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ABSTRACT 

 
An assessment of mixing data taking from a 4x4 rod bundle array, under operating conditions typical of a 
Boiling Water Reactor (BWR), conducted at Columbia University Heat Transfer Research Facility has been 
accomplished by using the STHIRP-1 code, which is a UFMG version of the COBRA-3C subchannel code. 
Although designed for subchannel analysis of research reactor cores, all the capability of COBRA-3C has been 
preserved in the STHIRP-1 code. In the light of alternative models for turbulent mixing, steam quality, and void 
fraction, results predicted by this code will be compared with experimental data for specific enthalpy and mass 
flow rate measured at the exit of two specific subchannels. 
 
 

1. INTRODUCTION 
 
The subchannel analysis is one of the key thermal–hydraulic calculations in the safety 
analysis of the nuclear reactor core. At present, subchannel computer codes are employed to 
simulate fuel elements of nuclear reactor cores and predict the performance of cores under 
normal operating and hypothetical accident conditions. The ability of these subchannels 
codes to predict both the flow and enthalpy distribution in fuel assemblies is very important 
in the design of nuclear reactors.  
 
In the subchannels approach the rod cluster, cooled by a fluid passing axially along the rods, 
is considered to be subdivided into a number of parallels interacting flow subchannels 
between the rods. The channel length is divided into a number of small intervals for 
calculations purposes. Each subchannel is characterized by a flow area, heated and wetted 
hydraulic diameters, lateral gaps and centroid distances with adjacent subchannels. 
 
The conservation equations can be derived in differential form by considering the transport in 
and out of a control volume. The set of simultaneous differential equations of mass, energy, 
and momentum conservation are written in numerical form and solved iteratively, taking into 
account the crossflow and mixing, to give a map of mass flow rate and enthalpy at each mesh 
point in the cluster. This set of equations is closed by defining an additional equation for the 
physical state of the coolant. Some unknown quantities, such as turbulent mixing, pressure 
drop, and heat transfer coefficients need to be described by empirical constitutive relations. 
 
In general, the accuracy of a subchannel flow analysis is strongly dependent on the modeling 
of the flow mixing between adjacent subchannels. However, the subchannel mixing 
phenomena are complicated and difficult to decompose into elementary exchange terms. 
They are normally decomposed into two components: (i) a diversion crossflow that occurs 
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due to imposed transverse pressure gradients, (ii) turbulent mixing that occurs due to 
stochastic pressure and flow fluctuations. These components are generally considered to be 
independent and are written in conservation equations. 
 
The STHIRP-1 [1] computer code uses the principles of the subchannels analysis and has the 
capacity to simulate, under steady state and transient conditions, the thermal and hydraulic 
phenomena which occur inside the core of a water-refrigerated research reactor under a 
natural convection regime. Although the primary objective is the calculation of research 
reactor, the formalism used to describe the fluid flow and thermal conduction in the heater 
element is sufficiently generalized to extent the use of the program for applications in power 
reactors and other thermal systems with the same features represented by the program 
formulations. STHIRP-1 uses the same flow conservation equations proposed by Rowe [2]. 
 
 

2. THEORETICAL ASPECTS 
 
If the boiling flow through fuel assemblies in a reactor core is to be predicted numerically by 
means of a subchannel code, two important lateral exchange processes between neighboring 
subchannels have to be taken into account: turbulent mixing and void drift. Whereas mixing 
is a kind of turbulent gradient diffusion occurring in both single-phase and two-phase flow, 
void drift is a two-phase phenomenon which is physically not yet well understood. 
 
When a single-phase exists in the subchannels, the mixing of mass, energy and momentum 
between the subchannels consists at two parts: a forced mixing and a natural mixing. The 
natural mixing also consists of a diversion flow and turbulent mixing. The diversion flow 
mixing is mainly caused by a pressure gradient due to flow obstacles such as spacers or due 
to differences in density. The turbulent mixing, caused by the eddy motion of the fluid across 
the gap between the subchannels, enhances the exchange of momentum and energy through 
the gap with no net transport of the mass. 
 
If there is no diversion flow or forced mixing flow, the energy transport across a gap between 
the subchannels per unit length in rod bundles is equivalent to 
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where k is the thermal conductivity of the fluid, ν is the kinematic viscosity, and Sij is the gap 
width between subchannels i and j. This equation indicates that the energy transfer occurs due 
to both  heat conduction through the coolant itself and the turbulent eddy motion of the fluid. 
 
The turbulent mixing model in a subchannel code determines the turbulent mixing flow rate 
and the turbulent momentum factor. The turbulent momentum factor is identical to the 
turbulent Prandtl number. The turbulent mixing flow rate from subchannel i to subchannel j 
per unit length is defined with the effective mean fluctuating velocity weff as follows: 
 

ijeffiij Sww ρ≡′ , (2) 

 
where iρ  is the density of the fluid in subchannel i. 
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The turbulent interchange has been considered as due to a cross flow rate, such that an energy 
balance in terms of the eddy diffusitivy can be written as 
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where (∂H/∂z) is the average enthalpy gradient. Using a linear approximation for this later 
term, ijw′  becomes  
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where zij is the effective subchannel mixing length. The available mixing correlations differ 
in their formulations of εh and in their definitions of zij. 
 
