In the first region with low heat flux or 
bulk temperature far away from the pseudo-critical point, heat transfer can be well predicted 
with the conventional correlations, e.g. Dittus-Boelter correlation. This region is characterized 
as "normal" heat transfer region. In the region of high heat fluxes and bulk temperatures close 
to the pseudo-critical value, heat transfer behavior deviates from the conventional correlations. 
In the present paper this region is called "heat flux affected region". In the present fluid-to-
fluid model, the similarity of heat transfer in the heat flux affected region is achieved with 
equation (39). The target of the mass flux scaling is to achieve the similarity of heat transfer 
in the normal heat transfer region. Assuming that in the normal heat transfer region, heat 
transfer coefficient can be expressed by the following equation: 

Nu= c • Rem Prn (41) 
The mass flux scaling is thus selected to give 

(Rem Pr" = (Rem Pr's (42) 

For the first assessment, we assume the conventional heat transfer correlation of Dittus-
Boelter for the normal heat transfer region and get: 

(R 0.8 = O e0.8 p r 1/3 e P r ies (43) 

This corresponds to equation (41) with 
nl = 0.8 

n2 =1/3 

n3 = 0 

2.2.5 Scaling of heat transfer coefficient 

The equality of Nusselt number is required, to scale heat transfer coefficient, i.e.: 
(Nu)M = (Nu)P (44) 

2.2.6 Complete set of scaling factors 

From equations (32), (33), (36), (39), (43) and (44), a complete set of scaling factors is 
established: 

f D = Dm —1.0 (45) 
Dp

P — P 
fp = 

m c,m (46) 
P p PC ,P 

BB'Mf o — —1.0 (47) 
eBp 
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transfer coefficient can be expressed by the following equation: 

 (41) 
The mass flux scaling is thus selected to give  

 (42) 
For the first assessment, we assume the conventional heat transfer correlation of Dittus-

Boelter for the normal heat transfer region and get: 
  (43) 

This corresponds to equation (41) with  
  
  

  
2.2.5  Scaling of heat transfer coefficient 

The equality of Nusselt number is required, to scale heat transfer coefficient, i.e.: 
  (44) 

2.2.6  Complete set of scaling factors 

From equations (32), (33), (36), (39), (43) and (44), a complete set of scaling factors is 
established: 

 (45) 

 (46) 

 (47) 
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a = 

5/12 GM Pr B,P  
fG = 

GP Pr;  /m12 beB,p 

f = qhf A B,M(T PC T C)M 

q 
qP AB,P(TPC TC)P 

f
a  A M B,M a = ap AB,p

(48) 

(49) 

(50) 

3 Validation of fluid-to-fluid scaling model 

For validation, test data from one fluid will be transferred to the equivalent conditions of 
the other fluid using the new developed scaling method, i.e. equations (45) — (50). With the 
equivalent parameters in model fluid new values of heat transfer coefficients are calculated 
using the selected heat transfer correlations. The calculated heat transfer coefficient will be 
then compared with the equivalent measured heat transfer coefficient. The deviation between 
test results and correlation for each test point is defined as: 

ei —2 
(ac — a m

(ac +a 

Two statistic parameters, i.e. the average value and the standard deviation, of the deviation 
parameter are defined as below, to evaluate the accuracy of the scaling method: 

1 N 
= — ei

N 

 kr 
N 

1/2 

(51) 

(52) 

(53) 

This paper applied two test data sets, as summarized in Table 1. One data set is from water 
and the other from CO2. Two heat transfer correlations are sued. The correlation of Bishop is 
for water and the correlation of Krasnoshchekov for both water and CO2. 

Table 1: Test data selected for validation 
ID- 
No. 

Authors Ranges of test parameters 
Fluid Diameter 

mm 
Pressure 

MPa 
Mass flux 
Kg/m2s 

Heat flux 
MW/m2 

Data 
points 

2 Herkanrath H2O 10.0, 20.0 22.5 — 25.0 700 — 3500 0.30 — 2.0 4599 
5 Kim CO2 4.4 7.75 — 8.85 400 — 1200 0.01 — 0.15 2662 

Table 2 summarizes the comparison results. The test data transferred from CO2 to water 
conditions agrees on average well with both correlations. For 2661 test data points, the 
average value of the deviation is about 1%. The correlation of Krasnoshchekov over-predicts 
the CO2 data transferred from water experiments of Herkanrath. 

Table 2: Comparison of various correlations with different test data 
ID- 
No. 

Data 
Source 

Correlations 
Bishop Krasnoshchekov 

N FA' a N FA' a 

2 Herkanrath --- 4599 0.2838 0.3117 
5 Kim 2661 -0.0039 0.3813 2661 0.0099 0.3822 
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4. Summary 

Experimental investigations of heat transfer at prototypical conditions of supercritical 
water cooled reactors (SCWR) are strongly limited due to their huge technical and financial 
efforts required. One of the possible solutions is the application of model fluid technique, 
which has been widely applied in nuclear thermal-hydraulics. The key issue for the success of 
the model fluid technique is accurate fluid-to-fluid scaling, which is still missing nowadays. 

This paper presents a fluid-to-fluid scaling method for heat transfer in circular tubes 
cooled with supercritical fluids. Based on conservation equations and boundary equations, 
important dimensionless numbers governing flow and heat transfer behaviour and the 
requirements on a complete similarity are derived. A thorough evaluation of the similarity of 
thermo-physical properties of various fluids, scaling criteria for pressure and temperature are 
determined. The introduction of the so-called 'pseudo steam quality' gives reasonable 
similarity of thermo-physical properties variation. A new dimensionless number, presenting 
the product of the so-called pseudo Boiling number, Reynolds number and Prandtl number, is 
applied to heat flux scaling. The distortion approach is used for mass flux scaling. 

The derived scaling method is validated based on test data and selected heat transfer 
correlations, and its feasibility is well proven. 
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