The selection of correlations to be used in subchannel codes and evaluation of the necessary 
parameters can only be effected through analysis of appropriate experimental data. The most 
significant parameter to be determined is the mixing constant β, used to characterize the 
turbulent interchange of momentum and energy between adjacent subchannels. It is defined 
as the ratio of the effective mean mixing velocity to the axial velocity, that is, 
 

u

weff=β . (5) 

 
This definition of a mixing coefficient was used in the correlations suggested by Rowe and 
Angle [3], Seale [4], Castellana [5], Cheng and Todreas [6]. The turbulent mixing coefficient 
is normally determined from the thermal mixing test under single-phase conditions. With this 
definition of a turbulent mixing coefficient, the turbulent mixing flow rate per unit length 
from channel i to j is 
 

ijijij GSw β=′ , (6) 

 
where ijG  is the average axial mass flux flowing along subchannels i and j. 

 
The coefficient β is a measure of the degree of interchannel mixing and enthalpy transport by 
turbulent mixing. A β-value of zero indicates no turbulent mixing; a β-value of infinity 
indicates complete mixing, a situation in which all flows and enthalpies at a transverse plane 
in the rod bundle are equal. The value of β must be determined experimentally, since no 
methods are presently available to compute it. 
 
Several experimental studies have been conducted with the intent of evaluating β and testing 
the applicability of various computer codes and correlations. The usual procedure is to 
experimentally measure local conditions at the test section exit and then employing a specific 
computer code and correlations to alter β until the data are optimally matched by the 
predictions. 
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3. TEST SECTION AND EXPERIMENTAL PROCEDURE 
 
The isokinetic subchannel data used in evaluating turbulent mixing coefficient, β, were 
obtained at Columbia University Heat Transfer Research Facility. The details of experimental 
set-up and test procedure are given in Reference [7]. The experiment involved simultaneous 
measurements of flow and enthalpy at the exits of two subchannels on a 4x4 rod bundle array 
typical of a Boiling Water Reactor (BWR) fuel element geometry. The layout and dimensions 
of the rod bundle cross section are shown in Fig. 1. 
 
 
 

 
 

Figure 1.  Rod bundle cross section 
 
 
 
The bundle consisted of 16 electrically heated rods, 144 inches long. The radial power of rods  
1, 2, 3, 4, 5, 12, 13, and 14 was two-times that of rods 6, 7, 8, 9, 10, 11, and 15. The radial 
power profile was created by employing heater tubes having two different wall thicknesses. 
Axially, all rods had a uniform wall thickness, and thus a uniform heat flux profile. 
Experimental measurements were made at the exits of subchannel 19 and the subchannel 7. 
This was accomplished by isolating those two subchannels at the exit of the heated length and 
isokinetically extracting the entire subchannel flow with no disruption of flow in the adjacent 
subchannels. The isokinectic conditions were established by adjusting the extraction flow to 
give equal static pressure, at the level of extraction, in the subchannel being sampled and an 
equivalent balancing undisturbed subchannel in the same rod array. The fluid streams from 
the two isolated subchannel were separated from the main stream and were sent through two 
calorimetry loops that measured the flow rate and the enthalpy. 
 
The experiments were conducted for the following parameter ranges: 
 
 Pressure  9.88 MPa 

 Mass flux rate  660 to 2770 kg/(m2.s) 

Inlet enthalpy  835 to 1210 kJ/kg 

Exit quality  -16% to +8% 
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4. RESULTS AND ANALYSIS 
 
The local conditions predicted by the STHIRP-1 subchannel code are sensitive to various 
physical models and correlations used in it. Extensive calculations using the code and 
comparisons of predictions with the experimental data were carried out in order to select the 
optimum correlations and parameters to be used in the test evaluations. 
 
For two-phase flow conditions, the most important constitutive relations used in the code are 
those that give both the subcooled and the bulk void fractions, and the two-phase friction 
multiplier. Based on the standard deviation between measured and predicted results for the 
enthalpy increases and mass fluxes at the exit of both the hot and cold subchannels it was 
concluded that the best agreement occurred for the parameters and correlations summarized 
in Table 1. 
 
The most significant parameter to be determined from data is the mixing coefficient β, used 
to characterize the turbulent interchange of momentum and energy between adjacent 
subchannels. The extent of turbulent mixing during both non-boiling and boiling conditions 
was determined by trying several values of β until general agreement between calculations 
using the STHIRP-1 code and experimental data were obtained. All the others input 
parameters and correlations were kept invariable in the calculations. 
 
 
 

Table 1.  Input parameters used in STHIRP-1 code 
 

Number of axial nodes 40 

Crossflow resistance factor, K 0.5 

Transverse momentum parameter, s/ℓ 0.5 

Turbulent friction factor Blasius relation, f = 0.316 Re−0.25 

Axial flow convergence factor 0.001 

Crossflow convergence factor 0.05 

Subcooled void correlation Saha-Zuber model [8] 

Bulk void correlation Homogeneous model 

Two-phase friction multiplier EPRI-Columbia model [9] 

 
 
 
The standard deviation (SD) of the normalized difference between calculated and measured 
mass fluxes at the exit of subchannels 7 (hot channel) and subchannel 19 (cold channel) is 
given by 
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with 
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where Gcalc,i(β) is the mass flux predicted at the exit of channel i as a function of β, Gmean,i is 
the mass flux measured at the exit of channel i, and G  is the bundle average mass flux. 
Subscript n denotes the experimental run. 
 
Similarly, the standard deviation of the normalized difference between calculated and 
measured enthalpy increases at the exit of both subchannels 7 and 19 may be expressed as 
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where ∆hcalc,i(β) is the enthalpy increase predicted at the exit of channel i as a function of β, 

∆hmeas,I is the enthalpy increase measured at the exit of channel i, and h∆  represents the 
bundle average enthalpy increase. 
 
The subchannel exit enthalpy and mass flux predicted by STHIRP-1 at each β were used 
together with the experimental data to calculate the standard deviations for mass fluxes and 
enthalpy increases, according to Eqs. (7) and (9), respectively. The Fig. 2 shows the standard 
deviations values for both mass flux and enthalpy increase as a function of mixing coefficient 
β for single-phase flow tests. Fig. 3 presents the results for the two-phase flow tests. 
 
 

 
Figure 2.  Standard deviations associated to mass flux and enthalpy 

for non-boiling condition. 
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For a particular flow condition, the turbulent mixing coefficient is normally supposed to be 
one that minimizes the standard deviation values. From Fig. 2 one may infer that a β-value in 
the range from 0.005 up to 0.02 yields a reasonable agreement between measurements and 
predictions. Analysis of Fig. 3 allows us to state that it is rather difficult to determine 
anything more than an average mixing coefficient during boiling. 
 
 
 

 
Figure 3.  Standard deviations associated to mass flux and enthalpy 

for boiling condition. 
 
 
 
Fig. 4 to Fig. 7 present the ratios of experimental and theoretical distributions of both mass 
fluxes and enthalpy increases calculated for a β-value of 0,02 at the exit of both the hot and 
cold subchannels. These figures are plotted for several ranges of mass flux. The points on the 
line 1.0 crossing the ordinate axis indicate that the predictions match the measurements. The 
points above this line mean that the STHIRP-1 code overestimates the evaluated quantities. 
Underestimated predictions are indicated by the points below the line 1.0. 
 
 
 

 
Figure 4.  Ratio of calculated and measured mass fluxes 

at the cold channel exit. 
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Figure 5.  Ratio of calculated and measured enthalpy increases 

at the cold channel exit. 
 
 
 

 
Figure 6.  Ratio of calculated and measured mass fluxes 

at the hot channel exit. 
 
 
 

 
Figure 7.  Ratio of calculated and measured enthalpy increases 

at the hot channel exit. 
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The decision to present results corresponding to a turbulent mixing coefficient of 0.02 is due 
to the fact that it is a typical value for similar rod bundles equipped with grid spacers without 
mixing vanes. 
 
From comparisons between measured and predicted results for the β-value of 0,02, the 
following general conclusions can be draw: the STHIRP-1 code when used in conjunction 
with the correlations listed in Table 1 tends consistently to overestimate the enthalpy at the 
cold channel exit and underestimate it at the hot channel exit. On the other hand, there is a 
good agreement between measured and calculated mass fluxes for the cold channel. The mass 
fluxes in the hot channel predicted by the STHIRP-1 were higher than the experimental data 
for most of the points. 
 
 

5. CONCLUSIONS 
 
Isokinetic measurements of mass flux and specific enthalpy were carried out at the exits of 
two subchannels in a 4×4 rod electrically heated full-scale model of a typical BWR fuel rod 
geometry under non-boiling and boiling conditions. The experimental data were compared 
with the STHIRP-1 subchannel computer code predictions in order to assess the applicability 
of the code and its constituent model for determining the extent of cross-channel turbulent 
mixing. 
 
In general, subchannel codes are developed to predict diversion cross-flow due to pressure 
differences between neighboring subchannels, turbulent mixing between them, and even the 
void drift phenomena in two-phase flow. However, they require a number of assumptions and 
are dependent on empirical adjustments to match the data. The results presented here reflect 
in part the great uncertainty associated with the turbulent mixing determination. In summary, 
this study serves to reinforce the conviction that the state of knowledge for subchannel 
systems is not as good as for one-dimensional two-phase flow and needs considerably more 
verification in terms of channel geometry, pressure and two-phase conditions. 
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